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The 26th Congress of the European Society of Biomechanics took place on July 11-14, 2021 with on 

online edition. The organization was in charge to Politecnico di Milano. 

CONGRESS CHAIRS 
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 PERSPECTIVE TALKS 

Prospective authors were invited to submit their latest research for a podium or a poster presentation. 

Those selected for the 2020 edition were re-invited for this edition.  

 

CONGRESS TOPIC and TRACKS 

The congress chairs invited distinguished colleagues to act as track chairs for the individual congress 

topics/tracks. The track chairs helped in announcing the call for abstracts, reviewed the submitted 

abstracts, arranged the order of the talks within the assigned sessions, and assigned chairs to the 

individual sessions. The topics grouped a few tracks on the same theme and act to coordinate the 

whole program. The topics were also used as title sessions for the poster presentations and for the 

poster awards. 

 

 

 

CARDIOVASCULAR 
Topic Coordinators: José Felix Rodriguez Matas, Emiliano Votta 

 

TR01: Cardiovascular mechanics  
Track chairs: Giulia LURAGHI (Politecnico di Milano, Italy), Frank GIJSEN (Erasmus University Medical 

Center, Rotterdam, The Netherlands) 

TR02: Implants and devices for cardiovascular applications  
Track chairs: Zhao LIGUO (Loughborough University, UK), Elisa LIEHN (Aachen University Hospital, 

Germany) 

TR03: Imaging for cardiovascular applications  
Track chairs: Henk MARQUERING (Academisch Medisch Centrum Universiteit, Amsterdam, The 

Netherlands), Patrick SEGERS (Gent University, Belgium) 

TR04: Computational methods for cardiovascular applications  
Track chairs: Frans VAN DE VOSSE (Technical University Eindhoven, The Netherlands), Irene 

VIGNON-CLEMENTEL (INRIA, France) 

 

CELL AND MOLECULAR 
Topic Coordinators: Marco Rasponi, Monica Soncini 

 

TR05: Cellular and molecular biomechanics 
Track chairs: Gwendolen REILLY (University of Sheffield, UK), Laoise McNAMARA (NUI Galway, 

Ireland), Marco DERIU (Politecnico di Torino, Italy) 

TR06: Mechanobiology 
Track chairs: Jose Manuel GARCIA-AZNAR (University of Zaragoza, Spain), Liesbet GERIS (Univeristy 

of Liege, Belgium) 

TR07: Tissue engineering  
Track chairs: Matteo MORETTI (Galeazzi Hospital, Milan, Italy), Andrea REMUZZI (Università di 

Bergamo, Italy) 
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MUSCOLOSKELETAL AND ORTHOPAEDICS 
Topic Coordinators: Carlo Frigo, Manuela Galli 

 

TR08: Musculoskeletal biomechanics  
Track chairs: Claudia MAZZÀ (University of Sheffield, UK), Massimo SARTORI (University of Twente, 

The Netherlands) 

TR09: Spine 
Track chairs: Luigi LA BARBERA (Polytechnique Montreal, Canada), Fabio GALBUSERA (IRCCS 

Galeazzi Milano, Italy) 

TR10: Imaging for muscoloskeletal applications  
Track chairs: Luca CRISTOFOLINI (University of Bologna, Italy), Zimi SAWACHA (University of 

Padova, Italy) 

(endorsed by International Society of Biomechanics)  

TR11: Implants and devices for orthopaedic applications  
Track chairs: Bernardo INNOCENTI (Université Libre de Bruxelles, Belgium), Nico VERDONSCHOT 

(University of Twente, The Netherlands), Luca CRISTOFOLINI (University of Bologna, Italy) 

TR12: Impact/injury biomechanics  
Track chairs: Peter ZIOUPOS (Cranfield University, UK), Christophe BASTIEN (Coventry University, 

UK) 

TR13: Computational methods for orthopaedic applications  
Track chairs: Ilse JONKERS (KU Leuven Belgium), Luca MODENESE (Imperial College London, UK) 

 

TISSUE MECHANICS 
Topic Coordinators: Pasquale Vena, Dario Gastaldi 

 

TR14: Hard tissue biomechanics  
Track chairs: Enrico DALL’ARA (University of Sheffield UK), Uwe WOLFRAM (Heriot Watt University, 

Edinburgh, UK), Jérôme NOAILLY (Universitat Pompeu Fabra, Barcelona, Spain) 

TR15: Soft tissue mechanics  
Track chairs: Rosaire MONGRAIN (McGill University, Montreal, Canada), Marie Christine HO-BA THO 

(University of Technology Compiegne, France) 

TR16: Computational methods in tissue mechanics  
Track chairs: Javier MARTINEZ REINA (Univesidad Sevilla, Spain), Peter PIVONKA (Queensland 

University of Technology Brisbane, Australia) 

 

LOCOMOTION AND REHABILITATION 
Topic Coordinators: Veronica Cimolin, Manuela Galli 

 

TR17: Human movement  
Track chairs: Reinald BRUNNER (University of Basel, Switzerland), Manuela GALLI (Politecnico di 

Milano, Italy) 

TR18: Orthotics & prosthetics  
Track chairs: Jaap ΗΑRLAAR (Delft University of Technology, The Netherlands), Alberto LEARDINI 

(IRCCS Istituto Ortopedico Rizzoli, Bologna, Italy) 

TR19: Sport biomechanics 
Track chairs: Laura-Anne FURLONG (Loughborough University, UK), Amanda SILVATTI 

(Universidade Federal de Viçosa, Brazil) 

(endorsed by International Society of Biomechanics in Sports) 
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TR20: Ergonomics/Occupational biomechanics/Rehabilitation 
Track chairs: Ugo DELLA CROCE (Università degli studi di Sassari, Italy), Andrea CEREATTI 

(Università degli studi di Sassari, Italy) 

(endorsed by International Society of Biomechanics)  

 

EMERGING TOPICS IN BIOMECHANICS 
Topic Coordinators: Tomaso Villa, Sara Mantero  

 

TR21: In silico trials and clinical biomechanics  
Track chairs: Marco VICECONTI (University of Bologna, Italy),  

Richie GILL (University of Bath, UK) 

(endorsed by VPH Institute)  

TR22: Verification, validation and uncertainties quantification 
Track chairs: Leif HELLEVIK (Norwegian University of Science and Technology, Trondheim, Norway), 

Keefe MANNING (The Pennsylvania State University, USA) 

TR23: Computational biology  
Track chairs: Alfons HOEKSTRA (University of Amsterdam), Paul WATTON (University of Sheffield, 

UK) 

TR24: Additive manufacturing for biomedical applications and bioprinting  
Track chairs: Claudio CAPELLI (University College of London, UK), Michele CONTI (University of 

Pavia, Italy) 

 

OTHER TOPICS IN BIOMECHANICS 
Topic Coordinators: Federica Boschetti, Giancarlo Pennati 

 

TR25: Animal and plant biomechanics  
Track chairs: Mauro MALVÉ (Public University of Navarra, Spain), Alessia DI GIANCAMILLO 

(Università degli Studi di Milano, Italy) 

TR26: Biofluid and respiratory mechanics  
Track chairs: Sean McGINTY (University of Glasgow, UK), Abdul BARAKAT (Ecole Polytechnique, 

Paris, France), Andrea Aliverti (Politecnico di Milano, Italy)  

TR27: Biomaterials  
Track chairs: Silvia FARE’ (Politecnico di Milano, Italy), Guangyin YUAN (Shanghai Jiao Tong 

University, P.R. China) 

(endorsed by the European Society for Biomaterials)  

TR28: Dental biomechanics 
Track chairs: Christoph BOURAUEL (University of Bonn, Germany), Istabrak DÖRSAM (University of 

Bonn, Germany) 

TR29: Ocular biomechanics 
Track chairs: Anna PANDOLFI (Politecnico di Milano, Italy), Miguel Ángel ARIZA GRACIA (University 

of Bern, Switzerland) 

TR30: Reproductive biomechanics 
Track chairs: Séverine LE GAC (MESA+ Institute for Nanotechnology, TechMed Center, The 

Netherlands), Renato NATAL JORGE (University of Porto, Portugal) 

  



 

 

BOOK OF ABSTRACTS ESB2021 ONLINE 

7 

KEYNOTE LECTURES 

COMPUTER MODELS SIMULATING THE MUSCULOSKELETAL SYSTEM OF THE LOWER 

EXTREMITY 

MICROFLUIDICS, ELECTRIC FIELDS AND MACHINE LEARNING: THE PERFECT MATCH FOR 

SINGLE-CELL ANALYSIS 

“TURBULENCE” IN BLOOD: EVERYTHING OLD IS NEW AGAIN 
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WORKSHOP SESSIONS 

Below the organised workshops. 
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SPONSORING & EXHIBITION 
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COMPUTER MODELS SIMULATING THE MUSCULOSKELETAL SYSTEM 
OF THE LOWER EXTREMITY 

Nico Verdonschot 
 

Radboud University Medical Center, Radboud Institute for Health Sciences, Orthopaedic Research Laboratory, 
Nijmegen, The Netherlands 

University of Twente, Department of Biomechanical Engineering, Enschede, The Netherlands 
Nico.Verdonschot@radboudumc.nl 

 

Introduction 

Musculoskeletal disorders are causing the highest 

burden of disease in the western world, and this will 

continue to rise due to aging of population.  

A solution for musculoskeletal diseases that is proposed 

is a personalized approach. ‘Personalized Medicine’ 

originates from the genomics methodology, hinting that 

a disease has a molecular basis. However, the term 

‘personalized medicine’ has received a bigger context   

and includes also the specific anatomical and 

biomechanical analysis of the musculoskeletal system. 

Hence, none-standardized, personalized surgical plans 

are being executed to enable optimal recovery with the 

least complications leading, ultimately, to better quality 

of live and lower healthcare costs. 

Another solution to assess musculoskeletal diseases is to 

generate models of a population which is expected to 

include the variation within a patient cohort and which 

can be utilized to assess potential outliers that respond 

unexpectedly to a certain treatment.        
 

Personalized Models 

Biomechanical engineers are working together with 

imaging experts to develop fast and accurate tools to 

capture the essential aspects of the musculoskeletal 

system that is related to the pathology. Multi-modal 

(dynamic) imaging such as ultrasound, MRI and CT 

scanning are generating important information to 

develop personalized biomechanical models (see 

Figure). To feed the models with appropriate 

mechanical properties is complex as it is difficult to 

obtain reliable information about all tissues that might 

affect the behaviour of the joint which is analysed.    
 

Population based models 

Ideally, these types of models include the variations 

seen in cohorts of patients. Different anatomical 

geometries are included, typically using statistical shape 

models. Variations in mechanical properties are 

obtained from literature and entered into the population 

to analyse the sensitivities to these variations. These 

models are highly useful for orthopaedic companies to 

enhance the robustness of their implants. 
 

Acknowledgements 

This research was generated by the collaborative efforts 

of many researchers and clinicians at Radboudumc and 

the University of Twente.  

  
Figure showing how dynamic MRI (left), dynamic CT 

(middle) can help building a personalized 

musculoskeletal model of the knee joint (right).  
 

Future directions 

In the future we may see that artificial intelligence (AI) 

methods applied to large cohorts of patients replace the 

biomechanical (mechanistic) models. Optimally, 

mechanistic models are combined with AI methods to 

allow for faster development. Generating personalized 

models will remain highly challenging for the next 

decade as the mechanical properties are still difficult to 

assess. Imaging modalities such as ultrasound 

elastography might help to partly solve this issue, but 

more methods are required to perform in-situ 

quantification of the mechanical properties. 

Furthermore, loading conditions are variable amongst 

patients; methods to quantify these differences in loads 

are required.  

Finally, the societal relevance of the modelling tools as 

described must be demonstrated more explicitly in order 

to remain of great value in the views of funding agencies 

such as the EC and NIH and regulatory bodies.  

Dr. Verdonschot is an expert on computer modeling 

in the field of orthopaedic-biomechanics. He 

obtained a mechanical engineering degree at Twente 

University after which he worked at the orthopaedic 

department of the Radboud Medical Centre. 

Currently, he also works as the scientific director of 

the Technical Medical Centre of Twente University, 

thereby representing 400 researchers in the 

biomedical field. He is co-author of over 325 peer 

reviewed papers. He got an ERC advanced grant on 

the topic of  Biomechanical diagnostic, pre-planning 

and outcome tools to improve musculoskeletal 

surgery. Furthermore, he is visiting professor of the 

Politecnico di Milano and has an honorary doctorate 

of the University of Aalborg.  
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MICROFLUIDICS, ELECTRIC FIELDS AND MACHINE LEARNING: THE 
PERFECT MATCH FOR SINGLE-CELL ANALYSIS 

Federica Caselli 
 

Department of Civil Engineering and Computer Science, University of Rome Tor Vergata, Rome, Italy 

 

Background 

Cell is the fundamental unit of life. Accordingly, 

understanding of cell function in health and disease is 

critical to diagnosis and treatment. Moreover, modern 

approaches towards personalized and precision 

medicine highlight the potential of cell analysis and 

manipulation for the development of novel therapeutic 

solutions to tackle, e.g., cancer and infectious disease. 

This raises the need to develop technological tools to 

assist biologists and clinicians in their mission to 

improve healthcare. In this scenario, microfluidics, 

electric fields and machine learning represent three key 

players. Microfluidics matches well with the size of 

typical biological cells and has potential for high 

reproducibility, large parallelization, easy operability 

and low-cost. Electric fields offer tremendous 

opportunities for analysis and manipulation of 

biological cells, by means of versatile, effective and yet 

simple sensing and actuation features, which can be 

integrated into a multifunctional microfluidic system. 

Machine learning enables to equip such a system with a 

brain that provides real-time monitoring and automatic 

control, by deciding tasks based upon its perception of 

the microenvironment. 

 

Intelligent microfluidic impedance 
cytometry 

After an introduction on the emerging synergy of 

microfluidics, electric fields, and machine learning for 

single-cell analysis and manipulation, I will present the 

great opportunities provided within this landscape by 

Microfluidic Impedance Cytometry (MIC). MIC is a 

label-free and high-throughput technique that uses 

electric fields to stratify the heterogeneity of cellular 

systems based on their biophysical properties (i.e., 

electrical and mechanical properties). Emerging 

applications range from fundamental life science and 

drug assessment research to point-of-care diagnostics 

and precision medicine. Recently, novel chip designs 

and data analytics strategies are laying the foundation 

for multiparametric cell characterization and 

subpopulation distinction, which are essential to 

understand biological function, follow disease 

progression, and monitor cell behaviour in 

microsystems. Moreover, neural networks are showing 

their potential for real-time processing of high-content 

cell electrical fingerprints, paving the way for 

impedance-based sorting of target cell subpopulations. 

Further emerging directions include the development of 

automated, multifunctional, all-electrical platforms as 

well as hybrid platforms that couple MIC with other 

microfluidic approaches. Overall, these research efforts 

are expected to advance single-cell analysis to the next 

level in the coming years. 

 

 
 

Figure 1: Cover page image from Ref. [1], giving a 

suggestion of the synergistic convergence of 

microfluidics, electric fields and machine learning 

towards single-cell analysis and manipulation. 
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“TURBULENCE” IN BLOOD: EVERYTHING OLD IS NEW AGAIN 
David A. Steinman, PhD 

 
University of Toronto, Canada 

 
Background 
Textbooks tell us that blood flow is normally laminar, 
with “turbulence” typically only expected in pathologi-
cal conditions such as stenoses or distal to heart valves. 
Such flows have been subject of much research for the 
past 50 years. Beginning in the 1970s, the groups of 
Young [1] and of Giddens [2] (stenosis), and Stein and 
Sabbah [3] (heart murmurs), among many others, made 
great strides in understanding the nature of physiologi-
cal turbulence, and its potential impact on vessel walls 
and blood. The group of Margot Roach (whom I had the 
good fortune to know and work with at the University of 
Western Ontario before she retired) also performed pio-
neering investigations into hemodynamic sources of 
bruits and hums in the cerebrovasculature [4]. 
 
Beginning around a decade ago, high-fidelity computa-
tional modelling began to reveal high-frequency flow 
instabilities where smooth, laminar flows were pre-
sumed to be present [5]. Our work in particular has tried 
to highlight the perils of this self-fulfilling prophecy, in 
that modelling decisions are inevitably informed by pre-
sumptions about the flow regimes [6]. For want of a bet-
ter word we refer to these energetic flows as “turbulent-
like”, encompassing laminar vortex-shedding, transi-
tion, relaminarization, and non-isotropic turbulence. 
 
Recent Advances 
Turbulent-like flows are of keen interest for predicting 
hemolysis caused by medical devices, of course, but also 
now aneurysm rupture and cardiac energetics [7], 
among other applications. CFD Challenges have high-
lighted the, er, challenges of replicating these flows, es-
pecially when it comes to comparing against experi-
ments [8]. Osborne Reynolds himself acknowledged 
that “utmost care [was required] to reduce the external 
disturbances” in his pioneering experiments [9], which 
raises new questions about artificially “clean” numerical 
and experimental studies in light of messy physiological 
realities. And while CFD can now resolve these flows 
down to the scale of red blood cells [10], theoretical ar-
guments [11] and experimental studies [12] are there to 
remind us that, at those scales, the biorheology of blood 
may be more like that of a slurry than a simple fluid. 
 
The renewed interest in turbulent-like flows has also re-
invigorated interest in understanding and modelling 
flow-induced vessel wall vibration [13]. High-fidelity 
fluid-structure-interaction (FSI) solvers are now coming 
online to help elucidate how the different turbulent-like 
flow “phenotypes” may drive flow-induced vibrations 
[14]. Advances in data visualization (and sonification) 
are also helping us to start to make sense of these highly 
complex flows in non-trivial geometries [15]. 

Future directions 
Setting aside the theoretical and computational com-
plexity of these flows, the presence of high-frequency 
wall shear stress (WSS) and pressure fluctuations raises 
questions about the mechanobiology that have yet to be 
addressed. Does the endothelium glycocalyx anyway 
damp high frequency WSS fluctuations? Can extracel-
lular membranes and smooth muscle cells sense and/or 
respond to high-frequency vibrations?  
 
And what of the clinical implications? With increasingly 
small and sensitive transducers and machine learning, 
we may be able to better pinpoint and distinguish mur-
murs, bruits and hums, perhaps returning auscultation to 
the clinician’s armamentarium after being arguably dis-
placed by advances in medical imaging over the past 50 
years. But (how) will we be able to connect these with 
any specificity or sensitivity if we (still) cannot make 
out an individual’s vessel wall structure and properties?  
These and other questions should keep us biomechanical 
engineers busy for the next decade (and more!). 
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MECHANO-DRIVEN REGENERATION PREDICTS BONE INGROWTH IN 
LARGE ANIMAL MODEL BASED ON SCAFFOLD IMPLANTATION SITE 

Gabriele Nasello (1,2), Maria Ángeles Pérez (1), José Manuel García-Aznar (1) 
 

1. University of Zaragoza, Spain; 2. KU Leuven, Belgium 

 

Introduction 

Three-dimensional (3D) printed scaffolds offer patient-

specific porous surfaces that enhance the biological 

engraft with the surrounding bone tissue [1], thus they 

are moving orthopedic implants from inert materials to 

bioactive scaffolds guiding the bone regeneration 

process. Tuning the scaffold mechanical properties is 

appropriate for encouraging bone ingrowth into porous 

materials, although the host sensitivity to mechanical 

stimulus has a critical impact on bone regeneration [2]. 

Therefore, patient-specific porous scaffolds should 

consider the variability in the host response. We 

developed a computational model of mechano-driven 

bone regeneration where the local environment and the 

regenerative potential of an individual host regulate the 

bone ingrowth within a porous scaffold. We calibrated 

the model by means of in vivo animal data of bone 

ingrowth in 3D printed scaffolds inserted in distinctive 

implantation sites and in different recipients [3]. 

  

Materials and methods 

The computational model consisted of three parts: the 

scaffold, the granulation tissue filling the scaffold pores 

and the surrounding bone. It was assumed that bone 

regeneration could be reduced to a simultaneous process 

of cell invasion and bone formation regulated by the 

mechanical stimulus [3]. Bone ingrowth in porous 

titanium scaffolds was simulated for 12 weeks in the 

distal femur and proximal tibia of three goats. 

Numerical outputs were compared to results of an in 

vivo study conducted by Materialise NV (Belgium), 

where bone ingrowth was quantified in the medullary, 

middle and periosteal subregions of the scaffold. 

 

Results 

 
Figure 1: In vivo and in silico bone ingrowth outcomes. 

Scaffolds were inserted into epiphyseal (blue, green) 

and diaphyseal (orange) locations. 

 

Bone ingrowth shifted from a homogeneous distribution 

pattern, when scaffolds were in contact with trabecular 

bone (max local ingrowth 12.47%), to a localized bone 

ingrowth when scaffolds were implanted in a diaphyseal 

location (max local ingrowth 20.64%) (Figure 1). Bone 

formation mostly occurred in the outer pores of the 

scaffold throughout the numerical analysis, as observed 

in vivo (Figure 2). After calibrating the model, we 

identified one animal with higher sensitivity to 

mechanical stimulation. Moreover, we found that the 

stimulus initiating bone formation was higher in the 

femur than in the tibia for all individuals [3]. 

 
Figure 2: In vivo and in silico microCT slices of the 

medullary, middle and periosteal subregions where 

bone is labeled in yellow and scaffold in green. 

 

Discussion 

The computational model revealed that a regenerative 

process purely based on mechanical stimulation predicts 

the bone ingrowth distributions, penetration depths and 

the bone formation dynamics observed in vivo when 

scaffolds were implanted in different recipients and 

implantation sites. Calibration enlightened differences 

in mechano-sensitivity between recipients, showing that 

osteointegration cannot depend on scaffold mechanical 

properties alone. Overall, the dependence of the 

osteogenic response on the host biomechanics means 

that the regenerative potential depends on both the 

scaffold and the host environment. 
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Introduction 

In the progression of the ascending aorta (AAo) dilation 

a relevant role is played by local adverse 

hemodynamics, which in turn stimulates adverse 

biological reactions ultimately leading to fatal events 

such as aneurysms rupture. In this study, the 

spatiotemporal heterogeneity of large-scale aortic flow 

features is investigated in vivo for the first time applying 

the Complex Networks (CNs) theory [2] to 4D flow 

MRI data of ten patients, five of them presenting with 

AAo dilation [1]. Technically the acquired time-

resolved phase velocity data were used to build 

correlation-based CNs. Then, the anatomical and 

functional length of persistence of the correlation of 

velocity time histories were quantified and their 

association with in vivo measurable hemodynamic 

quantities as well as AAo dilation was explored. 

 

Methods 

Study methods are summarized in Fig.1. The study 

population comprises five patients presenting with AAo 

dilation and five with no AAo dilation. Full details on 

4D flow MRI acquisition protocol are exhaustively 

reported elsewhere [1]. For each patient, the thoracic 

aorta lumen geometry was reconstructed and three CNs 

were built on the time-resolved waveforms obtained 

from in vivo data of: velocity magnitude |V|; (through-

plane) axial velocity component 𝑉ax [3]; (in-plane) 

secondary velocity component 𝑉sc [3]. Each node of the 

CNs was defined by the voxel where the velocity-based 

time history is acquired. Two nodes were connected by 

a topological link if the Pearson correlation coefficient 

R𝑖𝑗 between the time histories at nodes i and j was 

greater than a threshold �̂� (Fig. 1). For each CN an 

adjacency matrix A𝑖𝑗 was built and three metrics were 

computed [2] (Fig. 1): (1) the degree centrality (𝐷𝐶𝑖) of 

node i, measuring the homogeneity/heterogeneity of the 

time history in i with respect to the whole fluid domain; 

(2) the normalized average Euclidean distance (𝐴𝐸𝐷𝑖) 

between node i and all its nearest neighbours, and (3) the 

average shortest path length (𝐴𝑆𝑃𝐿). 𝐴𝐸𝐷𝑖  and 𝐴𝑆𝑃𝐿 

quantify the anatomical and topological length of 

persistence of the correlation between velocity time 

histories in the aorta, respectively [2].  

 

Results 

𝐷𝐶 volume maps, displayed in Fig.1, show that |V| and 

𝑉ax CNs are scarcely connected (low 𝐷𝐶), reflecting 

from very poor to moderate homogeneity of velocity 

time history shapes. The CNs of  𝑉sc time histories 

presented patterns of connections between nodes denser 

than |V| and 𝑉ax. Notably, 𝐴𝐸𝐷 was negatively 

associated with AAo maximum diameter 𝐷𝑚𝑎𝑥, whereas 

𝐴𝑆𝑃𝐿 was positively associated with 𝐷𝑚𝑎𝑥  only in |V| 

CNs, indicating that, in general, high 𝐷𝑚𝑎𝑥 values 

reduce the anatomical extension of the correlations 

among velocity waveforms and increase voxels 

topological separation. No links emerged between CNs 

metrics and kinetic energy and flow eccentricity. 

 

 
Figure 1: Schematics of the study design and 𝐷𝐶 maps. 

 

Discussion 

The CNs-based analysis of 4D flow MRI aortic data 

suggests that AAo dilation plays a major role in 

disrupting spatiotemporal similarity in velocity 

waveforms, causing a marked reduction of the 

physiological Euclidean and topological length of 

correlation persistence in patients with larger maximum 

AAo diameter. Apart of basic knowledge of the aortic 

hemodynamics, our findings suggest that in vivo 

measurable CNs distance metrics may contribute to a 

finer risk stratification of AAo disease. 
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Introduction 

Computational fluid dynamic (CFD) simulations for 

thoracic aorta turned out to be an effective strategy to 

assess the hemodynamics even though the rigid wall 

assumption implicates a non-negligible limitation. Fluid 

structure interaction (FSI) simulations, that are quite 

diffused in literature [1,2], overcome this aspect but 

introduce some additional assumptions, such as the 

material properties definition, that are difficult to be 

extracted in-vivo. Radial Basis Functions (RBF) mesh 

morphing technique, together with numerical 

simulations, was already established in cardiovascular 

field [3], given its capability to cope vessel deformation 

by modifying geometrical properties of computational 

models in a meshless way. 

This work aims to compare the fluid dynamic effects 

resulted from the integration of biomedical imaging, 

CFD and RBF mesh morphing technique (CFDRBF) with 

those obtaining by performing transient CFD or FSI 

simulations.  

 

Methods 

Starting from ten volumetric CT datasets synchronized 

with patient ECG, 3D models of thoracic aorta were 

reconstructed by segmentation for each cardiac phase. 

RBF mesh morphing technique was applied to each 

model and the RBF incremental solutions were activated 

sequentially during the transient simulation in function 

of time, to automatically synchronize the actual 

movement of the vessel with the pulsating fluid flow [4]. 

In addition to the implemented strategy, standard CFD 

simulations for the aorta models at minimum and 

maximum deformation stages (0% phase (CFD0%) and 

40% (CFD40%) phase of cardiac cycle) were performed. 

Moreover, a 2-way FSI simulation was also carried out. 

The results of these simulations were compared in terms 

of fluid velocity, helicity, flow eccentricity, blood 

pressure, wall shear stress, and vessels deformations. 

Regarding the boundary conditions, an aortic flow 

velocity profile was imposed at inlet and pressure outlet 

conditions were applied at the four outlets (supra-aortic 

vessels and descending aorta) by implementing a 3-

elements Windkessel model. The CFD solver Ansys® 

Fluent® was used for all simulations, for the morphing 

process the RBF Morph software was used. 

 

Results 

A significant displacement for the aorta was detected at 

the ascending portion by analysing 3D models, 

therefore, the RBF mesh morphing technique was 

applied only in this region and it turned out to be 

effective without loss of accuracy in mesh quality. 

Regarding the hemodynamics, differences were found 

by comparing the extracted indices of interest for all 

implemented simulation strategies. The results in terms 

of WSS and pressure maps in ascending region at 

deceleration phase of cardiac cycle are reported in 

Figure 1. In particular, the WSS map for the CFDRBF 

strategy (Fig 1b) shows a high difference with respect to 

other cases in terms of spatial distribution and the 

difference in terms of maximum value is about 40%. 

Regarding the pressure the 2-way FSI map (Fig 1d) 

shows a reduction of about 4% compared to CFD and 

CFDRBF simulations. 

 

 
Figure 1: WSS maps along ascending aorta for CFD0% 

(a), CFDRBF (b) and FSI simulations (c); blood pressure 

maps along ascending aorta for CFD0%, CFDRBF and 

FSI simulations. 

 

Discussion 

The obtained results suggest how effects of the aortic 

deformation on hemodynamics during cardiac phases 

are not negligible. The combined application of RBF 

mesh morphing technique and CFD transient simulation 

allowed to investigate the effects of ascending aortic 

geometry changes on the fluid dynamics without the 

material properties definition needed for the FSI. 

Moreover, CFDRBF is characterized by a much lower 

computational time than that 2-way FSI simulation. A 

further analysis may include a comparison with a patient 

4D-flow MRI dataset to assess the accuracy of CFDRBF 

strategy. 
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Introduction 
Percutaneous transluminal angioplasty (PTA) is an 
established procedure for the treatment of peripheral 
artery disease (PAD). However, the high incidence of 
restenosis remains a serious complication 
compromising the long-term success of the intervention. 
Among the different factors contributing to restenosis, 
the arterial wall damage provoked by balloon expansion 
plays a major role. Indeed, the activated inflammatory 
response may result in a maladaptive healing process, 
consisting in excessive cellular proliferative and 
synthetic activities, ultimately leading to lumen re-
narrowing [1].   
In this context, multiscale computational modeling is 
deemed to deepen the understanding of the underlying 
mechanobiological processes of restenosis. 
Accordingly, we present a novel multiscale framework 
that links the PTA-induced damage at the tissue scale 
with the inflammatory driven cellular dynamics, 
through a finite element method (FEM) – agent-based 
model (ABM) coupling.  
 

Methods 
The workflow of the developed FEM-ABM framework 
is shown in Fig. 1.  

 
Figure 1: FEM-ABM framework. 

 

The framework was applied to an idealized three-
dimensional (3D) femoral artery geometry with an 
eccentric stenosis. The material properties of the healthy 
media and adventitia layers were derived from uniaxial 
tensile tests of human femoral artery samples. For the 
intima, the material properties of a heavily calcified 
plaque were used in the stenotic region, including a fully 
calcification area [2]. A damage model was adopted to 
describe the softening behavior of the material under 
stretch [3]. The PTA simulation was performed in 
Abaqus/Explicit (Dassault Systèmes Simulia Corp., 
USA), using a properly calibrated model of the Armada 
balloon (Abbott Vascular, USA). 

As preliminary study, a two-dimensional (2D) ABM 
was implemented in Matlab (MathWorks, USA) for the 
arterial cross-section with minimum lumen area [4]. The 
2D ABM was filled with extracellular matrix (ECM), 
vascular cell and plaque agents. The FEM-computed 
damage was assigned to each cell/ECM agent. 
Probabilistic behavioral rules were adopted to describe 
cell mitosis and apoptosis, and ECM production and 
degradation. While constant activities were set in the 
media and adventitia, cell mitosis and ECM production 
in the intima depended on the FEM-computed damage.  
 

Results 
After the PTA, a lumen area gain of ~50% of the studied 
cross-section was observed (Fig. 2).  The computed 
mechanical damage in the intima was used to initialize 
the 2D ABM, which replicated arterial wall remodeling 
in response to the PTA-induced injury and provided 
results resembling clinical expectations [5].    

 
Figure 2: Results of the FEM-ABM framework. 

 

Discussion and conclusions 
In this work, a novel multiscale FEM-ABM framework 
was developed, which, by integrating tissue damage 
with cellular dynamics, allowed investigating the 
arterial response to PTA. In the near future, the response 
to different plaque dimension and composition will be 
evaluated and several cross-sections will be analyzed.  
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Background 

Rehabilitation after lower limb amputation presents a 

major and growing socioeconomic challenge. Research 

previously focused on advanced prosthetic knees and 

ankles, but patient outcomes depend ultimately on the 

human-prosthesis interface, commonly a personalised 

socket which is produced through plaster casting and 

‘rectification’ by skilled prosthetists. This process is 

iterative, and rehabilitation is uncomfortable and slow, 

as the residual limb tissues must heal and functionally 

adapt to their dramatically-altered loadbearing role. 

Socket rectifications give a varying field of press-fit and 

clearance over the residuum’s relatively load tolerant 

and intolerant regions, to balance functional limb-

prosthesis coupling and acceptable pressure. Despite 

developments in CAD/CAM socket design beside 3D 

scanning and CNC fabrication, this remains a skill and 

experience-based process. A proposed design support 

tool is Finite Element Analysis (FEA), which we 

reviewed in 2017 [1]. This paper describes subsequent 

work to address the lack of available quantitative design 

tools, which limit patient satisfaction and cost clinics by 

preventing highly evidence-based socket design. 

Recent Advances 

Our review uncovered key challenges in applying loads 

to these highly nonlinear models (both stance and gait 

loads, and intrinsic loads from socket donning), and 

perpetuated errors through unrepresentatively stiff 

linear elastic soft tissue material models. We developed 

best-practice recommendations for modellers, and to 

assist clinicians in appraising FE literature. 

 
Figure 1: FE model generation from MR imaging, and 

web-app environment providing real-time predictions of 

how socket design changes affect interface pressure. 

We addressed technical barriers to clinical use of FEA 

(software cost, pre-processing and computation time, 

and training) by developing and verifying a Kriging 

surrogate model for parameterised residual limb 

population anatomy and socket design [2]. A PCA-

Kriging ‘Statistical Output Model’ was then used to 

provide 106 x faster results visualisation vs. full 

simulation (2 ms vs. >30 mins), on a laptop computer, 

allowing prosthetists to inspect the effects of socket 

design changes in real-time, with <3 kPa interface 

pressure error prediction (<5%). 

Our review also highlighted challenges in interpreting 

model predictions, as there is little knowledge of safe 

residuum loads and durations. The second aspect of this 

paper presents physiology and imaging measures to 

assess tissue composition and damage precursors 

(ischemia, inflammation and deformation) in vivo [3], 

showing quantitative evidence of soft tissue functional 

adaptation between intact and amputated limbs. 

Future directions 

We have begun to explore the parametric socket design 

paradigm further by applying multi-objective Genetic 

Algorithm (GA) optimisation [4]. By adjusting the 

weighting of proximal (patella tendon, fibula head) and 

distal (residuum tip) loadbearing objective functions, we 

obtained quantitative candidate socket designs which 

corresponded with two of the main judgement-based 

approaches used by prosthetists.  

We might continue to enhance our models’ biofidelity 

but our community’s greater challenges are human: user 

experience (UX) research will be essential. We must 

consider how to balance a model’s advice with the 

prosthetist’s expertise, to develop and validate clinically 

useful tools, which are acceptable to patients. With close 

clinical collaboration we can adapt our developments to 

their needs, rather than force them to adapt. Ideally these 

tools will improve quantitative design consistency, but 

also free prosthetists from time-consuming gross design 

and let them focus their effort and skill on the detailed, 

patient-facing task of enhancing comfort. 
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Abstract 

Stress generation during collective cell migration 

represents one of the key factors which influence the 

configuration of migrating cells, viscoelasticity of 

multicellular systems and their inter-relation. Local 

generation of stress (normal and shear) is significant 

even in 2D (up to ~100-150 Pa). Compressive stress is 

primarily accumulated (1) within a core region of 

migrating cell clusters during their movement through 

the dense environment and (2) during the collisions of 

migrating cell clusters caused by uncorrelated motility. 

Shear stress could be significant within perturbed 

boundary layers around migrating clusters. Cells are 

more sensitive to the action of shear stress compared 

with compressive stress. Shear stress of a few Pa 

significantly influences cell state. Deeper insight into 

cell strategy to minimize undesirable shear stress is a 

priority in order to understand various biological 

processes such as morphogenesis, wound healing and 

cancer invasion. We pointed out to cause-consequence 

relations of these complex phenomena based on 

rheological modeling consideration in order to 

stimulate further experimental work.  

 

Background 

Collective cell migration induces a local generation of 

stress (normal and shear) significant even in 2D (up to 

100-150 Pa). Cells well tolerate compressive stress up 

to a few kPa. However, shear stress of a few Pa can 

induce severe damage to vimentin and keratin 

intermediate filament networks during 1 h, while shear 

stress of ~60 Pa influences gene expression which can 

cause the inflammation in epithelial cells during 5.5 h. 

Cell strategy to minimize undesirable shear stress 

generation was discussed based on rheological 

consideration.  

 

Recent Advances 

Various aspects of viscoelasticity of multicellular 

systems caused by collective cell migration have been 

considered such as: (1) residual stress accumulation 

and its influence to configuration of migrating cells [1-

3], (2) migrating-to-resting cell state transition and 

jamming state transition [3,4], (3) formulation of 

constitutive model at various time scales [5,6]. New 

book (the edited collection of chapters) titled: 

“Viscoelasticity and Collective Cell Migration: An 

interdisciplinary perspective across levels of 

organization” will be published in June 2020 supported 

by Elsevier. 

 

 

Future directions 

Additional experiments are necessary to determine 

stress distribution during 3D collective cell migration 

and its change and correlate: (1) the stiffness 

inhomogeneity per single migrating cluster with the 

type and distribution of adheren junctions (AJs) and 

tight junctions (TJs), and (2) slip effects within 

perturbed boundary layers around the migrating cluster 

with the type and distribution of AJs and TJs within 

them. 

 

Figures 

 
 

Figure 1: Residual stress accumulation caused by 

collective cell migration  
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A revolution in Stroke treatment 
In 2015 the MRCLEAN trial demonstrated for the first 
time that Endovascular thrombectomy (EVT) is very 
effective in treating proximal large vessel occlusion in 
acute ischemic stroke. Currently EVT is standard care 
for these patients. However, despite very successful 
recanalization, only 33-50% recovers after EVT. This 
requires deeper understanding of the underlying 
processes, and further research into improving treatment 
options. To proceed, both animal experimentation and 
new clinical trials are underway. However, an 
alternative would be to develop an In Silico Trial for 
stroke treatments. 
 
In Silico Trials 
Quoting the Avicenna roadmap, an In Silico Trial (IST) 
is “the use of individualised computer simulation in the 
development of regulatory evaluation of a medicinal 
product or medical device/medical intervention”. ISTs 
have many potential usage scenarios, among others in 
preclinical settings to reduce, refine, and (partly) replace 
animal experimentation or to help in the design of 
clinical trials in different stages of the regulatory 
process, or to even partly replace clinical trials. 
 
In Silico Stroke Trials 
The INSIST Project (www.insist-h2020.eu) is a 
European collaboration aiming at ISTs for treatment 
options for acute ischemic strokes. Leveraging on 
available clinical data collected in the MRCLEAN trial 
and other stroke treatment trials, the INSIST project is 
creating a collection of models that together capture 
both the pathophysiological processes in relation to 
stroke and the acute ischemic brain, as well as treatment 
with EVT or intra venous thrombolysis (IVT). 
Moreover, a virtual population model, which is a 
statistical description of the distribution of relevant 
medical and clinical parameters (such as e.g. age, sex, or 
clot location and volume, clot composition, vessel 
geometries) and their correlations, as observed in 
patients that were included in the trials, is being 
developed. Finally, a statistical model is under 
development that correlates the final predicted infarcted 
brain tissue to a clinical endpoint (such as the 24 h 
NIHSS score or the 3 months follow up MRS score). 
 

Recent Advances 
A first validated version of the virtual population model 
has been delivered, including data on clot composition 
based on histology of retrieved clots after EVT, clot 
location, and vasculature. Multiscale models for brain 
tissue perfusion are developed. Detailed models of the 
thrombectomy procedure, including mechanical 
properties of the clot and clot vessel-wall interaction, 
have been developed and are being validated based on a 
range of datasets, from benchtop experiments to clinical 
data. Also, models are underway for the thrombolysis 
and first results have been reported. 
 
Future directions 
Next steps will be to integrate all models into an IST for 
acute stroke. The paradigm that we adopt will be that a 
of discrete event model, and the event handling consists 
of, most likely, surrogate models that mimic the most 
relevant processes. The IST will be validated against 
retrospective trial data. Finally, three prospective ISTs 
will be performed, to provide a proof of concept for the 
in silico stroke trials. 
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Summary 
Dynamic elastography imaging, whether based on 
magnetic resonance, ultrasound or optical modalities, 
attempts to reconstruct quantitative maps of the 
viscoelastic properties of biological tissue, properties 
that are altered by disease and injury. Reconstruction 
often assumes isotropy and homogeneity and neglects 
boundary conditions. Skeletal muscle violates all these 
assumptions, posing challenges and opportunities for 
developing better imaging biomarkers. These challenges 
and novel methods to address them are reviewed. 
 
Background 
In striated muscle, anisotropy and inhomogeneity are so 
prevalent that ignoring them leads to significant 
estimation error in the elastography reconstruction 
problem. Muscle also poses additional challenges due to 
its fractal-like fiber structure and variation in properties 
under passive and activated conditions. Muscle fibers 
present a multiscale fractal-like heterogeneous 
geometry. Depending on the length scales of interest and 
wavelengths generated in the elastography 
measurement, it may be possible to “homogenize” this 
aspect of muscle heterogeneity [1-2]. Also influenced by 
this fractal structure, muscle elastography 
measurements have identified dispersive rheological 
behaviour best described by fractional calculus models 
of viscoelasticity [3] that are linked to fractal structure. 

Muscle activation and varying tensile loads can also 
influence measurement interpretation. For bulk shear 
waves in an isotropic viscoelastic material without 
boundary conditions the measured wavelength 
correlates with the square root of the tissue’s shear 
elastic modulus and viscosity, important rheological 
parameters. But, under significant tensile loading, which 
may increase with muscle activation, the measured 
transverse wavelength can correlate more with the 
tensile load, than the muscle’s inherent rheological 
properties. The governing equation transforms to that of 
a string, with transverse waves only depending on the 
tensile (boundary) load and material density. 

Anisotropy in muscle also poses challenges in 
elastography. Due to aligned fibers, muscle possesses 
transversely isotropic properties; waves propagating 
along the fiber experience a “stiffer” material than 
waves propagating across fibers, leading to an elliptic or 
super-elliptic wave field emanating from a wave source.  
 
Recent Advances 
Recent animal and human subject experimental studies 
have quantified the significant effect of tensile loading 

[4] and the activation state of muscle [5] on its 
rheological properties, as assessed by the frequency-
dependent wave phase speed and attenuation. Novel 
elastography reconstruction strategies that account for 
anisotropy have also recently been formulated. One such 
method, Transformation Elastography, involves 
distorting space in order to make the anisotropic 
problem become isotropic [6]. This has been 
demonstrated in 2D studies of transversely isotropic 
material with slow and fast shear waves [7-8].  
 
Future directions 
While the Transformation Elastography concept shows 
promise, future studies are needed to assess the new 
strategy in the case of more complex geometries and 
mechanical wave patterns, including extension to 
heterogeneous and three-dimensional problems under 
preloaded conditions, with experimental noise levels 
typically found in in vivo elastography measurements. 
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Background 

Ultrasonic characterization and understanding of soft 

tissue has been developed as a clinical diagnostic tool 

over the last two decades [1] and evolved through 

different technologies: quasi-static, dynamic elastogra-

phy, based acoustic radiation force: ARFI, vibroacous-

tography or pSWE, or on direct excitation: sonoelasto-

graphy and our emerging torsional wave principle [2]. 

New elastography sensor technologies to characterize 

soft tissue biomechanics, are bound to endow a new 

class of biomarkers that quantify the mechanical 

functionality and abnormalities in the structural 

architecture of soft tissues are intimately linked to a 

broad range of pathologies including tumors, 

atherosclerosis, brain ageing, gestational disorders, liver 

fibrosis or osteoarticular syndromes, to name a few. 

These higher order mechanical parameters may become 

key discriminating biomarkers since: (1) the physics of 

wave propagation is explaining how dispersion is a 

compound expression of the rheological, poroelastic, 

and microstructural scattering phenomena governed by 

the complex fibrous multiscale microarchitecture of the 

stroma, which undergoes characteristic changes during 

pathologies [3]; and (2) the extreme hyperelasticity that 

soft tissue exhibits clearly manifests as quantifiable 

harmonic generation, hypothesized to strongly depend 

on the unfolding of its collagen fibres, which again 

controls the tissue’s mechanical functionality. 

 

Recent Advances 

Existing ultrasonic techniques are restricted to map first 

order tissue stiffness. In contrast, recent advances 

covering:  
a) new mechanical wave-based sensing technologies 

ranging magnetic resonance elastography, 
ultrasonic shear wave elastography or torsional 
wave elastography (that propagate in quasifluids 
radially and in depth in a curled geometry),  

b) wave propagation models and multiscale 
interaction with michroarchitectural changes, and  

c) patient testing, are allowing to quantify the 
mechanical functionality through relevant 
parameters beyond linear: dispersive and nonlinear.  

 

Future directions 
d) To understand how structural architecture of soft 

tissue is intimately linked and controls a broad 
range of pathologies, which underpins the 
foundation of a new diagnostic technology.  

e) To develop new sensor technologies capable of 
effectively sensing tissue elasticity, and yield 
simple and robust diagnostic tests and instruments.  

f) To ground a new generation of biomarkers of 
physical nature based on the mechanical micro-
architecture and properties of the tissue. 

The unexplored nature and applicability span of viscous 
and nonlinear mechanical biomarkers and torsional 
waves endows a foundational diagnostic technology. 

 
Figure 1: Dimensions of the problems to be addressed 

to generate a solid scientific backgound. 
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Background 
Reduced bone mass and compromised bone strength in 
osteoporosis is a major socio-economic burden. 
Physical exercise has long been proposed as a means for 
reducing the risk of fragility fracture by promoting bone 
accrual and improving motor function. However, the 
modest and variable bone response to exercise in adult 
people complicates prescribing the type and amount of 
exercise for optimal bone health [1]. Modern digital 
technology can complement exercise prescription for 
osteoporosis by providing information about skeletal 
mechanics during locomotion. 
 
Recent Advances 
The superior neck is a common location for hip fracture 
and a relevant exercise target for osteoporosis. Exercise 
can stimulate anabolic response in the neck by either 
offsetting habitual strain levels or by bending of the neck 
for inducing localized tension in the superior cortex. 
Current studies showed that fast walking and stair 
ambulation, but not necessarily running, optimally load 
the femoral neck and therefore theoretically would 
mitigate the natural age-related bone decline, being 
easily integrated into routine daily activity [2]. High 
intensity jumps and hopping have been shown to 
promote anabolic response by inducing high strain in the 
superior-anterior neck. Multidirectional exercises may 
cause beneficial non-habitual strain patterns across the 
entire femoral neck[3]. Resistance knee flexion and hip 
extension exercises induce high strain in the superior 
neck, provided adequate muscle strength for inducing 
above normal strain levels to the hip[4]. The hamstring 
muscles and the gluteus maximus have the highest 
potential for generating tension in the superior neck, 
hence providing a target for the design of exercise 
regimen for osteoporosis.  

 
Figure 1: Changes in orientation of the hip force 
potentially generated by the gluteals at 0° and 40° hip 
abduction (a,b) and the hamstring muscles (c). 

Future directions 
Personalized exercise prescription requires discerning 
individual features of the hip response to exercise 
caused by complex interaction between anatomy, 
muscle function, bone distribution and metabolism. 
Significant progress has been made toward a fast, 
reliable and personalized physics-based models of 
human physiology. Current technologies can 
incorporate anatomical, mechanical, physiological, and 
neurological features in each individual. The body 
anatomy in the model can be informed by medical 
imaging or extracted from population databases. Real-
time or near real-time numerical methods have been 
developed to predict muscle and joint force, bone strains 
and strength[5]. Recent evolutions of the mechanostat 
model, can determine the amount of bone deposited, or 
resorbed, as function of exercise, individual 
metabolism, diet and pharmacological treatment [6]. 
Incorporation of models of hip metabolism and 
mechanics during exercise is a current focus of the bone 
research community. High-performance computing, 
efficient algorithms and open-source databases have 
reduced the burden of modelling. Retrospective and 
longitudinal exercise interventions can allow 
identification of the appropriate technology for 
personalized exercise prescription for osteoporosis. 
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Background 

Additive manufacturing (AM) techniques, due to their 

capability of fabricating geometrically complex 

structures, have provided unprecedented opportunities 

to produce biodegradable Mg implants. However, due to 

the inherent properties of low vapor temperature, high 

vapor pressure and high tendency to oxidize of Mg 

alloys, there are many challenges hindering the 

fabrication of AM-processed Mg implants, such as the 

difficulty of Mg powder preparation, powder splash and 

crack formation during AM process. Recently AM-

processed WE43 scaffold with diamond structure was 

fabricated for the first time and meet the functional 

requirements for bone substitutes [1]. However, bare 

WE43 scaffold was not suitable for cell adhesion due to 

its relative fast degradation rate in physiological 

environment, and the architecture of porous Mg scaffold 

also needs to be improved. In the present work, the 

solutions regarding the challenges for additive 

manufacturing of biodegradable Mg alloys were 

analysed. AM-processed Mg scaffolds with preferable 

structures were introduced. Moreover, further surface 

treatment of AM-processed scaffolds was performed. 

 

Recent Advances 

The novel-developed Mg-Nd-Zn-Zr alloy (JDBM) 

powder with smooth surface and good roundness was 

firstly synthesized successfully using gas atomization 

method.  And the AM parameters for Mg-based alloys 

were optimized by lowering the specific energy input for 

prevent of potential powder splash and cracks 

appearance. Then based on the optimized parameters, 

porous JDBM scaffolds with three different 

architectures (biomimetic, diamond and gyroid-shape) 

were fabricated by selective laser melting (SLM). The 

CAD design models and the micro-CT reconstructed 

structures of the scaffolds after chemical polishing are 

presented in Fig.1. The as-polished scaffolds have fully 

interconnected structures consistent with the as-

designed models. The gyroid-shape scaffold has best 

combination of mechanical performance and 

degradation behaviour, with yield strength of 

16.25±0.86MPa and Young’s modulus of 

0.76±0.02GPa, however, still displaying a relatively low 

corrosion resistance. Therefore, the gyroid-shape 

scaffold was selected for DCPD coating treatment so 

that the degradation rate was suppressed greatly and the 

cytocompatibility was increased significantly, 

indicating a promising prospect of clinical applications 

as bone tissue engineering scaffolds. 

Future directions 

In vivo animal study will be conducted to characterize 

the degradation behavior of the DCPD-coated gyroid-

shape scaffold, along with its influence on the new bone 

formation. Meanwhile, taking the advantage of the AM 

techniques for the fabrication of geometrically complex 

structures, personalized Mg implants will be 

investigated. 

 

Figures 

 
Figure 1: CAD design models and micro-CT 

reconstructed structures of three different scaffolds: 

biomimetic, diamond, and gyroid-shape. 
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Background 
Crucial to their survival and function as reparative cells 
within all human tissues, perivascular-derived stem cells 
(PvSCs (pericytes, mesenchymal stromal cells)) actively 
sense and respond to variations in extracellular matrix 
(ECM) composition and changes in the mechanics of 
their local microenvironment. However, the underlying 
mechanisms defining how such fates are temporally 
modulated remains to be better elucidated. 
 
Recent Advances 
Through the construction of hydrogel- and self-
assembling block copolymer-based substrates tailored 
for defined cellular interactions, we have probed the 
interplay of substrate stiffness and ligand type [1], the 
impacts of substrate viscoelasticity (effecting creep and 
stress relaxation) [2,3], and ligand redundancy, lateral 
spacing and type [4-7] on PvSC fate choice. These 
studies have shown that ligand-integrin interactions (in 
type and number) represent the permissive, necessary 
cues for cells sensing and responding to variations in the 
mechanics of their local environment. Most recently, we 
have turned to studying the dynamics of PvSC adhesion, 
mechano-sensing and -transduction at high spatial and 
temporal resolution on nanopatterned substrates, using a 
range of real-time fluorescent location and FRET-based 
biosensors over timeframes of 2 hours to 14 days [8]. 
These studies have revealed that changes in lateral 
spacing of adhesion motifs from 30 to 60 nm affect the 
temporal recruitment and activation of critical focal 
adhesion proteins and mechanotransduction signalling 
pathway modulators (including RhoGTPases and 
YAP/TAZ), which ultimately leads to the observed bias 
in cell fate commitment through the regulation of well-
known morphogenic determinants.  Smaller 
nanospacings bias upregulation of the Rac 1/ myosin IIA 
/ YAP-TAZ / RUNX 2 pathway, confirming that 
observed switches in osteo- versus adipo-genic fate 
commitment are the result of (early) differences in 
tension force at focal adhesions of a little as 5pN!  We 
know, however, that in response to differences in matrix 
mechanics or ligand presentation, hMSCs produce a 
range of other regulatory molecules, besides proteins. 
Could these pathway modulators offer a solution to 
overcoming the impacts of ‘perturbed’ ECM 
microenvironments on hMSC behaviour and function to 
effect functional tissue repair? To address this question, 
we have also recently identified differentially expressed 
mechanosensitive microRNAs (mechano-miRs) 
produced by PvSCs (or their progeny) in response to 
varying matrix stiffness and RhoA activity [9], or post 

activation in an injury site. Thereafter, using hydrogels 
and self-assembling nanoparticles, we have shown that 
modulating these mechano-miRs can overcome in vitro 
local ‘soft’ mechanical cues to drive commitment to 
stiffer tissues (e.g. bone)[9], or suppress the creation of 
‘stiff’ fibrotic tissue within an injured ‘soft’ tissue in a 
small animal model of fibrosis.	
 
Future directions 
The outcomes of these recent studies provide new 
understanding of the complex mechanisms regulating 
mechanosensing, mechanotransduction and 
differentiation, but also provide us with novel strategies 
with which to manipulate mechano-driven stem and 
progenitor cell fate and significantly impact tissue 
engineering and regenerative medicine applications that 
focus on their exogenous use or endogenous 
manipulation. 
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Background 
Degradation or loss of vision greatly impacts quality of 
life. Almost 250 million people worldwide are visually 
impaired, which has an estimated economic impact of 
$268.8B per year. 
The cornea is responsible for about 80% of the refractive 
power of the eye. As a consequence, minimal alterations 
of its shape – by only a few micrometers – have a large 
impact on the vision of the patients. Surgical 
interventions and pathologies alter corneal 
biomechanics, which in turn modifies corneal shape and 
compromises visual acuity.  
Clinically, the surgical intervention is planned using 
nomogram tables that are based on statistical data. 
Unfortunately, the change of corneal power is frequently 
underestimated due to the lack of personalization of the 
current clinical approach. Therefore, we believe that 
biomechanical models and patient-specific simulations 
can be powerful tools to help clinicians optimizing the 
visual outcome for each individual patient.  
 
Recent Advances 
Corneal tissue is anisotropic and exhibits a non-linear 
mechanical behaviour that can be accurately modelled 
by an hyperelastic formulation accounting for the tissue 
microstructure. Based on this formulation, we identified 
the mechanical parameters of the corneas from donors 
of different age groups [1]. 
We also developed a software platform to automate the 
generation of patient-specific models from clinical data. 
This tool allows clinicians to predict the outcomes of 
any sets of treatment parameters that he wants to 
evaluate for his patient (Optimeyes, OptimoMedical 
AG). The personalized predictions have been validated 
on patients undergoing routine cataract surgery and 
relaxing keratotomy [2,3].   
This simulation framework has been combined with 
numerical optimization routines to directly propose a set 
of parameters that will provide the best optical outcome 
for each patient [3]. Evaluation on more than 600 
patients’ datasets showed that the optimization approach 
improves the final astigmatism for the patient but, most 
importantly, reduces the number of overcorrections / 
outliers compared to the existing clinical approach 
based on nomograms (Fig. 1). 
The large number of patient-specific simulations 
conducted on our database of patients, allowed us to 
build surrogate models of the intervention using 
machine learning techniques, providing reliable 
estimates of the surgical outcomes instantaneously, 
without requiring additional finite element calculations. 

 
Figure 1: Pre- and postoperative astigmatism using 
different approaches to plan arcuate keratotomy 
surgery on 600 patients. Personalized optimizations 
enable us to control post-surgical astigmatism 
 
Future directions 
The current personalization of the patient-specific 
simulations is limited to anatomical features. This 
limitation is not critical when modelling healthy tissues 
but prevents inclusion of pathologies. Our future 
research in this field focuses on developing methods 
able to identify corneal biomechanics in-vivo, such as 
non-contact tonometry or Brillouin scattering. 
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Background 

Biophysical stimuli are as crucial as genes and 

biochemical signalling for bone development and 

function [1, 2]. Bone cells continually monitor their 

mechanical environment and regulate bone formation 

and resorption to maintain the mechanical function of 

bone throughout life. During osteoporosis, the levels of 

estrogen circulating in the blood are deficient, which is 

accompanied by bone loss, ultimately leading to bone 

fracture. Despite evidence that bone composition [3-5] 

and osteoblast biology [6-8] are altered in osteoporosis, 

conventional drugs target bone resorbing osteoclasts, 

but only reduce osteoporosis fractures by 50% [9]. 
 

Recent Advances 

Our studies have revealed that the effects of estrogen 

deficiency are not restricted to bone loss, but that 

important changes in bone tissue mineral distribution 

also occur. Specifically, bone tissue mineral is more 

heterogeneous during estrogen deficiency in rat and 

ovine models, which is due to changes in mineral 

content at specific anatomical regions [10, 11]. These 

changes are undetectable by conventional diagnostic 

techniques (DEXA) but may play an important role in 

bone fracture. These changes occur in early stage 

estrogen deficiency but are restored in the longer term. 

Moreover, using novel experimental and computational 

models, we reported that the mechanical environment of 

bone cells is altered during early-stage osteoporosis, but 

is restored in the later stages of estrogen deficiency [12]. 
Thus bone tissue mineral heterogeneity may arise due to 

a mechanobiological response to restore homeostasis in 

the mechanical environment after initial bone loss. Our 

recent studies are unravelling the time sequence of 

changes in bone microarchitecture, mechanical 

environment and mineral distribution. We have 

discovered that osteoblast and osteocyte 

mechanotransduction are fundamentally altered during 

estrogen deficiency (Fig. 1), which is associated with 

altered production of paracrine factors that govern 

osteoclast resorption [13-17].  
 

Future directions 

We are developing 3D ex-vivo models of human 

osteoporotic bone, which incorporate critical 

mechanical cues  and multicellular signalling. Such 

models will provide an advanced understanding of 

underlying mechanisms leading to bone loss and 

fracture susceptibility after estrogen withdrawal. We are 

investigating the potential of Sclerostin inhibition for 

modulating these mechanobiological responses and 

associated bone mineralisation and paracrine signalling. 

 

 
Figure 1: (a) Osteoblast and (b) osteocyte 

mechanosensation and mechanotransduction are 

altered in estrogen deficiency, which are associated 

with pro-osteoclasteogenic paracrine-signalling  
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Background 
Bone loss and metabolic diseases lead to fractures, 
loosening of implants and compromise our health and 
well-being. Understanding the hierarchical organisation 
of bone and the respective role of the various 
organic/inorganic constituents on its biomechanical 
properties are therefore of key interest. A few years ago, 
Stephen Cowin and John Currey left us, but left us with 
a rich and inspiring heritage of knowledge on bone 
mechanics. This perspective talk aims at reporting two 
advances in the mechanics of trabecular and compact 
bone respectively, that developed along their visions. 
 
Recent Advances 
A first advance based on Steve Cowin's concept of 
fabric in trabecular bone mechanics consists of the 
establishment of simplified, strong fabric-elasticity and 
fabric-strength relationships using computational 
homogenization.  

 
Figure 1: Boundary conditions for trabecular bone 
homogenization have a profound effect on apparent 
elastic and yield properties. 
 
In these relationships, no differences were found among 
anatomical locations and no differences were found in 
specific diseases such as hypoparathyroidism. No 
further improvements in the predictions of stiffness or 
strength were achieved by adding further morphological 
variables. Finally, the critical role of boundary 
conditions in this homogenization process was 
quantified and the intrinsic limitation of a representative 
volume element for trabecular bone was recognized [1]. 
A second progress emerging from John Currey's 
ongoing interest in cracks developing in compact bone 
consists in applying continuum damage mechanics at 
multiple scales to quantify the biomechanical 
implications of these cracks. Micromechanical testing 
demonstrated conservation of the elastic modulus across 
the scales and a major scale effect for the post-yield 
properties. Rheological models representing 
compressive and tensile crack families allowed to 
explain the scale effect and to reproduce the 
accumulation of damage in compact bone at the 
macroscopic level [2]. A unit cell finite element model 
of the mineralized collagen fibre was also developed to 
calculate the axial and transverse elastic properties.  

 
Figure 2: Rheological model of bone extracellular 
matrix with compressive and tensile cracks. 
 
Future directions 
The improved knowledge gained on the mechanical 
properties of bone helps us to better address the issues 
of osteoporosis-related bone fragility. Clinical imaging 
tools such as DXA, HR-pQCT or QCT provide areal or 
volumetric bone mineral densities, that are limited 
surrogates of bone strength and fracture risk. These 
images must therefore be properly interpreted in the 
light of the above homogenization procedure in order to 
build finite element models and deliver better estimates 
of bone strength in a personalized fashion. 
Moreover, the gained knowledge also allows to better 
understand the interaction of bone with dental or 
orthopedic implants. Progressive damage and 
densification during implant insertion and frictional 
contact between bone and implant surface are the key 
ingredients to model primary stability and the initial 
conditions for bone healing. 
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Background 

The eye is s surprisingly biomechanically-active organ, 
subjected to both external (e.g. extraocular muscles, op-
tic nerve sheath tension, cerebrospinal fluid pressure) 
and internal (blood pressure, intraocular pressure [IOP]) 
loads. Further, mechanobiology plays an important role 
in multiple ocular pathologies, including glaucoma, my-
opia, keratoconus, and idiopathic intracranial hyperten-
sion, to name only a few. Here I describe a selection of 
intriguing, unsolved ocular biomechanical problems. 

Myopia (Near-Sightedness) 

Severe myopia is a risk factor for sight-threatening ocu-
lar pathologies, including retinal detachment and glau-
coma. The incidence of myopia continues to increase, 
with > 90% of adolescents being affected in some coun-
tries. In almost all cases, myopia occurs because the eye 
is “too long” for its optical power, which in turn is due 
to abnormal growth of the sclera, the white part of the 
eye. Thus, there are long-standing interests in scleral 
biomechanics during myopia [1,2]. We are using a 
mouse model to study scleral remodelling in myopia, 
specifically characterizing scleral biomechanical prop-
erties using unconfined compression data interpreted us-
ing the Biphasic Conewise Linear Elastic Model [3]. We 
find that induction of form deprivation myopia in 
C57BL/6 mice leads to a time-dependent increase in 
scleral hydraulic permeability and a decrease of in-plane 
scleral stiffness. The signalling pathways leading to this 
remodelling remain unknown and represent an im-
portant therapeutic target for myopia. 

Genetics of Scleral Stiffness 

The sclera, in addition to its importance in myopia, is 
biomechanically important in other conditions [5]. Since 
scleral stiffness varies substantially between subjects, 
we used QTL analysis in the BXD recombinant inbred 
mouse set [6] to identify genes controlling scleral stiff-
ness (Fig. 1). We identified Smarce1 and Tns4 as two 
genes associating with ocular compliance, an indirect 
measure of scleral stiffness, that are expressed at signif-
icant levels in the cornea and sclera. The protein product 
of Tns4 is Tensin4, and the tensins are known to interact 
with actin filaments and β-integrins in focal adhesions, 
suggesting Tns4 as an excellent candidate gene to mod-
ulate scleral biomechanical properties.  

Glaucoma 

Glaucoma is the leading cause of irreversible blindness. 
Elevated IOP is a major risk factor for glaucoma, and is 
the only treatable risk factor. IOP is largely controlled 
by the trabecular meshwork (TM), a porous tissue in the 
anterior eye that continually drains the aqueous humor 
from the eye, and thus there is significant interest in 
measuring and understanding TM function. We and oth-
ers have shown an association between TM stiffness and 
TM hydrodynamic flow resistance, indicating that TM 

stiffness can provide information about TM function. 
We have thus developed a non-invasive technique to 
measure TM stiffness, coupling optical coherence tomo-
graphic imaging with an inverse FEM approach. We can 
detect increased TM stiffness in a clinically relevant 
mouse model of steroid glaucoma, and can further detect 
a return to normal TM stiffness after ocular delivery of 
a rho-kinase inhibitor, a clinically-approved anti-glau-
coma medication [4]. This non-invasive stiffness meas-
uring approach shows great promise for clinical transla-
tion as a tool to evaluate TM function.  

 

Figure 1: Ocular compliance (normalized by ocular vol-
ume), measured in 129 eyes of 17 BXD recombinant in-
bred mouse strains. 
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Background 
Computational methods have revolutionized 
engineering analysis and design across essentially all 
disciplines, and have come so much to the fore in recent 
years due to the huge advances in computational power, 
that make highly complex simulations practical for use 
in both fundamental and applied research, and in direct 
engineering design and performance assessment. 
Computational modelling has become very extensively 
multi-scale (from sub-nano to macro) and very 
extensively multi-physics, combining hitherto relatively 
disparate domains (structural, thermal, fluidic, 
chemical, etc.) to quite accurately simulate complex and 
multi-component physical environments and problems. 
It could be argued that the enormous development of 
biomedical engineering/bioengineering internationally 
over the last twenty five years has directly fueled these 
computational modelling advances; a key aspect of this 
is that biomedical engineering, and the development of 
medical implant and device technology in particular, has 
necessitated the application of computational modelling 
directly within the biological arena (to address topics 
within cell and tissue mechanics and mechanobiology 
for example) to a much greater extent than heretofore, 
thereby significantly broadening the multi-physical 
scope of computational modelling. Cardiovascular 
biomechanics and cardiovascular medical device 
mechanics (within biomedical engineering) is no 
exception to the above, and computational modelling 
has enabled huge advances to be made in (i) gaining a 
fundamental understanding of cardiovascular tissue and 
fluid mechanics, and in (ii) analysis, design and 
performance assessment of cardiovascular medical 
implants and devices. Additionally, computational 
modelling has become an important part of the medical 
device (FDA) regulatory approval process.  
 
Recent Advances 
Arguably, cardiovascular computational modelling was 
initially primarily concerned with coronary artery 
mechanics and stent angioplasty [1], utilizing solid or 
fluid continuum mechanics. While stent angioplasty 
modelling has continued apace, due to rapid evolution 
in technology (drug coated stents, bifurcation stenting, 
biodegradable stents, etc. [2]), computational modelling 
has become increasingly applied in structural heart 
applications (heart valve, heart wall, etc. [3]) and in 
vascular applications more generally (including 
abdominal, thoracic, peripheral and cerebral 
vasculature, etc. [4]). Consistent with this, constitutive 
models continue to be developed and calibrated for an 
ever-broader range of healthy and diseased 
cardiovascular tissue types, including inhomogeneous 
atherosclerotic plaque and thrombus [5]; there has been 
more extensive use of fluid-structure interaction (FSI) 

methods, and the expansion of the multi-physics 
approach to incorporate aspects of biomaterial science 
and pharmacology (in relation to drug carriers and 
delivery, etc.); and in relation to high resolution imaging 
technology, appropriate for model generation and 
validation, 4D MRI is showing huge promise. 
 
Future directions 
Arguably the next major “disruptive” technological 
change on the horizon for the cardiovascular domain is 
the “convergence” of “traditional” cardiovascular 
devices with the domains of electricity, electronics, and 
data analytics, to generate “smart” cardiovascular 
devices, with enhanced sensing, actuation and self-
powering features. Such technologies will include 
implantable sensors, robotic angioplasty catheters, 
electrical stimulation and denervation devices, and soft 
robotic devices. Computational modelling has a huge 
role to play here in terms of both fundamental studies 
(e.g. tissue electro-mechanics, building on recent studies 
[6]) and in applied implant and device analysis, design 
and performance assessment. 
  
References 
1. Conway et al., Cardiovasc. Eng. Technol. 3:1–14, 2012. 
2. Boland et al. Int J Numer Meth Biomed Engng. 35:e3247, 

2019. 
3. Shirazi et al. Adv. Healthcare Mater. 8:1900228, 2019. 
4. Johnson et al., Ann. Biomed. Eng., 45:2494–250, 2017. 
5. Weafer et al., J NeuroIntervent Surg. 11:891–897, 2019. 
6. Cinelli et al., IEEE Trans Biomed Eng 65:1373-1381, 2018. 

 
Acknowledgements 
The author acknowledges excellent collaborations with 
research students, postdocs, and academic, industry and 
clinical colleagues. 

Peter McHugh is Established Professor of Biomedical 
Engineering, and Head of School of Engineering, at 
NUI Galway, Ireland. Following his primary degree 
in mechanical engineering (NUI Galway, 1987) he 
obtained his PhD in mechanics of solids from Brown 
University, USA (1992). His research is focused on 
applying computational and experimental methods to 
investigate the mechanics of medical devices and 
tissue, particularly in the cardiovascular domain. He 
has a very distinguished publication and research 
funding record, with 160 peer-reviewed journal 
papers, over 350 conference papers, over €13m in 
funding, and 50 research student graduates 
(PhD/MSc). He has received numerous awards, 
including membership of the Irish Academy of 
Engineering (2019), Royal Irish Academy (2011), 
and the Alexander von Humboldt Fellowship (1995). 

31



 26th Congress of the European Society of Biomechanics, July 12-15, 2020, Milan, Italy 

BIOMECHANICS OF THE TISSUES OF THE EYE WALL AND 
APPLICATIONS TO GLAUCOMA 

Thao (Vicky) Nguyen 
 

Department of Mechanical Engineering, Johns Hopkins University, Baltimore, MD, 21218, USA. 
 

Background 
The sclera and optic nerve head, along with the cornea, 
are connective tissues that form the outer wall of the 
eye in humans. These stiff and tough tissues serve to 
mechanically support the delicate retinal and 
neural tissues of the eye while maintaining an optimal 
shape for refraction. The mechanical properties of the 
cornea arise from the fiber-reinforced microstructure of 
the extracellular matrix, which is composed mainly of 
collagen and elastin fibers arranged in a proteoglycan-
rich matrix.  The extracelullar matrix structure in the 
human optic nerve head is called the lamina cribrosa 
for its fenestrated appearance.   The lamina cribrosa is 
composed of a stack of perforated plates that resemble 
a collagen beam network structure when viewed en 
face.  The collagen beams support a network astrocytes 
and axons of the retinal ganglion cells as they exit the 
eye. Variations in the mechanical properties of the 
lamina cribrosa, sclera and cornea may contribute to 
the susceptibility and progression of glaucoma.   

In this presentation, I will describe our efforts 
to understand the structure-properties relationship of 
the sclera and optic nerve head tissues of human and 
mouse eyes using an integrated experimental and 
computational method.  To measure the mechanical 
behavior of the tissues under physiological conditions, 
we have developed  ex-vivo inflation tests with optical 
imaging and 3D digital image correlation (3D-DIC). 
We also developed methods to measure the anisotropy 
of the collagen  microstructure of the sclera and the 
beam network microstructure of the lamina tissue of 
our inflation tested specimens.  This has allowed us to 
develop specimen specific computational models to 
study the structure-properties relationship of these 
tissues and extract their anisotropic nonlinear elastic 
properties using inverse analysis.  
 
Recent Advances 
Recent studies have focused on the mechanical 
behaviour of the tissues of the optic nerve head.  We 
have developed ex vivo inflation tests that use a laser 
scanning nonlinear optic microscope to image the 3D 
volume of the optic nerve head tissues, digital volume 
correlation (DVC) to calculate the 3D strain field from 
controlled pressurization in the imaged volume, and 
morphological characterization methods that 
quantitatively characterize the network structure of the 
human and mouse optic nerve head tissues. The 
outcomes of these studies have elucidated the 
relationship between the collagen structure and the 
mechanical behaviour of the tissues under inflation. 
Moreover, they reveal significant effects of age and 
glaucoma on the mechanical behaviour and properties 

of the sclera and optic nerve head, and suggest that 
strains and stiffness are factors determining the 
susceptibility to glaucoma axon damage. 
 
Future directions 
The cross-sectional ex vivo experimental studies  have 
show significant  differences between the mechanical 
behavior of the sclera and optic nerve head of normal 
and glaucoma eyes.  However, the differences may be 
baseline differences that increase the susceptibility to 
glaucoma damage or the result of remodeling induced 
by glaucoma.  To study the remodeling of the tissues of 
the optic nerve head, we are developing methods that 
use optical coherence tomography (OCT) and DVC to 
measure in vivo the strain response of the optic nerve 
head to changes in the intraocular pressure (Fig. 1). We 
are also developing patient-specific models to analyze 
the DVC measured strains for the mechanical 
properties of the optic nerve head tissues.  The in vivo 
studies may reveal biomechanical markers that predict 
the susceptibility to glaucomatous axon loss and the 
effectiveness of pressure-lowering therapies in 
glaucoma patients.   

 
Figure 1: Contour of the out-of-plane strain Ezz in the 
inferior-superior section of the optic nerve head 
obtained from DVC analysis of in vivo radial OCT 
scans of subjects experiencing an increase in the 
intraocular pressure (IOP).  An increase in IOP 
caused compressive Ezz in the lamina cribrosa  
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Abstract 
This talk will focus on two critical issues for the 3D 
liver tissue engineering development: (a) fluid flow, 
zonation, and drug screening; and (b) biomechanics, 
tissue stiffness and fibrosis. Following a general 
overview of liver bioreactor designs, computer 
simulations of flow, reactive transport and 
biomechanics at the liver lobule and liver tissue scale 
will be discussed. The fundamental issues of tortuosity 
and upscaling include disease and fibrosis effects. 
Idealized simulations of the effects of fibrosis on 
lobule drug transport and mechanics responses will be 
presented. We will conclude with an outline of 
practical applications of tissue engineering showing 
how efficient computational upscaling techniques such 
as dual continuum modeling might quantify the 
transition of bioreactor results to the full liver scale. 
 
Background 
Tissue engineering, with the goal to repair or replace 
damaged tissue and organs, continues to make dramatic 
science-based multi-disciplinary advances since its 
origins in the late 1980's/ early 1990's. Excellent 
monographs provide a general overview and historical 
perspective of the field [1,2]. Two topics critical for the 
liver tissue engineering that computational simulations 
recently focus on are: (a) fluid flow, zonation, and drug 
screening; as well as (b) biomechanics, tissue stiffness 
and fibrosis, all within the context of 3D structures. 

Recent Advances 
In addition to the role of fluid flow for the maintenance 
of healthy liver tissue activity, appropriate tissue matrix 
stiffness contributes to normal liver cell function [3]. Cell 
mechanosensors and mechanotransduction imply that 
these two factors are coupled. Various liver diseases 
(steatosis, fibrosis, cirrhosis, and cancer) represent altered 
states of tissue stiffness that have been modeled 
extensively by various groups [4]. Computational models 
provide quantitative representations of the in-vivo state 
and the effects of possible parameter variations. Here, we 
focus on the liver lobule as the “gold standard” for tissue 
engineering constructs to mimic. Numerous research 
groups have explored aspects of the liver lobule using 
computational methods. Since hepatocytes vary in 
enzyme expression and function depending on their 
spatial location in the lobule (zonation), models of 
cellular and drug metabolism must account for this. We 
furthermore focus on the impact of fibrosis on the lobule 
fluid flow and mechanical response Such samples exhibit 
biphasic creep and stress relaxation responses due to 

coupled elastic solid and fluid flow phenomena. To 
simulate the mechanical response of tissues dynamically, 
we will couple fluid flow simulation with a continuum 
finite element simulator. As such, the competition 
between stiffness (Young’s modulus) and flow (hydraulic 
permeability) is paramount. Most commonly, averaged 
single continuum models are used for upscaled fluid flow 
or mechanics simulations. Implicitly, such models are 
appropriate only at later timescales when mass transfer 
between regions has come to pseudo equilibrium. 
Future directions 
A computationally efficient algorithm to upscale 
lobule-level results to the tissue scale, and ultimately to 
the full organ scale is needed. Such an algorithm, 
termed dual continuum modeling, should represent 
each averaged spatial location property by one 
averaged tissue property value, and one averaged 
sinusoid property value. This holds for both static 
properties such as porosity, permeability as well as 
dynamic properties such as component concentrations.   
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Background 

Cardiovascular diseases are the most common cause of 

death in the western world, where heart failure (HF) has 

been stated a global pandemic by Savarese and Lund [1], 

affecting approximately 26 million people worldwide. 

Heart transplant (HTX) is the final treatment for severe 

HF where mechanical circulatory support (MCS) 

devices have been developed for temporary or long-term 

support cardiac support due to shortage of available 

organs. Despite anticoagulation therapy, both 

thromboembolism and bleedings remain major issues 

and limiting factors in using MCS. Thrombi formation 

with or without embolism is also found in 

atherosclerosis. The close connection between 

endothelial activation and the activation of the 

inflammatory and coagulation systems is well 

established. Hence, similar models were commonly 

applied for activation of endothelial cells, platelets and 

leukocytes. Nevertheless, most current activation 

models are of phenomenological character and do not 

reflect the underlying processes. 

 

Recent Advances 
An important issue related to all in-vitro studies is the 

sources and levels of uncertainties of the results relative 

to the clinical situation. In MCS, our result indicates that 

the platelets experience varying stress in space and time 

that may significantly differ from the stress character in 

the calibrating experiments for available platelet 

activation models [2]. These models were found to 

suffer from high sensitivity due to model formulation 

deficiency, being unable to reflect known facts about 

platelet activation [3, 4]. Moreover, common indicators 

for atherosclerosis were found to identify common sites 

of stenosis but could not be used for prognostic purposes 

[5]. One reason was due to the indicators heavily relying 

on the scalar form of the wall shear stress (WSS), not 

reflecting the tensorial character of the stress. 

 

 

Blood flow simulations require an adequate description 

of the geometry and appropriate boundary conditions. 

Our recent results indicate the sensitivity of the results 

to boundary conditions and the uncertainties in 

anatomical data [6]. In fact, the available clinical data is 

not only sparse, but also with low spatial and temporal 

resolution. Thus, a consistency verification of the 

computed flow field with the underlying assumptions of 

the BC that generated the flow has to be carried out. The 

sensitivity to temporal and spatial variations in the inlet 

conditions is strong even when expressed in terms of 

averaged variables such as commonly used wall shear 

stress (WSS) indicators. 

 

 
 

Future directions 
Peak femoral loading varied between 1.49 kN and 5.97 

kN depending on impact condition. The average peak 

femoral forces in anterior, lateral, and posterior fall 

direction were 4.79kN, 5.51 kN, 3.14 kN, respectively. 

Impact posture affected peak femur forces more in 

posterior falls compared to anterior and lateral falls.  
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Background 
Bone is the major structural component of the human 
body, operating as its protective load-bearing 
framework.  While performing its primary function, 
this dynamic organ is constantly remodeling (self-
repairing) and adapting its shape to the forces that are 
daily applied upon it.  Composition and structure of the 
bone over many length-scales are responsible for its 
strength, toughness, and ability to adapt to mechanical 
loads.  Aging and disease alter bone composition, 
disrupt its hierarchical structure and change the loads 
acting on it, therefore affecting bone’s mechanical and 
biological properties, increasing its vulnerability to 
fractures and deformities. Thus, it is of extreme 
importance to examine bone multi-scale mechanics and 
mechano-adaptation in growth, aging and disease to 
comprehensively understand bone fractures and 
deformities, and aid in the development of new 
treatments for skeletal pathologies.   
 
Recent Advances 
Bone achieves its unique material properties of 
strength and toughness from its highly organized 
hierarchical structure, made primarily of collagen and 
hydroxyapatite arranged on multiple length scales.  
While bone strength well correlates with bone mineral 
density, toughness is still not well characterized. In 
these recent years, we have examined composition, 
structure, and mechanics of bone, and developed a 
novel multidisciplinary approach for investigating 
multi-scale mechanics and mechanisms of fracture in 
bone.  Using models of osteogenesis imperfecta (OI or 
brittle bone disease) with genetic defects of the 
collagen, and knockout models (such as TIMP3 
deficient mice), we revealed how small length scale 
abnormalities ramify at larger length scales, causing 
whole bone fragility.  At the whole bone level, we have 
determined the fracture toughness, and examined the 
initiation and crack-growth toughness, and the extent 
of the stable crack growth, using in-situ investigations 
and R-curves [1, 2].  Brittle bones have lower initiation 
and crack-growth toughness and shorter stable crack-
growth than healthy controls [1]. To determine 
mechanisms of crack growth toughness at the tissue 
level, we examined the influence of porosity in crack 
initiation and growth toughness using synchrotron CT 
combined with finite element modelling. We have 
further determined the lamellar structure and tissue 
composition using FTIR spectroscopy. At equal 
vascular porosity, higher canal density and branching 
increase the risk of fracture and reduces fracture 
resistance during crack propagation [1, 3]. Similarly, 

rounder lacunae increase the tissue fragility around 
them [4]. Tissue heterogeneity, instead, increases 
fracture resistance [3]. At the collagen/mineral level we 
have examined X-ray scattering simultaneous to 
mechanical loading and observed less stiff mineralized 
fibril contributing to bone fragility [1, 4]. At the 
molecular level, we analysed the collagen crosslinks 
using spectroscopy and molecular fluorescence. Brittle 
bones have abnormal collagen crosslinks, which affect 
the deformation mechanisms of mineralized fibrils [1]. 

Future directions 
Future work will use this multi-scale pipeline to better 
understand factors at each length scale that are critical 
to bone fracture resistance. Further improving the 
translation of research from mice to humans, this 
whole body of research will offer insights to what 
needs to be targeted in bone for more effective 
treatment strategies for bone frailty. 
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Background 

In silico trials in medicine refer to the evaluation of a 

medical therapy using computer modeling and 
simulations. Already established in engineering 

applications (such as aeronautics), in silico trials are 
now starting to be adopted in medicine, with a broad 

impact in academia, industry and regulatory bodies [1]. 

Potential applications include drug safety and efficacy 
testing. Cardiotoxicity is still one of the main causes of 

failure during drug development, and most of the 

experiments are still performed using animal models. 
This raises ethical questions, and the translation of the 

results to humans is limited, mainly due to inter-species 

differences. 
 

Recent Advances 

In my talk, I will describe the recent progress made by 

our group in computational modelling and simulations 
of the human heart, towards the realisation of in silico 

trials for cardiac pharmacology and medicine. 

I will showcase how populations of human multiscale 
models, from ionic currents to whole-organ dynamics, 

are able to capture the biological variability observed 

experimentally, both in control and diseased conditions. 
I will present our recent simulation results on human in 

silico drug trials in populations of single cell models, 

where we were able to predict drug-induced pro-
arrhythmic risk with 90% accuracy, thus outperforming 

preclinical animal studies [2-3], based on simulated 

action potential and calcium biomarkers. 
I will introduce our framework for multiscale 

simulations, which integrates the electrophysiology with 

patient-specific anatomical information from clinical 
images. This allows to simulate the electrocardiogram, 

validated based on experimental and clinical datasets, 

and also to investigate how perturbation of heart 
orientation and pose within the torso affect the 

electrophysiology [4]. The functional and structural 

consequences of disease conditions such as myocardial 
ischemia and cardiomyopathies are also implemented in 

the 3D framework, to characterise how the arrhythmic 

risk is modulated by both disease and drugs [5]. 
I will present our latest results about the development 

and validation of a multiscale in silico model of cardiac 

electro-mechanics, integrating biophysically detailed 
models of cardiac electrophysiology and contractility. 

This model allows to investigate changes in cardiac 

contraction from single cell to the whole-organ level, 
and derive biomarkers such as ejection fraction and left 

ventricular pressure, which can be directly compared 

with clinical measurements from patients. 

I will finally illustrate how we have developed this 

research program into human in silico trials in 

partnership with collaborators across academia, industry 
and regulatory agencies [6]. 

 

Future directions 

I will highlight the next steps in our research program, 

including the extension of human in silico drug trials to 

simulations of drug-induced effect on both cardiac 
electrophysiology and contractility. This will allow for 

a more comprehensive evaluation of drug safety and 

efficacy, both in control and diseased conditions. 
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Background 
Additive-manufacturing technology now allows each 
medical device to be fabricated layer-by-layer 
according to a computer model: this finally enables the 
design of the device to be personalized, i.e. according 
to the anatomy, dimensions, status, and demand of 
each single patient. It is fundamental to quantify 
advantages and possible drawbacks of these novel 
procedures for custom-made additive-manufacturing in 
orthopaedics, particularly to understand whether their 
introduction is feasible and cost-effective, for both 
implantable and non-implantable products. A careful 
assessment and comparison of the instruments and 
tools, software and hardware, are also now necessary. 
 
Recent Advances 
Historically, first areas were patient-specific 
instrumentation, particularly for total knee replacement 
[1], and clinical and biomechanical investigations on 
special custom complex talonavicular replacements 
[2,3]. Custom Total Ankle Replacement has been 
largely investigated recently, likely because of the 
poor/fair clinical outcomes and of the smaller 
indication. In this area, original overall procedures [4], 
the effect of imaging modalities [5], anatomical 
modelling from biomedical imaging [6,7], 
experimental based validations of new designs [8,9] 
and even technological and biological assessments [10-
12] have been developed. Possible customization 
procedures also for insoles [13] and Ankle-Foot 
Orthosis on joint kinematics base [14] were analysed. 
In the Institute, also the following custom-made 
additive-manufacturing have been experienced, with 
either SLM or EBM technology: massive musculo-
skeletal reconstructions for bone tumours in the spine, 
thorax, pelvis and upper and lower limbs; tools for 
coronoid reconstruction with osteochondral radial head 
autograft; open-wedge high tibial osteotomy for 
surgical correction of valgus knee. A recent experience 
in support to another hospital has resulted in a 
biomodel in ABS, FDM technology, used for the pre-
op planning and optimal positioning of the fixation 
rods and screws, and demonstrated to be fundamental 
before operation for instruments preparation, and 
during surgery for visibility enhancement: this has 
resulted in patient safety and surgical time reduction. 
 
Future directions 
Today it is the time to deploy the introduction of these 
techniques in the routine clinical practice. But to obtain 

all this, additional analyses (imaging, modelling, 
designing, prototyping) are necessary, which involves 
multidisciplinary competences and resources. On the 
other hand we are confident that custom-made implants 
will reduce industrial costs, minimise instrumentation, 
simplify hospital and surgical arrangements, and 
optimize final performances of the devices, resulting 
therefore in cost-effective overall solutions for health-
care systems. Future education and training 
programmes shall address this area in medicine and 
biomechanics. 
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SUMMARY 
We present our past efforts (and recent unpublished 
successes) to understand the connections between age-
related oxidative damage within the collagen matrix and 
related biophysical effects at the molecular, cellular and 
tissue levels. This work directly links matrix ageing to 
diminished cellular mechano-transduction. From this 
base, we present ongoing work exposing how these age-
related changes in cell-matrix interactions may derail 
tissue homeostasis and potentially drive tissue disease. 
 
Background 
Concurrent with a progressive loss of regenerative 
capacity, connective tissue aging is characterized by a 
progressive accumulation of Advanced Glycation End-
products (AGEs). These products occur as a result of 
unregulated oxidative reactions between systemic 
glucose and long-lived proteins such as collagen. 
Although AGEs are associated with a wide range of 
clinical disorders, the mechanisms by which AGEs 
contribute to connective tissue disease in aging and 
diabetes are still poorly understood.  
 
Recent Advances 
Our work harnesses multiscale imaging techniques to 
characterize in vitro models of sugar induced collagen 
aging. We have benchmarked these data against 
experiments on native human tissues from donors of 
different age, including the very old. These efforts have 
yielded unprecedented insight into the mechanical 
changes in collagen tissues across hierarchical scales 
from molecule, to fibre, to tissue. Our studies show that 
AGEs reduce tissue viscoelasticity by severely limiting 
fibre–fibre and fibril–fibril sliding [1,2]. 

 
Figure 1. Collagen glycation induced by ribose (as a 
model sugar) dramatically reduces fibre-fibre sliding 
within the collagen matrix of tendon [2].  bar=100µM 

 
Our most recent work exploits in situ calcium imaging 
to directly expose mechano-transduction events.  We 
have isolated collagen fibre-fibre sliding as an essential 
biophysical stimulus that triggers cellular signalling.  
We have very recently demonstrated that these stimuli 
and downstream signalling consequences are heavily 
suppressed in aged tendons (of mice). These data 
confirm our long-standing hypothesis that cellular 

mechanosensitivity within the aged collagen matrix is 
strongly diminished. We have also begun work to 
examine how this lost mechano-sensitivity may underlie 
connective tissue disease. 
 
Future directions 
We enjoy a scientific era marked by revolutionary 
advances in molecular biology and imaging tools. These 
tools have opened the floodgates for targeted study of 
basic mechanisms of cell-matrix interaction and cellular 
mechano-transduction.  In the very near future our field 
will identify and localize the specific molecular sensors 
that regulate tissue adaptation to exercise and cellular 
response to matrix damage.  As a community we will 
soon be confronted by the challenges of unwinding the 
daunting complexity downstream of these stimuli and 
their cellular sensors. The approaching research horizon 
will involve challenging work that employs biomedical 
engineering approaches to disentangle cell-system 
cross-talk in connective tissue patho-physiology. We 
suspect that this work will continue to expose age-
related alterations of cell-matrix interaction as a central 
player in many human ailments and their clinical 
treatment.  
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Background 

Human reproduction is the outcome of a series of 

complex events that act in concert to produce a living 

offspring. The detached ovum is sucked into the 

fallopian tube and the spermatozoa are transported to 

the fallopian tube where fertilization may occur. The 

newly born embryo (zygote) is driven to the uterine 

cavity, and then, it is conveyed to its implantation site 

in the uterine wall. The placenta is developed to 

provide the fetus efficient exchange of materials via the 

maternal blood circulation. The fetus is developed in a 

dynamic physical environment within the amniotic sac, 

and at term, uterine contractions push out the baby. 

These events are driven by synchronized molecular 

activity and biochemical procedures which are 

integrated with physical forces and transport 

phenomena from cell to organ levels.  

Early human life is the period of about 10 days that 

starts with the onset of fertilization and ends when the 

embryo implants into the uterine wall, where the 

placenta starts to develop. It is well established that the 

sperm transverse the uterus and fallopian tube within 

minutes, but according to flagellar propulsion theories 

it would take at least an order of magnitude longer; 

what is the mechanism that accelerates sperm motion 

to meet the ovum? And, is there a physical mechanism 

that directs the sperm towards the ovulated side where 

the ovum is waiting?  Fertilization is the outcome of 

sperm and oocyte merging, however, what are the 

physical mechanisms that generate the forces requires 

for merging? Following entrance to the uterine cavity, 

the embryo is waiting 3-5 days for the window of 

implantation; what is resisting gravity to keep it 

available in the fundal region? Embryo Implantation is 

known as invasion of the embryo into the 

endometrium, however, maybe the endometrium is 

swallowing the embryo? 

 

Recent Advances 

The dynamic intra-uterine physical environment may 

include structural, mechanical, chemical and electrical 

components at all levels. The cascade of process during 

reproduction may be described if a flow chart as shown 

in Fig. 1. Recent advances include studies on the 

biomechanics of non-pregnant uterine peristalsis
1
, 

intra-uterine pre-implantation embryo transport
1
, 

transport of glucose and other components across a 

tissue-engineered multi-layer placental barrier model
2
, 

tissue engineering models of the receptive uterine wall, 

and more of speculations about mechanobiology during 

fertilization and implantation
3
. 

 

Future directions 

Embryo implantation is a major cause for the low rate 

of success in natural and assisted conception. However, 

studies of human reproduction, including 

biomechanical factors are limited due to ethical and 

accessibility issues, as well as differences between 

mammalian species. Tissue engineered models that 

mimic the anatomical structure and physiological 

functions of in vivo organs, as well as computational 

models, may further advance the knowledge of 

molecular and biomechanical mechanisms of 

physiological processes in early human reproduction.  

 

 
Figure 1: Flow chart of the cascade of events during 

human reproduction. 
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Background 
Bone is a mineralized tissue featuring a hierarchical 
architecture that combines properties like stiffness, 
toughness and strength with a low specific weight. To 
better understand the mechanisms leading to this 
advantageous combination of attributes, its mechanical 
properties have to be investigated at all length scales. At 
the macroscale, bone mechanics has been studied for 
more than a century. However, challenges remain due to 
intra- and inter-subject, disease or age-related variation. 
Considering bone as a hierarchical material and 
investigating its properties on several length scales is of 
high relevance, as bone's inelastic behaviour at lower 
levels of tissue organisation influences the mechanical 
response of the whole organ. One of the most common 
micromechanical testing techniques for bone is 
microindentation [1]. However, it is very difficult to 
uniquely interpret indentation curves in terms of 
nonlinear material behaviour [2]. Therefore, there is a 
need for novel experimental methods assessing the 
microscale strength and fracture properties of bone. 
 
Recent Advances 
The development of focused ion beam technology has 
provided a tool for preparing micromechanics 
specimens at a high spatial resolution. Novel testing 
techniques, such as micropillar compression [3] or 
microtensile testing [4] allow measuring mechanical 
properties at the length scale of micrometers. At the 
Laboratory for Mechanics of Materials and 
Nanostructures, we develop instrumentation and 
methods for performing experiments under controlled 
environmental conditions (in physiological solution or 
at controlled relative humidity and temperature). 
Furthermore, novel sensor concepts have been 
engineered that allow probing materials not only under 
quasistatic loading, but also at high strain rates 
representative of an impact or fracture (1-1000s-1) [5] 
and at high frequencies (0.01-10kHz). Additionally, we 
have developed specimen geometries and experimental 
methods for probing properties such as fracture 
toughness [6] or viscoelasticity (in both frequency and 
time domain) at the microscale.  
The development of novel instruments and methods 
makes a careful characterization and validation 
necessary to achieve a high level of accuracy and 
reliability. We tackle this problem with detailed finite 
element modelling of the experimental setup as well as 
calibration and validation experiments on well-
characterized materials. This allows us to significantly 
push the boundaries of what can be assessed 

experimentally on the microscale while retaining a high 
level of confidence in the results. Application of these 
methods to osteonal bone has demonstrated a significant 
scale effect [3] and allowed us insights into microscale 
deformation mechanisms, anisotropy, tension-
compression asymmetry, hydration [7], as well as 
viscoelastic and viscoplastic effects. 
 
Future directions 
Significant problems in experimental micromechanics 
of mineralized tissues are the long time needed for the 
production of each specimen, the natural variation in the 
underlying microstructure, and the resulting scatter that 
complicates the identification of significant trends in the 
data. Therefore, efforts are undertaken to considerably 
speed up the specimen preparation, standardize and 
automate experimental protocols and data analysis, and 
combine mechanical experiments with site-matched 
microstructural analysis to identify microscale 
structure-property relationships, which can be used to 
develop and validate multiscale models of bone fracture. 
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Background
Deterministic  cardiovascular  modeling  has  seen
tramendous progress in the ability to simulate complex
multiphysics phenomena [1]. However, this improved
realism may not  necessarily  lead to  greater  accuracy
for  situations  where  uncertainty/ignorance  permeates
the  segmented  anatomy,  patient-specific  boundary
conditions or vascular material properties. I will argue
that, for such situations, a stochastic approach where
both  outputs  and  model  parameters  share  the  same
probabilistic  formalism,  is  essential  for  a  correct
interpretation of the results. 

Recent Advances
Uncertainty  Quantification  (UQ)  in   cardiovascular
(CV) modeling has done giant steps in the past decade
(see,  e.g.,[2]),  with  recent  advances  able  to  achieve
dramatic  computational  savings,  making  UQ
increasingly appealing for clinical diagnosis and device
design. Here,  we focus on three  complementary  new
trends.  First,  non-intrusive  uncertainty  quantification
invariably relies on the solution of a large number of
high-fidelity models, one for each realization of their
random  parameters.  Thus  ensemble  simulation with
explicit-in-time  numerical  integration  appears  as  a
promising  new  paradigm  enabling  simulatenous
GPGPU  solution  of  multiple  models.  Second,  CV
models  are  increasingly  used  for  personalized
predictions,  requiring  their  parameters  to  be  trained
from a  sparse  collection  of  electronic  health  records
[3]. In this context, I will discuss recent advances in
Bayesian  techniques  for  data  assimilation.  Third,
computationally inexpensive,  low-fidelity 0D and 1D
hemodynamic models can be automatically created as a
by-product  of  the  model  generation  process  for  3D
high-fidelity  CV models.  Recent  advances  in  multi-
fidelity  Monte  Carlo  estimators combine  all  these
formulations to compute 3D model statistics, achieving
substantial computational savings [4]. 

Future directions
A  number  of  exciting  future  directions  have  been
proposed  to  facilitate  the  transition  of  stochastic
cardiovascular  modeling  from  academia  to
industry/health providers.  Two align with our current
research. The first consists in the ability to re-use the
solution  of  expensive  cardiovascular  models  through
“active”  repositories,  made  possible  by  novel  Monte
Carlo  estimators,  but  a  significant  challenge  to
overcome is how to generate  maps across  models of
the same anatomical region but from different patients.
I will also discuss about new approaches to unify the

solution of forward and inverse problems in UQ, using
networks  for  probabilitstic  resoning,  designed  to
provide  clinically  relevant,  probabilistic  answers
combining expert opinion, data and numerical models.

Figure  1:  Multi-fidelity  estimators  and  their
confidence  for  pressure,  flow  and  wall  shear  stress
results in healthy/diseased abdominal aortic model.
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Background 
The common trait of several cardiovascular pathologies 
is the progressive deterioration of the homeostatic cell 
functions that provide adequate renewal of the 
matricellular components necessary to fulfill tissues 
mechanical functions. In the cardiac valves, the 
activation of the ‘interstitial’ cells and their 
differentiation into mineralized matrix depositing cells 
is the hallmark of stenotic pathology. In the 
myocardium, cellular stress conditions such as ischemia 
or dysmetabolism, determine activation and 
proliferation of myofibroblasts with a consequent 
extracellular matrix stiffening and maladaptive 
ventricular remodeling resulting into heart failure. In 
arteries, finally, phenotype changes in resident cells 
(fibroblasts, smooth muscle cells) modify wall 
compliance causing stiffening, calcification and intima 
hyperplasia. Being strictly connected to aging, these 
pathologies have been so far treated as an outcome of 
cumulative risk conditions affecting the self-renewal 
ability of the tissues. 
 
Recent advances 
Mechanosensation is the ability of the cells to ‘sense’ 
the physical properties of the surrounding 3D 
environment, e.g. stiffness, geometrical arrangement of 
extracellular matrix components, traction forces. This 
occurs by bi-directional signal transduction pathways 
generated by the cytoskeleton, controlling gene 
expression (outside-in effects) and phenotypic adaptive 
changes (inside-out effects) affecting tissue architecture, 
composition and renewal [1-3]. Decryption of these 
pathways has been impossible until recently for the lack 
of suitable tools to assess the behavior of cells under 
conditions reproducing the tissue physical environment 
and investigate these responses in the context of 
classical cell stressors and risk conditions. In an effort to 
create a systematic framework of cardiovascular 
fibrosis, my research Group has endeavored research 
project with the aim at understanding the relationships 
between physical sensing the paracrine control of pro-
fibrotic stromal cells differentiation. In three different 
projects, we have found that exposure of patient-derived 
fibroblasts from valves, myocardium and vessels to 
environments with defined mechanical characteristics 
and/or cyclic mechanical stimulation elicits common 
molecular responses, highlighting the contribution of 
pathways so far validated only in other pathology 
models (e.g. cancer) [4 – 5]. These findings are 
unraveling an outstanding conservation of the 
fundamental mechanisms governing cellular physical 

perception and point to intracellular transduction of 
mechanical cues as one of the ‘core’ signaling 
mechanisms connected to chronic fibrotic progression. 
Moreover, since our unpublished data show cause-effect 
relationships between response of pathologic cells to 
mechanical cues and epigenetic modifications 
promoting cellular senescence, we hypothesize that 
pathologic physical perception of the 3D environment 
may also establish mechanical ‘memories’ associated to 
imbalanced tissue renewal. 
 
Future directions 
Our effort consists of defining mechanosensation in 
cardiovascular stromal cells using, as a model system, 
cells directly derived from patients with cardiovascular 
diseases. One of the advantages of this approach is that, 
by rigorous subject selections, it is possible to analyze 
mechanical perception of the cells directly in 
relationship with the typology of the risk conditions. 
Another advantage is that it is possible to test the effects 
of pharmacological and/or genetic interfering with the 
downstream molecular targets of mechanosensation. In 
our opinion, this will open the way to strategies to 
‘desensitize’ cells to the effects of risk-dependent pro-
fibrotic signaling, and will be crucial to reduce the 
burden of the aging process in the cardiovascular 
system. 
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Background 

Total knee arthroplasty is one of the most successful 

orthopaedic interventions, with about one million 

operations annually in Europe alone [1]. This number is 

only expected to increase, particularly since patients 

increasingly are being treated at a young age. Although 

successful, TKA does not provide a life-long solution, 

particularly for younger patients, due to their longer life 

expectancy and more active lifestyle. The leading cause 

for revision is aseptic loosening, which is why 

biomechanical analyses primarily have focused on 

fixation mechanisms, and analyses of critical parameters 

that affect primary stability. 

 

Recent Advances 

Primary stability of uncemented implants relies on a 

press-fit fixation that is achieved during surgery by 

impacting slightly undersized implants onto the 

prepared bone surfaces. The combination of the 

frictional properties of the implant-bone interface and 

the generated compressive stresses provide the 

mechanical stability that is required to achieve long-

term fixation through in- and ongrowth of bone. 

Recent advances in computational models of primary 

stability recently have been focused on improving the 

prediction of the bone material response near the 

interface, on providing more realistic contact surfaces, 

and on improving frictional models of the implant-bone 

interface. 

Traditionally, linear elastic material models have been 

used to represent the bone. However, implantations of 

TKA devices onto cadaveric femurs clearly show that 

permanent deformation and abrasion leave significant 

imprints into the bone, with bone being compacted and 

scraped off by the implantation process. [2] MicroCT 

analyses of these specimens demonstrated a very 

localized permanent bone deformation, with a depth of 

1 to 2 mm [3]. Interestingly, a similar permanent 

deformation has been shown in hip replacement [4]. 

Since these phenomena obviously affect the primary 

stability, efforts have been made to provide a more 

realistic bone material behavior, by using material 

models that capture post-yield behavior of bone. 

Simulations reproducing femoral TKA experiments 

showed that models including plasticity indeed provide 

a better prediction of the implant-bone interface 

micromotions [5].  

Another limitation of traditional simulations is the 

assumption of an idealized implant-bone contact 

surface. From analyses of actual implantations it is 

known that only a fraction of the implant surface is 

actually in contact with the bone, both in hip and knee 

replacements. Detailed geometries of the prepared bone 

cuts through optical surface scanning has recently been 

used to more realistically represent the actual interface 

conditions. 

Finally, from high-resolution frictional experiments of 

the implant-bone interface can provide us with accurate 

representations of the contact mechanics, including the 

relative proportion of elastic deformation and actual 

relative displacements at the interface. 

 

Future directions 

The next step is to use the recently developed advanced 

techniques in larger cohorts of simulations that are 

required to investigate the effects of different sources of 

variability on the primary fixation, such as patient 

related factors (e.g. anatomy bone quality, BMI, activity 

level), implant variables (design, material, interference 

fit), and surgical variation (impaction, alignment, 

accuracy). Such population-based analyses are essential 

to produce robust results that are required to achieve 

significant improvements in TKA procedures. 

Eventually, the ultimate step is to prove the value of 

these models against clinical data, radiological 

evaluations, and large implant registry studies. 
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Background 

Traumatic Brain Injury (TBI) is the leading cause of 

death and disability in young adults and in the UK alone 

it has an estimated economic cost of £15b/year. TBI is a 

mechanical insult in nature. Head exposure to 

mechanical forces during sporting collisions, road 

traffic accidents, falls, assaults and in a military context 

can damage axons, neurons and blood vessels. Despite 

several decades of research on mechanisms of TBI and 

great progresses in the field, there is still limited 

understanding of the relationship between mechanical 

forces, brain injury and its progressive effects. One key 

challenge is predicting the distribution and intensity of 

forces during head loading and determining their link to 

the distribution and severity of pathology. Advances in 

computational modelling, imaging and histopathology 

now allow us to address this problem in new ways. 

 

Recent Advances 

We recently developed a high fidelity Finite Element 

(FE) model of TBI in human and used it to predict the 

distribution of maximal strains across the brain in three 

TBI cases, an American Football impact, a fall and a 

motorcycle accident [1]. Recent research has shown the 

prevalence of a dementia type disease in American 

Football players, called Chronic Traumatic 

Encephalopathy (CTE) [2]. CTE pathology is defined by 

the accumulation of tau proteins in depths of sulci. Our 

model predicted maximal strains in sulcal regions and 

we found converging evidence from Diffusion Imaging 

data of nearly 100 TBI patients of the distribution of 

white matter abnormality in sulci. We extended this 

work by simulating 148 American Football head 

collisions, which also confirmed that strains were 

significantly larger in sulci than gyri [3]. 

 

We have recently validated our computational approach 

using controlled cortical impacts (CCI) in a rat model of 

TBI [4]. Two weeks post-injury, we performed multi-

shell high-field MRI and quantitative histopathology to 

determine white matter abnormalities in corpus 

callosum. We also performed high fidelity FE modelling 

of the injuries. We found a clear relationship between 

the predicted strains in Corpus Callosum and changes in 

diffusion (Fractional Anisotropy, Neurite Density) and 

histopathology measures (astrocytes and microglia). 

 

Vascular injury is a key facet of acute TBI management. 

We have incorporated detailed anatomy of vessels, with 

a nearly 5 microns resolution, in our rat model of TBI to 

test whether we can predict patterns of vascular injury 

seen in SWI images of injured animals and determine 

the role of vascular anatomy in producing pathology [5]. 

We are extending this approach to incorporate detailed 

anatomy of vessels in a human model of TBI [6]. 

 

TBI management can be improved if we can predict risk 

of TBI from sensor data. We are currently using a UK-

based in-depth road collisions database to map out the 

severity of TBI in victims and test whether collision 

characteristics measured by vehicle installed sensors, 

such as delta-V, can predict TBI severity [7]. 

  

Future directions 

Understanding TBI and addressing its prevention, 

diagnosis, prognosis and treatment, require an 

interdisciplinary approach. We had a unique opportunity 

to establish strong collaboration between faculties of 

engineering and medicine, and we will build on this to 

develop prevention systems using modelling and new 

materials and to understand progressive effects of TBI, 

which are associated with dementia. 
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Background 
The nuclear pore complex (NPC) is a vital 
nanomachinery that resides in the nuclear envelope 
(Figure 1) and functions as the primary gateway for 
nucleocytoplasmic transport in eukaryotic cells [1]. The 
building blocks of the NPC are a family of proteins 
called nucleoporins (nups). Nearly one-third of nups 
contain the hydrophobic, natively unfolded 
phenylalanine-glycine (FG)-repeat motifs, which are 
believed to play the key role in the transport of cargos 
through the NPC. Despite the high throughput of ~1000 
translocations per NPC per second, the NPC strictly 
controls and regulates the bi-directional passage of 
individual cargos. While cargos smaller than ~5–9 nm 
can passively diffuse through the NPC, larger cargos up 
to ~39–40 nm actively transport through the pore, which 
only occurs if they are bound to a nuclear transport 
receptor (NTR). Inert cargos that are not small enough 
to passively diffuse, and lack NTRs to actively transport, 
are prohibited by the NPC from entering the nucleus. 
Despite the vital importance of the NPC and 
nucleocytoplasmic transport in cell biology, little is 
known about the mechanics and dynamics of the NPC 
and nucleocytoplasmic transport. 
Recent Advances 
The mechanism of nucleocytoplasmic transport is an 
active topic of debate and has led to the suggestion of 
several hypotheses to explain the rapid, yet selective, 
nature of the transport processes. The complex, yet 
delicate, geometry of the NPC and the fine 
spatiotemporal resolution at which the 
nucleocytoplasmic transport takes place have so far 
hindered the direct, experimental investigation of this 
exquisite nanopore. Computational models offer a 
strong platform for capturing the nanosecond-scale 
interactions between cargo and FG-repeats in a 
nanometer spatial resolution to shed light on the details 
of transport phenomena through the nuclear pore.  
Using a hybrid of computational modeling approaches, 
ranging from finite element [2] to coarse-grained 
Brownian dynamics [3] to molecular dynamics 
techniques [4] to new agent-based modeling methods 
[5-7], we study the structure and function of the nuclear 
pore complex and the dynamics of nucleocytoplasmic 
traffic. 
Future directions 
Understanding the biomechanics of the nuclear pore 
complex and nucleocytoplasmic transport will broadly 
impact our understanding of viral diseases and may 
revolutionize therapeutic approaches (e.g. gene therapy) 
and open the door to many industrial applications of 
biomimetic artificial nanopores. 

 

 
Figure 1: A schematic representation of the NPC 
structure with the cargo-complex indicated as an NTR-
bound blue sphere inside the central channel. [1]. 
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Background 

Every day, approximately 18 people die in Europe alone 

due to a shortage of available human donor organs. To 

overcome this, great efforts have been devoted to 

Regenerative Medicine (RM) strategies that could 

potentially restore tissues and organs. Since its first 

appearance regenerative strategies have come a long 

way from the first stem-cell transplantation to the three-

dimensional (3D) biofabrication of artificial tissue-like 

structures today [1]. Biofabrication allow the in vitro 

fabrication of biological constructs with precise 

combinations of cells and biomaterials, while digital 

manufacturing enables biological structures to be 

shaped into the geometry of the target tissue or organ. 

Biofabrication comprises a large toolbox of a wide range 

of fabrication strategies of which the most established 

are droplet, extrusion, laser- and light- assisted 

bioprinting. Each of these strategies has a different 

working principle, which has its own associated 

advantages and drawbacks with regards to cell 

processing, resolution and material selection. Up to 

now, researchers have mostly been adopting a single 

fabrication strategy and conventional computer aided 

design (CAD) tools based on the target tissue 

composition and/or size. However, none of these 

fabrication strategies, or design tools, taken individually 

have been able to recreate biological structures with the 

functional richness, multiscale structure and size of a 

living tissue.   

 

Recent Advances 

Recent evidence suggests that the simultaneous use of 

complementary fabrication processes can take us closer 

to the heterogenous composition and complex 

multiscale organization of living tissues. In addition, 

advanced digital design technologies, including 

topology optimization and soft computing techniques, 

have opened new avenues to the design and manufacture 

of biological systems. This presentation will provide a 

comprehensive overview of the recent advances in 3D 

biofabrication technologies and digital design 

technologies, with the aim to fabricate more functional 

tissue structures. The main topics that will be covered 

are, 

(1) use of single deposition biofabrication methods for 

living tissue fabrication: mimicking tissue shape but not 

function 

(2) recapitulate functionality of native tissues by 

combining complementary manufacturing technologies 

into a single biofabrication platform. Particular focus 

will be given to the extrusion of thermoplastic supports 

and cell-laden hydrogels for bone and cartilage tissue 

repair [2,3] 

(3) use of multi-objective and topology optimization 

design tools coupled with (bio) fabrication to create 

materials with locally tuned structures and properties 

that can better resemble biological materials [3]. 

 

Future directions 

The last part of the presentation discusses an even more 

enticing feature in biological materials fabrication 

which is the integration of advanced digital design and 

artificial intelligence-powered real-time monitoring 

tools with multi-technology bioprinting to allow for 

high-throughput biofabrication of functional living 

tissues. With this presentation I expect to steer the 

biomechanical community to the scientific challenges in 

the (recent) bio fabrication field and promote bridges 

between the two societies. 
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Background 
As the aorta ages, the balance of synthesis and 
degradation of extracellular  matrix (ECM) results in 
modified constituents ratios with less and more 
degraded elastin. These changes are reflected in 
macroscopic changes, increased stiffness and energy 
loss. As elastin fails the load is increasingly transferred 
to collagen, further stiffening the artery’s structure (1). 
Low grade pro-inflammation has recently been linked to 
arterial aging and elastin loss (2). Aortic aneurysms 
share  many of the hallmarks of vascular aging, 
including elastin fragmentation and loss, newly 
deposited collagen, cell death and inflammation, 
although these adverse changes often occur prematurely 
and affect the aorta  in a very heterogeneous  manner. 
The natural  history of an aneurysm is progressive 
weakening of the wall; when left untreated the end result 
is rupture or dissection often with fatal consequences for 
the  patient. The only proxy for an aneurysm’s rupture 
potential currently in use is the repeated assessment of 
key geometric indices, such as the maximum diameter; 
however, this approach has failed at accurately 
representing individualized risk (3). 
 
Recent Advances 
At a young age, the mechanical properties of the aorta 
in the physiologic range are almost linear. As the artery 
ages, the stress-strain response shows increased 
anisotropy as well as a distinct ‘stiffening’ represented 
by a higher effective modulus of elasticity. An essential 
limitation of computational simulations for 
biomechanics assessments of arteries is the assignment 
of material properties based on population-average 
material parameters that do not account for patient-to-
patient and intra-patient local variability. To this end we 
developed methods to compute the mechanical 
deformation of the vascular wall in vivo from dynamic 
CT or MR images (4). 
The second important ingredient was establishing a 
mechanistic link between the mechanical milieu of the 
aorta and progressive wall weakening (5). In brief, we 
hypothesize that the aorta remodels  locally following a  
cascade of factors that involve altered hemodynamics 
and aberrant remodelling of the medial layer, including 
loss of  elastin and proteoglycans and poorly organized 
collagen fibres. Combining hemodynamic descriptors 
and non-invasive in-vivo strain analysis performed on 
ECG-gated dynamic CT images, we defined a novel 
index, the Regional Rupture Potential, that provides a 
surrogate measure of aortic weakening and rupture risk 
for individual aortas (6). The index correlates 

significantly with mechanical  weakening and 
upregulation in genes related to ECM degradation. 
 
Future directions 
Future directions  include in-situ functional imaging on 
a custom made device and the assessment of RNA 
expression from the patient’s blood as a mean to 
increase sensitivity of the RRP. 
 
Figures 
 
 
 

 
 
 

 
Figure 1: Wall  Shear Stress (at the lumen), Maximum  
Principal Strain and Regional Rupture Potential (RRP) 
index computed on patches on the aortic wall surface for 
a AAA case example. 
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Background 
To quote Thomas Young FRS (1773-1829), who first 
developed the theory of wave propagation in elastic 
tubes, ` … the enquiry, in what manner, and in what 
degree, the circulation of the blood depends on the 
muscular and elastic powers of the heart and of the 
arteries, supposing the nature of those powers be known, 
must become simply a question belonging to the most 
refined departments of the theory of hydraulics.’ This is 
as true today as it was in 1809, since the range of scales 
from centimetres to micrometres, the number of vessels 
(~108), the nonlinear viscoelasticity of the blood vessel 
walls, the non-Newtonian rheology of the blood, and 
physiological control mechanisms, all pose major 
computational challenges. Consequently, sophisticated 
mathematical modelling is being developed to 
understand the key principles on which the circulatory 
system works, and also to meet the clinical need for 
patient-specific solutions to predict outcomes following 
strokes, heart attacks, and vascular dissections and 
aneurysms. 
It is currently too time-consuming to compute pulsatile 
3D blood flow in more than a few elastic blood vessels 
and bifurcations, so the most useful approach is to solve 
for the cross-sectional averaged ‘1D’ flow and pressure 
in 100+ of the largest vessels. The boundary conditions 
at the end of the tree of large vessels are often 
approximated by windkessels (small networks of 3 or 4 
compliances and resistances), the parameters of which 
are tuned using ad hoc methods to obtain realistic flows. 
While useful in many applications, these models cannot 
capture the details of flows and disease in the smaller 
vessels. Important progress was made in 2000, when 
Olufsen [1] introduced structured trees to approximate 
the geometry and material properties in the smaller 
arteries of the vascular beds of the systemic circulation. 
They used the small vessel radius to linearize the 
governing equations and encapsulate the fluid dynamics 
by computing the impedance of each structured tree.  
 
Recent Advances 
In collaboration with Olufsen, my group has developed 
the theory and application of structured trees to calculate 
flow and pressure in the vascular beds [2], simulate the 
pulmonary circulation and study wave intensity [3,4], 
and couple the left ventricle to the systemic arteries [5]. 
Most recently, we have applied Bayesian statistical 
parameter estimation to study pulmonary hypertension 
in a mouse model of the disease [6,7].	
 

Future directions 
The objective of this research is to complete a full 
multiscale simulation of the full cardiovascular system, 
and the next key steps that I will present are constructing 
a model for the flow in the capillaries surrounding the 
alveoli, and the perfusion of the cardiac wall in the 
beating heart. 
 

 
Figure 1. Diagram illustrating the key steps in 
constructing a model of the pulmonary circulation. 
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Background 
Our early computational models of cell-substrate 
interactions revealed that the effective stiffness of the 
cell and strength of its adhesion actively evolves with 
increased spreading [1]. Subsequent active models of 
stress fibre evolution and contractility were shown to 
provide accurate predictions of experimentally 
measured active force generated by cells on micro-
pillars [2] and cells subjected to compression [3]. Our 
models were then extended to incorporate dynamic 
contractility [4] providing accurate predictions of cell 
forces induced by dynamic AFM loading [5].  Our 
thermodynamic model of actin-myosin cross-bridge 
cycling in stress fibres provides a physiological 
explanation for empirically observed “fading memory” 
effects in dynamically loaded cells [6]. In our first 
study of free energy as a driver of cell spreading we 
identified low (or minimum) free energy spread states 
within a limited phase space of axisymmetric 
configurations [7]. This approach provides a 
reasonable prediction of the trend of increased cell 
spreading and cytoskeletal formation on stiffer 
substrates, as observed experimentally by Engler et al. 
[8], in addition to accurate predictions of stress fibre 
alignment on “V” shaped ligand patches (Fig.1a).  
 
Recent Advances 
Cells never attain an equilibrium minimum free energy 
state while alive. Thermodynamically motivated 
statistical mechanics modelling of cell spreading 
recognizes the non-deterministic nature of cell spread 
states and predicts the statistics of biological 
observables (e.g. cell area, aspect ratio etc.) under the 
constraint that the cell maintains a homeostatic state 
[9,10]. This framework predicts an ensemble of cell 
spread states as a function of the surrounding physical 
environment (Fig.1b). The emergence of an energetic 
competition (between reducing free energy due to 
stress fibre contractility and increasing elastic free 
energy due to passive cytoplasm stretching) within the 
statistical mechanics framework of the homeostatic 
ensemble provides a significant advance in current 
understanding of the influence of ligand density and 
substrate stiffness on cell spreading.  
 
Future directions 
The thermodynamically motivated statistical 
mechanics framework is currently being extended to 
predict the distribution of spatial positions and spread 
morphologies of cells in three dimensional tissue 
scaffolds. Such an approach will guide the fabrication 

of synthetic tissue by uncovering the thermodynamic 
mechanism by which cells actively respond to the 
application of  multiaxial mechanical loading to tissue 
constructs.   

 
Figure 1: a) Minimum free energy prediction of spread 
cell on a “V” ligand patch [7]; b) statistical mechanics 
predictions of cells on compliant/rigid substrates [10]. 
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Background 

Wall shear stress (WSS) is sensed by endothelial cells 

via various cell components, which (de)activate intra-

cellular pathways leading to regulation of gene and 

protein expression. This force-induced regulatory 

process plays a continuous role in the development, 

growth, and remodelling of the vascular system. 

Endothelial cells exposed to high, unidirectional WSS 

assume a quiescent state, while endothelial cells 

exposed to low and/or oscillating WSS are activated, 

displaying a pro-inflammatory state. As such, WSS is of 

eminent importance for the initiation and progression of 

atherosclerosis and development of in-stent restenosis in 

human coronary arteries. To determine WSS patterns in 

these arteries accurately, we rely on image-based 

computational fluid dynamics (CFD). This combination 

of techniques provides us with insights into the role of 

WSS in human coronary artery disease1.  

 

Recent Advances 

In vitro and in vivo studies in animals demonstrate that 

WSS influences the development of atherosclerosis. As 

such, the major clinical interest in WSS arises from its 

ability to identify patients at risk for future 

cardiovascular events or complications after stent 

placement. Although several clinical CFD studies seem 

to reflect the observations of in vitro and in vivo animal 

experiments, findings in human patients are far from 

unanimous or clear-cut. Both low and high WSS have 

been associated with aspects of plaque progression and 

vulnerability in clinical imaging studies, but the precise 

relationships remain unclear and studies are sometimes 

contradictory. Low WSS has been associated with future 

angiographically-driven revascularization and non-

culprit cardiovascular events. High wall shear stress has 

been associated with future myocardial infarctions. 

In stented coronary arteries, it was demonstrated that 

low WSS after stent implantation was associated with 

neointimal hyperplasia formation. After bioresorbable 

scaffold implantation, low WSS also promotes 

neointimal hyperplasia and contributes to scaffold 

healing with normalisation of wall shear stress1.  

 

Future directions 

We can use WSS analyses in stent design, to optimize 

strut thickness and shape for the local hemodynamic 

forces. We also envision application of WSS metrics in 

native arteries by generating WSS maps, subdivide them 

into different regions, and use these maps to predict 

location of plaque progression and plaque rupture.  
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Figure 1: WSS analysis in human coronary arteries: going from imaging to prediction. 
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Background 

Arterial occlusions, manifested through myocardial, 

cerebrovascular, and lower extremity ischemia, 

accounted for 26% of all worldwide deaths in 2016. 

Although vein bypass grafting can provide immediate 

improvements in perfusion, the half-life of these 

treatments is measured in months. Excised from the 

venous system and implanted into the arterial tree, the 

acute change in hemodynamic forces induces an injury-

response, which promotes progressive thickening of the 

wall, narrowing of the lumen, and graft occlusion.  

In an effort to identify novel therapeutic strategies, 

researchers have applied a wide variety of approaches to 

mitigate this response. Despite incremental progress, no 

durable treatments have become a clinical reality.  

Strategies to date have focused largely on reductionist 

strategies and static models to describe the physical and 

biological components of the disease. Embracing the 

complexity of the problem, our multidisciplinary team 

has developed the experimental and multiscale 

modeling tools that are required to predict the dynamics 

of vein graft adaptation as it responds to the local 

environment, essential components to modulating the 

trajectory of the vein graft response and identifying 

opportunities to improve long-term durability. 

 

Recent Advances 

Over the past decade, we have developed a multiscale 

model of vein graft adaptation that uses molecular-level 

genomic information to provide cellular-level 

predictions of proliferation and matrix synthesis that 

yield tissue-level estimations of the graft architecture. 

Progression through these various scales is 

accomplished through the iterative process of module 

development and experimental validation, with each 

subsequent level of complexity built on modules fuelled 

by in vivo experimental results.  Upon compilation, the 

final model utilizes an iterative loop, employing 

hemodynamic, gene regulatory, and cell kinetic modules 

that are interfaced through an agent-based model to 

predict changes in tissue architecture.[1-3]  

Using our novel rabbit vein graft model, samples were 

collected at times ranging from 2 hours to 28 days for 

mRNA transcriptional profiling and histologic analysis. 

Stochastic optimization and clustering algorithms were 

used to examine the 9,792 unique genes and identify the 

subset of genes (n=283) that map to the core biologic 

processes of graft wall thickening.[4-6] Through a 

systematic evaluation of the gene regulatory network, 

we identified those key hub genes in which early 

inhibition or augmentation lead to significant reductions 

in wall thickening and enhancement in lumen 

preservation. Focusing on the 71 upstream signaling 

genes as opportunities to influence the network at 

multiple locations, 23 of these genes were identified to 

have a significant impact on graft architecture 1 month 

after implantation. Notably, TRIM24 is predicted to 

induce the largest lumen radius and has thus been 

identified as the potential best candidate. Six have been 

selected to move forward into the in-vitro testing phase, 

four genes predicted to have a positive impact (TRIM24, 

CSF2, FGF2, and NOTCH1), and two genes are 

predicted to have a negative effect on the system (TP53 

and COL4A3). 
 

Future directions 

Employing a high-throughput cell culture system and 

siRNA gene silencing/AAV augmentation strategies, we 

will investigate the impact of key hub gene modulation 

on cell proliferation, apoptosis, matrix production, 

matrix degradation, and cell motility. Examining these 

vectors both in isolation and in combination, the most 

promising gene sets will move forward into a large 

animal validation model for ultimate translation to a 

therapeutic tool to improve vein graft survival. 
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Introduction 
There exist detailed data for the mechanical properties 
of human arteries [1,2], but the stretches and stresses in 
the arterial wall have not been analysed in detail. The 
author analysed the distributions of stretch ratios and 
stresses in human carotid arteries with considering 
circumferential and axial residual strains based on the 
two-layer model. It was found that the stress 
distributions in the human arteries have been 
significantly different from those of animal arteries even 
under physiological conditions. Those were also 
analysed under supraphysiological conditions.  
 
Method 
The author analysed the distributions of stretches and 
stresses accounting for the circumferential and axial 
residual deformations, and the morphological and 
mechanical data in published literature [1,2]. The stress-
free configurations are the arterial rings opened by radial 
cut and axial strips curing for the adventitia and media 
separated from the intact arterial segments. For human 
arteries, the separation of two layers is relatively easy 
compared to animal arteries. Therefore, we can analyse 
the distributions of stretches and stresses based on two-
layer model. The author used a strain energy function as 
follows [3]: 

2 21
2

2

( 3)
2

(exp{ [(1 )( 3) ( 1) ]} 1)

W I

k k I K
k

µ

ς ς

= −

+ − − + − −
          (1)  

where µ  and 1k denote constants with energy density 
dimension, respectively. I  and K  are the invariants: 
 

2 2 2
z rI θλ λ λ= + + ,    2 2 2 2cos sinzK θλ ϕ λ ϕ= +          (2) 

 
where θλ , zλ , and rλ  are stretch ratios of 
circumferential, axial, and radial directions with 
reference to the stress-free configuration, respectively. 
The material parameters of 2k and [0, 1]ς ∈  are 
nondimensional values. The angle of ϕ  represents 
mean fibre angle against the circumferential direction 
with a bimodal fibre distribution although this angle was 
not determined a histological observation. The 
parameter ς  represents the weight of the fibre 
component in the arterial wall. The principal stresses are 
determined as follows: 

ii i
i

Wpσ λ
λ

∂
= − +

∂
 (not sum with i)     (3)               

where p represents undetermined Lagrange multiplier 

due to the incompressibility of the arterial wall and i 
denotes θ , z , or r . 
 
Results 
The author used the mean material parameters in the 
strain energy function in the published paper [2] as the 
values for the human common carotid artery. The 
intraluminal pressure vs outer radius relationships and 
the intraluminal pressure vs axial stretch ratio 
relationships maintaining the axial force were calculated 
before the stress analysis. Figure 1 shows the calculated 
results of the stress distributions in the arterial wall. 

 
Fig. 1: The stress distributions at the intraluminal 
pressures of 16 kPa (a) and 100 kPa (b). The axial 
stretch ratio is 1.1 with reference to the intact unloaded 
state. 
 
Conclusions 
The circumferential and axial stresses at the intraluminal 
pressures of 16 and 100 kPa were high in the adventitia 
compared to the media and increased from the inner 
surface to the outer surface. 
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Introduction 

Aortic dissection is a life-threatening disease with a 

high mortality rate involving multiple mechanisms. 

The dissection process being intramural and dynamic, 

its observation is particularly complex. Various 

experimental studies investigated this phenomenon [1]; 

however, most of these studies are distant from in vivo 

conditions. In the present study, the objective was to 

describe and quantify the mechanisms leading to the 

initiation and propagation of a dissection by 

performing an in situ tension-inflation test with X-ray 

tomography. 

 

Materials and methods 

The descending aorta of n=6 rabbits was carefully 

excised few hours after death. The branches were 

sutured with silk wire and the specimens were 

immersed during 12 hours in sodium polytungstate to 

ensure a good contrast on the X-ray images. A tension-

inflation device fitting inside an X-ray tomography 

setup was developed. The specimens were turned 

inside out and a notch was created in the 

circumferential (n=4) and longitudinal orientations 

(n=2). The specimens were attached to the device and a 

pre-stretch of 1.3 was applied to them. A syringe pump 

infused PBS into the aortic segments to increase the 

pressure and a proportional–integral–derivative 

controller maintained the pressure constant. A scan was 

taken every 100 mmHg until dissection of the sample 

occurred. The acquisition time of a scan was 180 

seconds and the resolution was 7 x 7 x 7 µm
3
. 

Radiographic images were also taken during the 

dissection process at 0.2 images per second to observe 

in real time the failure of the sample.  

 

Results 

The notches propagated in the antegrade and retrograde 

directions at critical pressures ranging from 291 to 902 

mmHg. No re-entry tear was identified. As observed in 

clinics, a rupture of the false lumen often occurred to 

reduce the pressure after the dissection. Positive 

correlations were found between the different 

morphological dimensions of the tear and the critical 

pressure. The diameter and the thickness of the sample 

were measured all along the pressurization and showed 

a non-linear behavior as often observed with arterial 

tissues. A bulge was observed at the tip of the notch 

before and after dissection of the specimen (Figure 1). 

The formation of this bulge is explained by the change 

of morphology of the aorta in order to maintain the 

pressure equilibrium. An elastic recoil of the flap 

between 5.3% and 12.3% was measured on the X-ray 

images. The real-time images showed that the sample 

dissected in less than a second. 

 

 
 

Figure 1: 3D segmentation of a representative aortic 

sample with a circumferential notch after propagation 

of the dissection. Three cross-sections are displayed at 

different heights of the specimen. A bulge of the outer 

wall can be observed. 

 

Conclusion 

To conclude, different mechanisms of aortic dissection 

were described in this study. To the knowledge of the 

authors, this is the first study to observe the 3D 

morphology of the aorta during the delamination 

process. The morphological data presented herein 

could fill the lack in the literature and serve to the 

validation of numerical models [3]. Furthermore, the 

findings of this study could help in the diagnosis of 

patients or in the development of new treatments for 

aortic dissection. 
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Introduction 

The one year mortality rate for hospitalized abdominal 

aortic aneurysm (AAA) patients is approximately 40% 

[1]. While it has been established that calcification (Ca) 

changes aorta tissue mechanical properties and alters the 

distribution of wall stress [2], there is debate over 

whether this change leads to an increase or decrease in 

the risk of rupture. In the present paper, a numerical 

simulation study is performed to evaluate which, if any, 

Ca characteristics influence aorta wall stress for patients 

undergoing endovascular aorta aneurysm repair 

(EVAR) and whether Ca characteristics can be used to 

assess rupture risk of AAAs. 

 

Methods 

The impact of percent relative Ca presence (Ca 

Volume/Aorta Wall Volume × 100) and spacing 

between individual Ca pieces (mean Euclidian distance 

between Ca centres) was assessed for ten patients (mean 

age, 77; range, 66-88 years) during EVAR using patient-

specific finite element analysis (FEA) simulations (Fig. 

1). The impact of Ca shape variation was assessed using 

idealized FEA simulations for 3 typical calcification 

geometries, both idealized and real. (Fig. 2). 

 

Figure 1: FEA model: (a) Patient front view (b) Patient 

left side view (c) Ipsilateral/contralateral guidewires 

and delivery devices. 

 
 

 

Figure 2: Ca shapes (Left - idealized; Right - real): (a) 

Stone (b) Flake (c) Strip. 

 

Results 

The results show that greater relative Ca presence leads 

to a greater increase in the average von Mises stress 

(VMS) wall stress (14.24±8.27%). A positive 

correlation was found between the Ca spacing and the 

stress increase (R=0.663, p<0.05, N=10). The risk of 

wall failure is always the highest with Ca flakes and 

generally lowest with Ca stones. 

 

 
Figure 3: Average wall VMS increase and percent 

relative Ca presence relationship (EVAR simulation). 

Solid line indicates least squares linear regression; 

dashed lines, 95% confidence interval of the regression. 

 

 
Figure 4: Peak wall stress for different Ca geometries 

(idealized simulation). 

 

Discussion 

Relative presence of calcification was found to be the 

best indicator of the studied calcification characteristics 

for patient rupture risk. Variation in Ca shapes appears 

to have a significant impact on rupture risk, suggesting 

the importance of considering calcification geometry in 

clinical evaluations. 
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Introduction 

Heart failure with preserved ejection fraction 

(HFpEF, EF ≥ 50%) and heart failure with reduced 

ejection fraction (HFrEF, EF ≤ 40%) are two main types 

of heart failure (HF) with similar prevalence. 88% of 

HFpEF [1] and 80% of HFrEF [2] undergo cardiac 

remodeling. Here we investigate whether these 

geometric changes benefit or impede heart function. 

Currently, the diagnosis of HFpEF remains 

clinically challenging due to the preservation of EF and 

clinical heterogeneity. The inability of EF to indicate 

disease in HFpEF, and reports that EF can be skewed by 

cardiac geometric changes [3, 4] demonstrate its 

ineffectiveness as an indicator of function, but it is not 

clear why. Here, we develop a myocardial numerical 

model to explain why EF is ineffective, and propose a 

new corrected EF measure to improve it. 

Methods 

CMRI of 5 HFpEF porcine animal models, 10 HFrEF 

porcine animal models, and 6 sham/healthy are obtained 

before intervention (baseline) and at the 28th or 42nd 

day time point (ending). Cardiac anatomic parameters 

and endo- and epicardial longitudinal and 

circumferential strains are measured. A numerical 

model of the LV is reconstructed based on MRI images, 

as a discretized, idealized prolate shape. It can undergo 

specific magnitudes of spatially uniform and 

incompressible strains, and allow the calculation of the 

consequent stroke volume. 

Results 

HFpEF and sham EF are above 50%, while HFrEF 

EF is less than 40%. HFpEF likely experiences a 

concentric hypertrophy (higher LVM and wall 

thickness), while HFrEF likely has an eccentric 

hypertrophy with dilation (decreased SI and unchanged 

RWT). Both HF models has decreased strains. 

With the numerical LV model, increasing wall 

thickness (Fig. 1A) was found to increase EF but not SV, 

suggesting that wall thickness changes artificially 

increased EF when there is no change to flow function. 

Increasing dilation (Fig. 1B) was found to increase SV, 

but decrease EF, suggesting that dilation enhances flow 

function, but EF is not a successful indicator of this. 

Interestingly, wall thickening is found to increase the 

epi-to-endo spatial variability, while dilation reduces the 

difference. 

Due to radial strain, the epi- and endo- surfaces 

have different strains from the mid-wall layer. The epi- 

and endo- surfaces are thus not good locations for 

quantifying strain or volumetric flow function. We thus 

propose a novel marker, the corrected ejection fraction 

(CEF), which is calculated using the mid-wall layer 

rather than the endocardial layer: 

 CEF = SV/VolED,mid = α×EF (1) 

 α=VolED,endo/(VolED,endo + LVM/2ρLV) (2) 

When applied to the porcine data, CEF can successfully 

differentiate between healthy and HFpEF hearts, while 

EF cannot (Fig. 2), and is shown to be free of biases due 

to geometric changes to the heart. 

 
Figure 1: The dependence of EF and SV on (A) relative 

wall thickness and (B) dilation. 

 

Figure 2. EF 

and CEF of 

healthy, HFpEF 

and HFrEF 

porcines hearts 

at baseline and 

ending time 

points. * p<0.05 

with baseline. ~ 

p<0.05 with 

healthy ending.  

Conclusions 

From our modeling, we find that dilation to be 

advantageous to cardiac flow function, but not wall 

thickening. We further find that EF is an imperfect 

indication of function because it can be modulated by 

the cardiac geometry changes and cannot distinguish 

some HF phenotypes from normal because of its 

reliance on measurements on the endocardial boundary 

rather than the mid-wall layer. We proposed a corrected 

EF measure, the CEF, which we show can remove this 

geometric dependency and enable a better 

representation of cardiac contractile function. 
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Background 

Girls with Turner syndrome (TS), a chromosomal 

condition in which a female has complete or partial 

absence of the second sex chromosome, present a 

unique group of patients, with an increased risk of 

cardiovascular disease. Congenital heart abnormalities 

occur in up to 50% of TS individuals and mortality rates 

are three times higher compared with the general 

population, with the most common cause of death being 

from cardiovascular disease [1-2]. We hypothesise that 

patients with TS present a greater variance in aortic arch 

morphology and haemodynamics than their healthy 

counterparts, because each TS patient is regarded as a 

unique anatomical and physiological case study.  

 
 

Methodology 

Three-dimensional patient-specific geometries of the 

aortic arch were reconstructed from retrospectively-

obtained MRI/CT images (Figure 1a shows 

segmentation, surface reconstruction, and mesh 

generation processes). Numerical simulations were 

performed within a validated finite volume framework 

of the open-source software OpenFOAM®. Patient-

specific MRI-obtained boundary inflow conditions were 

applied at the inlets. Velocity streamlines and time-

dependent haemodynamic metrics, such as the time-

averaged wall shear stress (TAWSS) and oscillatory 

shear index (OSI), were computed for all models. 

Particular attention was paid to regions of extreme (very 

low and very high) wall shear stresses (WSS) for 

association with subclinical atherosclerosis and damage 

to the arterial vascular endothelium. 

 

Results 

Numerical simulations of blood flow in patient-specific 

geometries of TS patients were achieved based on 

retrospective MRI/CT medical images (Figure 1b). The 

results have shown morphological aortic differences 

between patients to have a strong effect on the 

haemodynamic environment. Velocity streamlines 

indicated regions of secondary flow and recirculation. In 

addition, WSS (commonly used as an indicator of 

atherosclerotic predisposition) varied considerably 

throughout each model.  

 

Figure 

 
Figure 1. (a) Workflow of 3D model generation from 

(top) image segmentation of MRI/CT data, (middle) 

surface reconstruction, (bottom) mesh generation. (b) 

WSS distribution in the aortic arch of a TS patient. 

 

Conclusion 

In this investigation, we present a computational fluid 

dynamic analysis of blood flow in unique geometries of 

the aortic arch of TS children with patient-specific 

physiologically realistic haemodynamic inflow 

conditions. Future work will take into account 

peripheral arterial compliance and resistance through 

the use of a Windkessel model at the outlet boundaries. 

We also aim to expand the study cohort to adult turner 

syndrome patients.  
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Introduction 

Bicuspid aortic valve (BAV) is the fusion of two out of 

the three aortic leaflets, with up to 2% worldwide 

incidence [1]; BAV hemodynamics can alter mechanical 

and flow shear stresses on the leaflets, playing a role in 

the onset of calcific aortic valve disease [2]. We 

developed a fluid-structure interaction (FSI) patient-

specific BAV model from magnetic resonance imaging 

(MRI) to quantify the biomechanical impact of BAV 

hemodynamics on the valve leaflets. 

 

Methods 

A 26-year-old female patient, with type-1 BAV fusion, 

was acquired on a MAGNETOM Aera 1.5 T clinical 

scanner (Siemens Healthcare, Erlangen, Germany); we 

reconstructed the aortic root geometry (Fig. 1) from 18 

long axis cine MRI planes [3] in Matlab (MathWorks, 

Inc., Natick, MA, USA). The distal ascending aorta was 

included from magnetic resonance angiography (MRA) 

using Mimics (Materialise, Leuven, Belgium). Sub-grid 

geometry resolution (SGGR) 2-way FSI analysis was 

performed in FlowVision 3.10 (Capvidia NV, Leuven, 

Belgium), coupling BAV hemodynamics with the 

structural biomechanics solved in Abaqus 6.14 (Simulia, 

Dassault Systèmes, Providence, RI, USA). 

 
Figure 1: MRI-based reconstruction of BAV anatomy. 

 

BAV leaflets, with a uniform thickness of 0.6mm, were 

discretized in hexahedral elements and modeled as 

isotropic and hyperelastic with a 3rd-order Ogden strain 

energy function; aortic wall was assumed rigid. Blood 

was treated as a Newtonian and incompressible fluid.  

Physiological pressure boundary conditions, adapted to 

the patient heart rate, were imposed at the inlet and 

outlet; paradigmatic flow rate curves were prescribed 

for the coronary arteries. FSI results were compared 

against 3D time-resolved velocity-encoded phase-

contrast MRI (4D Flow), acquired on a thoracic oblique-

sagittal volume with prospective ECG-gating [4]. 

Results 

FSI aortic bulk flow well compared against 4D Flow 

(Fig. 2): the systolic flow jet, originating from an 

elliptical 1.6 cm2 orifice, reached a peak velocity of 

252.2 cm/s, 0.6% lower than 4D Flow, progressively 

impinging on the ascending aorta convexity. The FSI 

peak flow rate was equal to 22.4 l/min, 6.7% higher than 

4D Flow. 

 
Figure 2: Systolic FSI bulk flow vs. 4D Flow and 

average WSS on ventricular surface of BAV leaflets 

 

At systole, the ventricular side of the non-fused leaflet 

revealed the highest wall shear stress (WSS) average 

magnitude, up to 14.6 Pa along the free margin, with 

WSS progressively decreasing towards the leaflet belly. 

During diastole, the aortic side of the fused leaflet 

exhibited the highest diastolic maximum principal 

stress, up to 322 kPa within the leaflet attachment 

region. 

 

Discussion 

Non-invasive MRI can improve the patient-specific FSI 

reproduction of native BAV hemodynamics in order to 

deepen the fluid-mediated stimuli acting on BAV 

leaflets and their potential role in the pathogenesis of 

BAV calcific degeneration. 
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Introduction 

Some cases of Hypoplastic Left Heart Syndrome 

(HLHS) develop due to abnormalities during mid-

gestation. Fetal critical aortic stenosis (AS) is an 

example. The stenosis causes drastic alteration to the 

biomechanical environment, including reduction of 

contractile deformation and stroke volume, increase in 

left ventricular (LV) blood pressure, and occurrence of 

mitral regurgitation (MR). Consequently, the normally 

growth LV develops poorly going forward, and becomes 

HLHS at birth. Such cases are thus evolving HLHS 

cases. In these case, fetal aortic valvuloplasty (FAV) has 

been shown to be able to relieve LV outflow obstruction 

to restore normative biomechanics, resulting in a 

promising number of cases avoiding HLHS at birth. 

Since both AS and FAV involves drastic changes to the 

LV biomechanics, and the heart is known to grow and 

remodel according to biomechanical stimuli, it is 

important to study and understand diseased and post-

interventional biomechanics, which is the motivation of 

the current study. 

Methods 

4D (STIC) and Doppler ultrasound measurements of 3 

normal human fetal hearts, and 2D and Doppler 

ultrasound measurements of a further 32 fetuses with 

critical AS were obtained, with IRB and consent. A 

validated cardiac motion estimation algorithm was used 

to track LV motion. A previous Finite Element (FE) 

model of the heart was adapted for fetal heart studies, 

featuring Guccione active tension model, transversely 

isotropic Fung passive stiffness, spatially varying fiber 

orientations, and a simplified Windkessel model, and 

was solved with FEniCS. The healthy fetal heart FE 

model was used to model various disease features to 

understand their effects, including (1) AS, (2) AS and 

MR, (3) myocardial wall thickening, (4) myocardial 

fibrosis, (5) cardiomyopathy. 

Results and Discussion 

FE modeling produced LV geometries with a good 

match to reconstructions from images, with an average 

surface distance error of about 1% of the heart’s 

diameter. With AS alone, LV pressures were elevated 

by 10-20mmHg, and stroke volume could be drastically 

reduced, depending on severity. When MR was 

included, these abnormalities were reduced. AS was 

found to increase systolic duration to about 70% of 

cardiac cycle, corroborating with Doppler images.  

Modelling shows that AS and MR causes elevated 

valve flow velocities, but by themselves, could not reach 

clinically measured MR velocities of 3.4±0.9 m/s. This 

was only possible when wall thickening is modelled, 

suggesting that typical fetal AS should be associated 

with wall hypertrophy. Indeed, measurements in our 

diseased cohort found an average of 105% increase in 

LV wall thickness. However, such an extent of 

thickening in our model showed excessive LV blood 

pressures, much higher than invasive clinical 

measurements, which suggest that typical diseased cases 

should have some cardiomyopathy.  

Increased myocardial stiffness caused only modest 

changes to biomechanics, suggesting that endocardial 

fibroelastosis found in some cases was merely a 

byproduct of disease, rather than a factor impeding 

function, contrary to current clinical opinion. 

Conclusions 

Image-based FE modeling can be a good way to enhance 

our understanding of fetal heart disease physiology. In 

future, we hope to extend our studies to understand the 

effects of intervention, and to build tools for predicting 

outcomes. This will enable us to more accurately select 

patients for FAV, reducing unnecessary procedural 

risks, and extending benefits to more patients. 

 

 

Figure 1: 

(Top) 

Schematic 

of FE and 

Windkessel 

model. 

(Bottom) 

Sample 

results,  

pressure-

volume 

loops of 

fetal AS and 

MR. 
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Introduction 
An aneurysm of the ascending aorta (AsAA) can 
progressively evolve over years and can provocate an 
aortic dissection and/or rupture. Currently, treatment 
recommendations are based on the maximum diameter 
of the ascending aorta and valve type given by European 
cardiac guideline1.Understanding the biomechanical 
properties of the aorta could lead to develop 
biomechanical criteria, and then to be more accurate in 
predicting the development of aortic aneurysm. In this 
framework, the aim of this work is to study the local 
patient specific elastic modulus distribution of the 
AsAA from biaxial tensile test. 

Methods 
Pathologic ascending aortic tissue samples (n = 65) were 
obtained from patients undergoing elective surgical 
repair of AsAA (NCT03746964). The samples were 
grouped by the type of valve (tricuspid aortic valve 
(TAV) and bicuspid aortic valve (BAV)) (Table.1). 

Table 1: Patient characteristics. 

The biaxial tensile tests were performed within two 
hours of the resection of AsAA. All the aortic wall 
samples were partitioned related to medial (MED), 
posterior (POST), lateral (LAT), and anterior (ANT) 
quadrants. Each AsAA sample was cut in square size (15 
mm x 15 mm) with marking the circumferential (CIR) 
and longitudinal (LON) directions. An average 
thickness was measured, using an electronic micrometer 
(Litematic VL-50, Mitutoyo®). The experiments were 
carried out by a biaxial tensile test machine 
(ElectroForce®). Each specimen was stretched 10 times 
of 10% preconditioning and 10 mm/min till rupture.  
The maximum elastic modulus (MEM) was obtained 
from each stress-strain curve of Young Modulus which 
is a parameter of stiffness2,3. 

Results 
The longitudinal (LON) direction of the aorta allows 
less strain than the circumferential (CIR) direction 

(p<0.05), except the LAT of BAV group showing the 
opposite result. There is no significant difference 
between tissue types in neither longitudinal (LON) nor 
circumferential (CIR) direction for the maximum elastic 
modulus. The LAT shows a higher stiffness, roughly the 
double value of the MED. (Figure 1.a) 
The thickness of TAV and BAV AsAA shows a similar 
behavior based on quadrants: higher value in the medial 
than the rest three quadrants (p<0.001) (Fig. 1.b).  
Figure 1: a. The MEM for the longitudinal and 
circumferential directions for TAV and BAV samples for 
each quadrant. b. The thickness of TAV and BAV tissues 
did not show significant difference in the four regions of 
the AsAA wall. 

Among the 65 AsAA tissues, there was no correlation 
between the regional thickness and mechanical 
properties (EM) of the expanded samples, neither TAV 
nor BAV. 

Discussion 
As the patient ages, blood flow will impact on the lateral 
quadrant (outer curvature), which evolves stronger 
elasticity. Due to the narrower opending of BAV, the 
blood flow passage speed is faster, so the impact force 
on LAT can be stronger. As a result, the performance of 
this part of LON and CIR is different from the 
performance of the remaining groups4. 

Concussion 
Heterogeneity of the elasticity can be observed 
according to the quadrant. 
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TAV 39 50 ± 7.4 69 26 

BAV 26 50 ± 6.4 64 20 

Total 65 50 ± 7.0 68 46 
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Introduction 
An arteriovenous fistula (AVF) is a surgical connection 
between the radial artery and cephalic vein of an end-
stage renal disease patient. This vascular structure 
enables easy and efficient haemodialysis however, the 
AVF is prone to many diseases of which the most 
common is stenosis in the juxta-anastomotic (JXA) 
region caused by intimal hyperplasia (IH). It is well 
known that an adverse haemodynamic environment in 
the AVF is a factor in the onset of IH. The clinical 
success of the treatment involving the implantation of a 
flexible stent [1] has motivated this study to understand 
the impact of the stent on the dynamics of bulk flow 
within the AVF. 
 
Methodology 
A phantom model of a patient-specific arteriovenous 
fistula was obtained using a freehand ultrasound 
scanning methodology. Subsequently, an Abbott 
Vascular Supera stent, the same size that was implanted 
in the patient, was deployed in the phantom model. A 
micro-CT (micro–Computed Tomography) scan of the 
stented phantom model was used to segment the vessel 
lumen and the stent features in the same coordinates [2]. 
 

 
Figure 1: The patient-specific stented arteriovenous 
fistula geometry with the locations of the cross sectional 
slices. 
 
To understand the unsteady fluid effects of the stent 
implantation, a transient Reynolds Averaged Navier-
Stokes simulation was run within the vessel lumen with 
and without the presence of the stent (here-forth referred 
to as the ‘stented’ and ‘unstented’ geometries 
respectively) [2]. Five cross-sectional slices were 
created in the vessel lumen. Due to the presence of 
malapposition in this region of the vein, only a subset of 

these slice areas were encapsulated by the stent. The 
stent lumen slices (located within the vessel lumen 
slices) were created by manually defining locations 
representing the stent incident coordinates on each slice 
as illustrated in figure 1. These slices (of the stent and 
vessel lumen) were defined in both ‘stented’ and 
‘unstented’ geometries. 
 
Results 
The flowrates captured across the stent lumen slices 
were compared with the corresponding flowrates across 
the relevant vessel lumen slices to measure the ratio of 
flow that was held in the stent encapsulated region. The 
level of malapposition was also calculated using the area 
ratio between the stent and vessel lumen slices.  
 

 
Figure 2: The variation of the flowrate ratio and area 
ratio across the slices in the vein. 
 
The variation of the area ratios (as seen in figure 2) show 
that the maximum amount of malapposition occurs at 
slice number three.  The flowrate ratio patterns show a 
minimum at this slice. However, the most important 
feature is the significantly higher flow rate ratio in the 
stented geometry as opposed to the unstented geometry. 
This pattern is consistent across the other slices as well.  
 
Discussion 
The variation of flowrate ratios above, clearly shows the 
funneling of the venous blood flow through the stent 
encapsulated region. This feature, when coupled with 
malapposition at the JXA region, could lead to lower 
recirculating flow and weaker turbulent fluctuations 
close to the vessel wall regions prone to disease.  
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Introduction 
An abdominal aortic aneurysm (AAA), a dilation of the 
abdominal aorta, can lead to a fatal bleeding when 
rupture occurs. Current clinical guidelines rely on 
diameter measurements and population statistics. 
Biomechanical models using patient-specific 
geometries have shown to provide better markers of 
rupture risk. However, frequent follow-up, as well as 
studies on AAA development, require the use of a non-
invasive imaging modality. Recently, AAA modeling 
based on time-resolved 3-dimensional ultrasound (3D+t 
US) was demonstrated, which also allows for 
simultaneous estimation of wall stresses and stiffness. 
The modeling framework needs to be further advanced 
to fluid-structure interaction (FSI) modeling, to 
incorporate the influence of hemodynamics on wall 
mechanics, and vice versa. So far, US has not been used 
for FSI, due to its limitations in contrast and field-of-
view with respect to the golden standard, CT [1]. 
In addition, previous studies did not account for the pre-
stress that is present in the measured geometry, which 
has shown to influence the wall mechanics [2]. Thus, 
incorporating the pre-stress in FSI models is necessary. 
In this study, a framework to execute FSI models of 
AAAs based on 3D+t US data was created and the effect 
of incorporating the pre-stress was evaluated. 
 
Methods 
The established framework (Fig. 1) uses the patient- 
specific AAA geometry and brachial blood pressure 
(BP) as input to generate FSI models. The geometry can 
be derived from either a 3D+t US or CT segmentation. 
Based on this framework, the segmentation was 
elongated and converted into a lumen surface mesh. The 
solid mesh was obtained by extruding the lumen surface 
mesh with a wall thickness of 2 mm. The pre-stress in 
the solid geometry was estimated using the Backward 
Incremental Method (BIM) [2], using the mean arterial 
pressure (MAP), which was derived from the brachial 

  
Figure 1: FSI framework using 3D+t US or CT based 
segmentations and brachial blood pressure (BP, 
diastolic: DBP, systolic: SBP) as patient-specific input. 

pressure. The AAA wall was modeled using a Neo-
Hookean model, whereas blood was modeled using a 
Carreau model. A time-varying flow profile was 
prescribed at the inlet and a 3-element Windkessel 
model was used to prescribe the outlet pressure [3].  
In the FSI model, the fluid and solid model interact in 
a partitioned approach. The FSI model was initialized 
with the diastolic BP, multiple cardiac cycles were 
simulated and the results were evaluated on the last 
cardiac cycle. 
 
Results 
FSI simulations without and with pre-stress estimation 
were carried out using the same 3D+t US data. Fig. 2 
visualizes the wall displacement, wall stress, pressure 
and wall shear stress (WSS) of the two models at systole. 

 
Figure 2: wall displacement, wall stress, pressure and  
wall shear stress at systole for a FSI model without (‘No 
BIM’) and with (‘BIM’) pre-stress estimation. 
 
Discussion 
AAA FSI models based on 3D+t US data were executed 
successfully and the effect of including the pre-stress 
was evaluated. An overestimation of displacement and 
underestimation of wall stress and pressure is observed 
when the pre-stress is omitted. Furthermore, the peak 
WSS is slightly underestimated. These results underline 
the importance of incorporating the pre-stress.  
In a future study, the framework will be employed on 
a dataset consisting of 58 patients with both 3D+t US 
and CT data, to compare the imaging modalities. 
The obtained framework for FSI models using 3D+t US 
data paves the way for future longitudinal studies on 
AAA development, growth and rupture risk.  
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Introduction 
Atherosclerotic plaque rupture occurs when local stress 
levels are higher than the strength of the plaque tissue 
[1]. For patient-specific rupture risk prediction, 
assessment of local plaque deformation and local elastic 
and fracture properties are essential. In this work, we 
aimed at extracting local tissue fracture properties of 
human carotid plaques using uni-axial tensile testing, 
digital image correlation (DIC) and nano-indentation 
techniques. 
 
Methods 
Human carotid artery endarterectomy (CAE) samples 
(n=30) were collected at the Erasmus Medical Center. 
As preliminary work, three rectangular plaque tissue 
strips (from common (n=2) and internal (n=1) carotid 
artery regions) were used for the uniaxial tensile testing 
in the circumferential direction and DIC. Following the 
mechanical testing, engineering stress and gauge length-
based average Green-Lagrange strain were calculated. 
Furthermore, DIC (by using the Ncorr software (version 
1.2)) was performed to obtain local deformation 
measures. To measure the local stiffness of the strips, 
the Piuma nano-indenter (Optics11 Life) with a 263 
microns tip and 0.64 N/m stiff cantilever was used. 10 
to 15 indentations were performed per strip and the 
Hertz model was fit the force-indentation displacement 
curves. 
 
Results 
Three plaque strips were successfully tested, and four 
ruptures were observed during the uniaxial mechanical 
testing. The engineering stress and gauge length-based 
average Green-Lagrange strain at the initial rupture 
timepoint were calculated as; 1st strip: 0.24 MPa and 
26%, 2nd strip: 0.20 MPa and 24%, 3rd strip: 0.07MPa 
and 16%. Then, the DIC-based strain measurements 
(circumferential (Eyy) and absolute shear (Exy)) were 
obtained (Fig.1). The maximum and mean values in the 
tensile direction were; 1st strip: 84% and 21%, 2nd strip: 
59% and 20%, 3rd strip: 53% and 13%.  Although the 
DIC-based overall mean values were in line with the 
gauge length-based measurements, the maximum local 
measurements were higher than the averaged gauge-
length based measurements (65.3% vs 22% on average). 
Two of the rupture sites (1st sample and 3rd sample, 
upper left region rupture) were observed at high local 
tensile strain zones of approximately 84% and 35%. On 
contrary, the other two ruptures (2nd sample and 3rd 
sample, lower right region) were observed at high shear 

strain regions of approximately 25% and 55%, 
respectively. The local Effective Young’s modulus 
values of the strips from the nanoindentation tests were; 
1st strip: 274.8 Pa to 41.8kPa, 2nd strip: 550.9Pa to 
53.1kPa, 3rd strip: 968.4Pa to 22.3kPa, and they showed 
quite a large variation. The stiffest locations were all 
observed close to the rupture sites. 

 
Figure 1: DIC-derived local Eyy and Exy strains of three 
tissue strips. Dashed lines cover rupture initiation sites. 
 
Discussion   
In this work, we have performed a preliminary 
investigation of local elastic and failure properties of the 
heterogenous plaque tissue using human CAE samples. 
Based on our observations, the gauge length-derived 
measurements (assuming homogeneity) underestimate 
the local (heterogeneous) tissue rupture strains. 
Moreover, the correlation of the rupture sites with the 
DIC-based high tensile and/or shear strain locations 
indicate a possibility of different failure mechanism due 
to microstructural organization. As future work, we will 
perform histology to obtain microstructural information, 
and investigate its correlation with local mechanical 
properties. A possible link between the local mechanical 
and structural properties holds great potential to provide 
insights for the failure mechanisms involved in rupture. 
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Introduction 

An acute ischemic stroke (AIS) arises when an acute 

large vessel occlusion caused by a thromboembolus 

(clot) prevents blood supply to the brain tissues. The 

main innovative stroke treatment is intra-arterial 

thrombectomy, a minimally invasive procedure based 

on stent-retriever technology [1]. Despite the promising 

and encouraging results, complications may occur, such 

as thrombus fragmentation [2]. This study presents for 

the first time a patient-specific thrombectomy procedure 

through finite element analysis.  

 

Methods 

CTA images of a 64-year-old male patient with AIS in 

the right middle cerebral artery were segmented [3-4] to 

reconstruct the geometry of the cerebral arteries and 

discretized [5] with quadrilateral shell elements 

(Fig.2a). The thrombus was generated and positioned 

according to the available clinical and imaging data, 

meshed with tetrahedral elements and modeled as a 

hyperelastic compressible material. The thrombectomy 

procedure involved two attempts (Fig.1) with TREVO 

XP 4-20 mm stent (Stryker, US), which was modeled 

with beam elements and super-elastic shape memory 

alloy material (Fig.2b). The thrombectomy procedure 

was replicated with simulations performed in LS-

DYNA (ANSYS, USA). This consisted of three steps 

[6]: (i) the guide microcatheter is positioned in the 

vessel, while the stent is crimped; (ii) the crimped stent 

is positioned and then deployed by unsheathing the 

catheter; (iii) the stent and the trapped thrombus are 

retrieved along the vessel. Furthermore, the stress field 

was used to predict the fragmentation of the thrombus 

during the procedure.  

 
 

Figure 1: X-ray images: in the first attempt the stent was 

placed thoroughly distal (to the clot), while in the 

second and successful attempt only two-thirds of the 

stent was placed distal to the clot. White dots define the 

stent ends. The clot was detected at the same location 

before each attempt.  

Results 

The results of the thrombectomy procedure during both 

the attempts are depicted in Fig. 2c-d. As in the real 

situation, the in silico model showed that two attempts 

were necessary to remove the clot. Furthermore, the 

stress results indicated that clot fragmentation did not 

occur because the clot that turned out to be loaded 

mainly in compression which prevents the clot cracks 

from propagating.  

 
Figure 2: (a) patient-specific domain; (b)stent-retriever 

model; (c) thrombectomy results from the 1st 

(unsuccessful) and 2nd (successful) attempt.  

 

Discussion 

The development of realistic and accurate in silico 

thrombectomy models can be used to improve the 

mechanical thrombectomy procedure itself, to design 

and optimize new devices and to help in clinical 

decisions and intervention planning.  
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Introduction 

Tetralogy of Fallot (TOF) is the most common cyanotic 

congenital heart disease with a prevalence of 1 in 3000 

live births [1]. Adults with repaired TOF are at risk of 

chronic complications including branch pulmonary 

stenosis and regurgitation, which may lead to 

dysfunction of the right ventricle and the pulmonary 

valve [2]. It is therefore important to improve our 

understanding of the haemodynamic environment in the 

pulmonary bifurcation of these patients for better 

evaluation of the disease and treatment. The focus of this 

study was to computationally investigate the blood flow 

in patient-specific geometries of the TOF pulmonary 

bifurcation, using inflow velocities derived from phase-

contrast magnetic resonance imaging (PC-MRI). 

 

Methods 

Three-dimensional models of the pulmonary junction 

were reconstructed from MRI images of seven patients 

with TOF. Flow data of the same patients were also 

retrospectively acquired with phase-contrast MRI (PC-

MRI) and used at the inlet boundaries of the models [3] 

(Fig. 1a). The walls were assumed rigid, assigned with 

the no-slip boundary condition. Averaged boundary 

conditions derived from the seven patients of this study 

were used to better understand the effect of geometry in 

flow development. Wall shear stress (WSS) values 

around the pulmonary junction were evaluated. An 

investigation of the effect of smoothing the geometries 

without losing the details of the curvature and angle of 

the branches was also conducted. All simulations were 

performed using a validated finite volume scheme in 

OpenFOAM®. 

 

Results 

There was great variation in the morphology of the 

pulmonary bifurcation among the TOF patients, and 

blood flow development was highly dependent on such 

characteristics. Time averaged WSS (TAWSS) values 

were calculated with the through-plane 3D inlet velocity 

profile, obtained from patient-specific PC-MRI data 

(Fig. 1b). The TAWSS distribution shared qualitatively 

similar characteristics with the TAWSS pattern obtained 

with a uniform inlet velocity profile, based on the 

averaged pulsatile waveform (Fig. 1c).  

 

Discussion 

Patient-specificity is deemed necessary to better 

diagnose and treat patients with tetralogy of Fallot. 

Nevertheless, in the absence of flow data, a uniform 

velocity at the inlet can still capture TAWSS and 

velocity distribution at the pulmonary junction of the 

models. Smoothing does not seem to affect the wall 

distribution of the haemodynamic parameters 

investigated, provided that the morphological variations 

are preserved. To confirm these findings, future work 

will include a larger cohort of patients and possibly the 

correlation of the flow results with clinical outcomes. 

 

Figure  

 
Figure 1: (a) Patient-specific 3D-velocity profiles over 

a cardiac cycle, extracted from PC-MRI data. (b-c) 

Non-dimensional time averaged wall shear stress 

distribution (TAWSS) (b) with patient-specific, and (c) 

averaged boundary conditions. 
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Introduction 

In-stent restenosis (ISR) widely affects superficial 

femoral arteries (SFAs) treated with self-expanding 

stents, especially in the presence of long lesions 

(>150mm) and multiple overlapping devices [1]. The 

role of hemodynamics on ISR onset and development is 

still debated. In this work, the impact of stent design and 

interventional procedure, in particular of different stent 

overlapping configurations, on the hemodynamics of 

patient-specific SFA models is analyzed. 

 

Methods 

The SFA geometry of two patients treated with EverFlex 

self-expanding stents at the Malcom Randall VAMC 

(Florida, USA) was reconstructed from computed 

tomography (CT) at the immediate post-operative 

follow-up (Cases A and B) [1,2]. Since the low CT 

resolution did not allow to detect the stent struts, an ad 

hoc developed morphing technique was applied to 

virtually implant the stent models within the vessels to 

obtain the final stented SFA geometries. The stent 

location within the vessel was verified by CT visual 

inspection. The stented SFA geometries were used for 

computational fluid dynamics (CFD) analyses, 

performed imposing a patient-specific inflow velocity 

profile derived from Doppler ultrasound images [2]. 

The impact of stent design on hemodynamics was 

evaluated by considering, in addition to the EverFlex 

stent, three devices (i.e. Zilver Flex, Cordis, and braided 

stents), virtually implanted in Case A at the same 

location of the reference EverFlex. The impact of stent 

overlapping was studied by comparing two scenarios 

(Fig. 1), adopted in clinical practice: normal procedure, 

with distal stent implanted first (called “step-down”); 

reversed procedure, with the proximal stent implanted 

first (“step-up”). Case B was used because it presented 

two overlapping devices. The hemodynamics was 

investigated by analyzing the wall shear stress (WSS) 

vector field along the stented region. 

 
Fig. 1: Stent overlapping configurations. 

Results 

Regarding the impact of stent design, higher values of 

mean WSS were found in the case of braided and Zilver 

Flex stents (0.38 and 0.34 Pa, respectively) as compared 

to the other devices (EverFlex: 0.27 Pa, Cordis: 0.27 Pa). 

Considering the percentage of lumen surface subjected 

to low WSS (<0.2 Pa, median of the pooled distribution 

in the stented region), the lowest value (21.0%) was 

found for the braided stent, followed by Zilver Flex 

(30.8%), EverFlex (43.5%) and Cordis (43.6%) stents. 

Regarding the implantation procedure, the results 

revealed that the bulk and the near-wall hemodynamics 

were maximally impacted by the “step-up” stent 

overlapping configuration.  

 
Fig. 2: Wall shear stress distributions induced by the 

four different stent designs implanted in case A. 
 

Discussion and conclusions 

Compared to other vascular regions (e.g. coronary 

arteries), the implantation of long (>100mm) and 

multiple stents is very common in the SFA. Here, CFD 

analyses were performed to study the altered 

hemodynamics induced by either different stent designs 

or stent overlapping configurations in image-based SFA 

models. The braided and Zilver Flex stent designs, as 

well as the “step-down” overlapping configuration, 

presented the best hemodynamic results, with associated 

lower risk of ISR. The study confirms that CFD is a 

valuable tool for the design of endovascular devices and 

the analysis of different interventional procedures.  
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Introduction 

Functional mitral regurgitation (FMR) is secondary to 

cardiac ischemia and is characterized by mitral annulus 

and left ventricular dilation. Surgery is denied to >50% 

of potential candidates. Emerging transcatheter 

approaches could offer a therapeutic option for the 

patients with high surgical risks [1]. Ex-vivo FMR 

reproduction in healthy porcine hearts, the most 

common animal model in cardiovascular preclinical 

research, is challenging. There is a need for an 

alternative that could enable realistic preclinical 

assessment of new FMR therapies. 

The aim of this work was to assess the applicability of 

deer hearts for ex-vivo FMR reproduction. 

 

Material and methods 

6 frozen deer hearts were housed in a pulsatile flow 

mock circulation loop [2] and tested in the following 

conditions: heart rate of 60 bpm, stroke volume of 120 

ml and mean aortic pressure at baseline of 100 mmHg. 

At baseline, the deer mitral valve had physiological 

coaptation in systole. The pathological state was 

induced by 60-minutes preconditioning under constant 

intraventricular pressurization at 150 mmHg. Valve 

competency could be restored by tensioning two 

adjustable bands placed externally to myocardium, at 

the level of the annulus and the papillary muscles. The 

hemodynamic and echocardiography-based assessment 

was performed at baseline, FMR and restored 

physiological conditions. 

 

Results 

In FMR condition mitral valve coaptation was lost; 

leaflets tethering and restricted motion was observed 

(Figure 1). Quantitatively (Table 1), preconditioning 

caused statistically significant decrease of cardiac 

output and increase of mitral annulus and left ventricular 

dimensions. Application of the adjustable bands allowed 

to restore the baseline conditions at hemodynamic and 

geometrical level. Overall low cardiac output was 

related to elevated compliance of the deer hearts. 

 

Conclusions 

Deer left hearts dilatation by intraventricular 

pressurization allowed to replicate typical mechanistic 

features of FMR when housed in pulsatile mock loop. 

Indeed, annular and ventricular dilation, lack of 

coaptation, and leaflets tethering were observed. This 

level of realism was not possible to be obtained using 

porcine hearts up to date. Deer hearts have potential to 

be used for realistic preclinical testing of novel mitral 

valve transcatheter therapies. 

 
Figure 1: Fiberscope (atrial view) and 2D 

echocardiographic (antero-posterior plane) images of 

mitral valve (MV) in peak systole at baseline, 

pathological and physiological model conditions. 

AL=anterior leaflet; PL=posterior leaflet; LA=left 

atrium; LV=left ventricle. Red line – antero-posterior 

diameter, orange line – left ventricular diameter. 

 
 Baseline FMR 

model 

Physiological 

model 

Cardiac Output, 

l/min 

1.7±0.8* 0.9±1.0 1.8±0.8* 

Antero-posterior 

diameter, mm 

32±6* 40±6 30±7* 

Left ventricular 

diameter, mm 

70±6* 79±7 67±5* 

Table 1: Hemodynamic and echocardiographic 

assessment of baseline, FMR and physiological model. 

* - statistical significance vs. FMR model (p<0.05). 
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INTRODUCTION 

The development and rupture of atherosclerotic plaques at the carotid 
bifurcation are known contributors to ischemic stroke cases [1]. 
Knowing that rupture is a mechanical process, whereby the stress 
exerted on the plaque exceeds its mechanical strength, a diagnostic 
indicator should include some quantification of plaques’ mechanical 

integrity [3]. Despite this, the current gold standard for diagnosis is 
percent vessel stenosis, even though rupture of plaques often occurs 
below the critical threshold of 50% stenosis [4].  
The aim of this present study is to better understand the mechanisms 
behind plaque rupture and develop a sensitive mechanical rupture risk 
indicator that can be readily translated to in-vivo imaging measurements. 
To achieve this goal, we (i) image diseased vessels in-vivo and determine 
the circumferential strain across the plaque, (ii) experimentally test 
atherosclerotic plaque caps, the location at highest risk of rupture, and 

determine their ultimate tensile strength and stiffness with respect to 
collagen fibre orientation, and (iii) develop patient specific 
computational models that use the obtained mechanical data to further 
understand the stress-strain environment of the plaque and how in-vivo 
magnetic resonance imaging (MRI) strain measurements may offer a 
diagnostic measure of plaques at greatest risk of rupture. 
 

MATERIALS AND METHODS 

In-vivo MRI: T2 weighted MRI scans of the carotid arteries were 
obtained from patients (n=9) undergoing a carotid endarterectomy 
procedure. Images were acquired at both diastolic and systolic phases in 
the cardiac cycle enabling circumferential vessel strains to be calculated 
for both contralateral and ipsilateral sides.  
 

Experimental Methods: Excised carotid plaques (n=20) were taken 
from endarterectomy procedures and plaque cap samples delineated 
from the tissue in the circumferential direction. Small angle light 
scattering (SALS) was performed on samples before testing, allowing 
each sample to be characterized by its fibre orientation, that is a 

predominantly axial (FA) or predominately circumferential (FC) fibre 
orientation. A speckle pattern was applied to the samples for digital 
image correlation (DIC) to be used to track local displacements of the 
tissue. Uniaxial tensile tests were then performed to failure to determine 
the ultimate tensile strength, strain and stiffness of the plaque caps. 
 

Computational Model: Patient specific finite element models were 
created from the in-vivo MRI images using in-house developed 
protocols [5]. Implemented via a UMAT user subroutine, the arterial and 
plaque tissue were modelled as anisotropic hyperelastic materials [5]. 
Two separate simulations were performed with fibres being set in the   

(i) axial and (ii) circumferential direction.  
 

RESULTS 

Testing revealed that collagen fibre direction, as opposed to collagen 
content, plays the most significant role in determining the ultimate 
tensile strength and stiffness of atherosclerotic plaque caps (Fig.1(A-C)). 
Samples with predominately circumferential fibres sustained higher 
stress and lower strain before failure, with the opposite observed for 

axially aligned fibres. 
 

Figure 1: Engineering stress versus strain for (A) predominately axial (n=12) 

and (B) predominately circumferential fibre (n=8) plaque caps. (C) Ultimate 

tensile stress and strain grouped according to dominant fibre direction, (D) 

Coefficient of variation of in-vivo circumferential strain across the bifurcation 

for contralateral and ipsilateral sides, (E) Computational model of patient 

specific atherosclerotic artery geometry, (F) Strain in plaque tissue where fibres 

were defined in the (i) axial and (ii) circumferential direction. 

 

DISCUSSION 

In-vivo MRI measurements of the circumferential strain show that the 
contralateral side experiences a more consistent strain range when 
compared with the ipsilateral side, see Fig.1D. This is observed across 
all datasets, with the coefficient of variation of circumferential strain 
being significantly different from ipsilateral and contralateral sides, see 
Fig.1D. Insights from the plaque cap testing suggest that axial fibre 
orientation may give rise to higher strains on the ipsilateral side and a 
corresponding higher risk of rupture. The computational models confirm 

these findings, where plaques experience higher strains when fibres are 
aligned in the axial direction, see Fig.1E-F. Consequently, noninvasively 
characterising plaque strains using MRI may offer a critical biomarker 
of plaques at greatest risk of rupture.  
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Introduction 

Pericardial leaflets in bioprosthetic heart valves (BHVs) 

are long associated with inadequate durability in vivo 

[1]. Importantly, it is known that all tissue changes up to 

50 million cycles at physiological loads are due to a 

permanent strain accumulation in the pericardial matrix 

(~ 1 year in vivo, [1]). Yet, the role of the mechanically 

significant collagen fibres in this matrix-permanent 

strain accumulation is unknown. Improved 

understanding of this phenomenon, which dominates the 

early-stage response of BHV leaflets in vivo, will aid in 

improving the performance of pericardial leaflets. This 

will help identify optimal leaflet fibre patterns that 

minimize the progression of permanent strain 

accumulation.  

 

Materials & Methods 

Circular specimens of commercial-grade 

glutaraldehyde-fixed bovine pericardium (GLBP, Ø 20 

mm) were non-destructively pre-sorted with Small 

Angle Light Scattering [2], according to collagen fibre 

alignment, as highly dispersed (HD, n=10) or highly 

aligned fibres (HA, n=10). In a novel testing system, 

bidirectional cyclic bulge loading was conducted at a 

hypertensive pressure of 150 mmHg, where tissue 

deformation and permanent strain were measured at 

several time points up to 60 million cycles. Using 

material parameters calibrated to uniaxial tensile tests 

for HD and HA cases, a finite element simulation of the 

mechanical testing was conducted to elucidate the 

individual roles of the pericardial matrix and fibres in 

the fatigue study. Finally, collagen fibre crimp was 

measured via post-processing of second harmonic 

generation imaging analysis (SHG) in ImageJ (San 

Diego, California, see Fig 1(c)). 

 

Results 

HD samples demonstrated increased deformation under 

150 mmHg compared to HA samples (3.10 ± 0.61 mm 

vs 2.34 ± 0.63 mm, see Fig. 1(a)), and consequently had 

significantly higher permanent strain at all time points 

(Fig. 1(b)). Computational analysis revealed that the 

experimental deformation could only be simulated for 

the HD case when the fibre contribution to load bearing 

was removed from the material model. SHG analysis 

revealed that collagen fibre crimp in HD tissue was 

significantly greater than that in HA (p = 0.0005, Fig. 1 

(d)). As such, this prevented the fibres from load bearing 

in the HD group, which resulted in the more compliant 

matrix taking up the applied load; eliciting increased 

tissue deformation and matrix-driven permanent strain.  

 
Fig. 1: HD/HA (a) deformation under 150 mmHg (n=6), (b) 

permanent strain (n=10), (c) SHG analysis with fibre crimp 

measure (yellow/red), scale bar = 100 μm, (d) fibre crimp, 15 

measurements per sample, n=4, p = 0.0005.  
 

Discussion 
Although HD GLBP was previously found to have 

significantly increased collagen content in comparison 

to HA GLBP [3], in the current study increased HD 

deformation was observed under low-strain cyclic bulge 

loading. Furthermore, a computational model revealed 

that the greater HD deformation was due to an absence 

of load-bearing fibres. Post-processing of SHG analysis 

explained this behaviour; where fibres in HD GLBP 

were significantly more crimped than in HA GLBP (Fig. 

1(d)). As collagen fibres must be in tension to load-bear, 

the highly crimped HD fibres were protected from load-

bearing under 150 mmHg. Fundamentally, this 

increased the mechanical burden on the matrix, and thus 

increased matrix permanent strain (Fig. 1(b)).  

These results have important implications for BHV 

leaflets, whereby the lack of leaflet pre-screening as per 

ISO-5840 could result in the use of leaflets with 

prohibitively high collagen fibre crimp. This would lead 

to excessive permanent strain-induced geometry 

changes in the first year in vivo and negatively affect the 

long-term durability of BHVs in patients.  
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Introduction 

An increasing number of transcatheter aortic valves 

(TAVs) is implanted in intermediate-risk aortic stenosis 

patients with longer life expectancy [1]. Turbulent flow 

downstream of the TAV increases the transvalvular 

pressure gradient and over time can cause aorta 

remodelling, thrombus formation or leaflet damage due 

to unphysiological stress loads. This study analyses the 

characteristics of turbulent flow in the aortic root 

downstream of a self-expanding TAV. 

 

Methods 

In-vitro measurement of the three-dimensional flow 

field in the aortic root was performed in a pulse 

replicator using a multi-view imaging system for 

tomographic particle image velocimetry [2]. A self-

expanding TAV was inserted in a silicone phantom 

mimicking the aortic root. The turbulent flow field was 

measured and statistically analysed.  The mean flow 

field was used to characterize the flow topology while 

turbulent fluctuations were analysed to assess turbulent 

kinetic energy (TKE), Reynolds stresses and energy 

dissipation rate. Turbulent energy density spectra were 

obtained from the Fourier transform of the 

autocorrelation function of the turbulent fluctuations. 

 

Results 

Turbulent flow was structured in three lobes organized 

according to the orientation of the valve commissures 

(Figure 1 A-B-C). Close to the leaflet tips, turbulence 

was found in the shear layer between the central systolic 

jet and slower regions of backflow in the vicinity of the 

aortic wall. One diameter downstream the turbulent field 

attaches to the aortic wall. TKE was 16.8% of the mean 

kinetic energy in the aortic root. The turbulent energy 

spectrum (Figure 1 D) shows an inertial range with slope 

-5/3. Reynolds stresses reach levels beyond 100 Pa. 

 

Discussion 

During systole a Reynolds number (based on peak 

velocity and valve diameter) of about 5000 is reached in 

the aortic root and turbulent flow develops. The 

turbulent flow field is organized along the internal shear 

layers around the systolic jet and in the vicinity of the 

aortic wall such that it may contribute to the activation 

of thrombocytes and the aorta remodeling. The 

measured energy spectrum is limited by the 

experimental resolution (around 0.5mm) but shows 

classical turbulent characteristics. 

 

Figure 1: Top axial view of the TAV at peak systole(A). 

TKE iso-contours(B). TKE density in the aortic root in 

a slice at 26 mm distance from the sinotubular 

junction(C). Turbulent energy spectrum 𝐸𝑌𝑌(𝐾𝑅) along 

the radial wavenumber 𝐾𝑅(𝐷). 
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Introduction 

The classical Hill model [1] has been widely used for 

modelling the electro-active response of living tissue, 

such as myocardium [2]. Due to the complexity of heart 

wall at different scales, the modelling of myocardium is 

still challenging, several issues are far from being solved 

thoroughly, i.e. the strong coupling of electromechanics 

[2].  In this study, we present a hybrid multiscale active 

contraction model according to the micro and macro 

structures of myocardium, both the active stress and 

active strain approaches are incorporated into a three-

element Hill model, see Figure 1.  

 
Figure 1: The Hill model of the basic unit of myocardium 

from the resting state (a) to the passive elongation (b) 

and to the active contraction (c). 

 

Methods 

As shown in Figure 1 for a basic unit of myocardium for 

describing its mechanical response (here mainly 

considering sarcomere and collagen), the upper branch 

characterizes the passive response of myocytes (the titin) 

and collagen fibres, which can be characterized by a 

strain energy function 𝛹P(𝐅) , 𝐅  is the deformation 

gradient. The lower branch consists of a passive element 

(i.e. z-disc, costamere complex) and a contractile element 

(cross-bridges) in series. The contractile element, the 

region occupied by the thin and thick filaments which can 

form cross-bridges, is responsible for active contraction 

further governed by the calcium transient ([Ca]) through 

action potential. The active tension is transmitted through 

the passive element to additively contributes to the total 

stress 𝝈, that is 

𝝈= 
1

det(𝑭)
𝐅

𝜕𝛹P

𝜕𝑭
 + 𝐾(𝜆𝑎

𝑝
− 1)𝐟⨂𝐟,               (1) 

where 𝐟 is the unit myofibre direction, 𝐾 is the stiffness 

of the passive element in the active branch, and 𝜆𝑎
𝑝

 is the 

stretch derived from      

𝜆a
p

𝐿a
p

+ 𝜆a
c 𝐿a

c = 𝜆𝐿,                 (2) 

where 𝐿a
p
, 𝐿a

c , and 𝐿 are stress-free lengths of the passive 

element, the contractile element, and the basic unit, 𝜆 is 

the overall fibre stretch, and 𝜆a
c =𝜆a

e  𝜆a
f  is the actual stretch 

of the contractile element with a multiplicative 

decomposition, a fictious elongation (𝜆a
f )  is followed by 

an electrically activated contraction (𝜆a
e ) following the 

active strain approach, as  shown in Figures 1(b) to 1(c). 

𝜆a
e  further incorporates the length-tension and force-

velocity (f-v) relationships as follows,  

λa
e =

1

1+(1+
π

2
atan(𝛽 ln[𝐶𝑎]))(1/𝜆𝑎

min−1)
,               (3) 

𝜆𝑎
min =  (κ1λ2 + κ2λ + κ3)

1+κ4

1+κ4𝑒κ5λ̇
,             (4) 

where 𝜅1 ∽ 𝜅5, 𝛽  are constants, �̇�  is the contracting 

velocity, [Ca] is the calcium transient. 

 

Results 

This new hybrid active contraction model is firstly fitted 

to the measured experimental active and passive stresses 

by Hawkins et al [3] as shown in Figure 2(a). Both the 

active and passive stresses are described very well with 

this new model at different stretch ratios, and the 

maximum active tension occurs at 𝜆 ≈ 1.2 , 

corresponding to the experimentally reported optimal 

length of the sarcomere, that is around 2.2 µm.  Secondly, 

an image-derived human LV model is simulated using 

this active contraction model with fitted parameters from 

[3] except 𝐾 . Figure 2(b) shows the modelled end-

systolic shapes coloured by myofibre stress, case 1 

without f-v which has an >50% ejection fraction (EF), 

case 2 with f-v which has a reduced EF (26%), and case 

3 with increased 𝐾 and f-v to achieve the same EF as case 

1. It can be found that the force-velocity relationship can 

significantly affect contraction, i.e. more homogeneous 

stress distribution and wall thickening.  

 
Figure 1: (a) Fitting results to the ref [2]; (b) the Human 

LV model at end-systole with different K and f-v. 

 

Discussion 

A multiscale hybrid active contraction model for 

myocardium is developed based on the three-element 

Hill model. It has been successfully fitted to experimental 

data at different stretches under isometric contraction. 

We also demonstrate that this model is capable of 

simulating patient-specific human heart dynamics, and 

further find that the force-velocity relationship can have 

a significant effect on the heart pump function.   
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Introduction 

Coronary atherosclerotic plaques might evolve to 

different phenotypes (i.e. smooth, eroded, or ruptured 

plaques) presenting with distinct morphology as well as 

different molecular patterns [1].  To complete the 

picture, local hemodynamics, and in particular wall 

shear stress (WSS), has been identified as a main 

contributor in plaque erosion due to its biomechanical 

action on endothelial cells [2]. The interplay among 

plaque morphology, molecular expression and WSS has 

been mostly investigated in vitro or on animal models, 

until now. Here we explore the hemodynamic and 

molecular profiles of stable and unstable (ruptured and 

eroded) coronary artery plaques in humans combining 

in vivo medical imaging, biological analysis, and 

computational fluid dynamics (CFD). 

Methods 
Two groups of patients were enrolled: (1) patients with 

stable angina (SA) and angiographically confirmed 

coronary artery disease (n=24); (2) unstable patients 

presenting with Non-ST Elevation Myocardial 

Infarction (n=25). Unstable patients were sub-grouped 

into intact fibrous cap (IFC, n=11) and ruptured fibrous 

cap (RFC, n=14) based on optical coherence 

tomography (OCT) analysis. For all patients, peripheral 

blood mononuclear cells (PBMCs) were isolated from 

venous blood samples, which were extracted from 

patients within 24 hours from the symptom onset. The 

relative gene expression of 17 molecules previously 

identified as affected by WSS were evaluated using the 

real time polymerase chain reaction (RT-PCR). Nine 

cases (3 for each group) were selected for the 

hemodynamic analysis. Angiographic and OCT images 

were combined using a previously developed algorithm 

[3] to obtain three-dimensional models with a high 

geometrical accuracy. Patient-specific steady-state CFD 

simulations were performed on the discretized models 

using the finite volume-based software Fluent (Ansys 

Inc., Canonsburg, PA, USA). Hemodynamics of the 

lesion was characterized in term of WSS magnitude and 

area exposed to high WSS (i.e., >90th percentile of the 

pooled WSS distribution). 

Results 
A significant difference was observed between SA, IFC, 

and RFC groups in 4 out of 17 investigated molecules. 

As reported in Table 1, IFC group compared to SA and 

RFC showed a significantly higher levels of genes 

LGALS8 (p<0.001 and p=0.032 for SA and RFC, 

respectively) and EDN1 (p=0.002 and p=0.05 for SA 

and RFC, respectively). Levels of gene ADAMTS13 in 

RFC group were significantly higher than in SA 

(p<0.001) and IFC (p=0.04), while levels of gene TNFα 

in RFC group were significantly lower than in SA 

(p=0.016) and IFC (p=0.05). 
 

Gene SA IFC RFC 

LGALS8 2.0 (1.2) 17.6(29.2) 6.0(8.7) 

EDN1 

ADAMTS13 

TNFα 

6.2(5.1) 

0.9(0.4) 

22.2(22.6) 

6.6(3.0) 

1.0(1.1) 

26.2(37.1) 

4.4(2.8) 

3.1(2.9) 

2.3(2.9) 

Table 1: Median (IQR) of relative gene expression for 

genes with statistically significant differences between 

SA, IFC and RFC groups. 
 

RFC plaques presented higher and more 

heterogeneously distributed WSS values than SA and 

IFC groups, as a consequence of the higher surface 

roughness as depicted in the explanatory examples in 

Figure 1. To confirm WSS visualizations in Figure 1, the 

RFC group presented with the highest median and 

interquartile range (IQR) (3.3(7.6) Pa vs 1.9(2.4) Pa and 

2.5(3.0) Pa for SA and IFC respectively). Moreover, the 

RFC group presented the largest percentage surface area 

exposed to high WSS (22.4%), against 10.3% for SA 

and 5.5% for IFC. 
 

 
Figure 1: Explanatory examples of WSS luminal 

distribution in one patient for each investigated group. 
 

Discussion and conclusion 
The results obtained in this study confirm that different 

phenotypes of coronary plaques present different 

molecular and hemodynamic patterns. Interestingly, the 

gene ADAMTS13 overexpressed in RFC patients, 

where WSS was observed to be high, while genes 

LGALS8, EDN1 and TNFα overexpressed in IFC 

patients, where WSS was observed to be low. This 

suggests the existence of a link between gene expression 

and hemodynamics for the first time in vivo in human 

coronary arteries, which deserves future investigations. 
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Abstract 

Modeling and simulation of cardiovascular flows 

contributes to the personalized medicine, surgical 

planning, and medical device design. The 3D models 

constructed from the patient’s clinical images provide 

accurate information to plan intervention. Flow patterns 

in the patient-specific arterial vessels can help in 

prediction of the probable sites of atherosclerosis 

formation. Arteries supplying blood to brain are more 

vulnerable to cardiovascular diseases. Carotid artery is 

the major cause of atherosclerosis occurance due to 

presence of sinus. Analysis of hemodynamics in the 

carotid artery bifurcation shows the flow patterns, 

identifying and treating the stenosed vessels. 

In this work, CFD simulations are performed for three-

dimensional patient-specific carotid artery bifurcation to 

show the probable areas of atherosclerosis formation. 

Numerical results show that low time-averaged wall 

shear stress (TAWSS) is observed at the outer wall of 

the sinus. Similarly, high oscillatory shear index (OSI), 

and larger relative residence time are observed near the 

outer wall of the sinus. The low TAWSS, high OSI, and 

RRT are the indicators of probable sites of 

atherosclerosis. The particle image velocimetry (PIV) 

technique is used for the validation of numerical results. 

The refractive index of the working fluid is matched 

with the 3D printed patient-specific carotid artery model 

to avoid an optical error. The flow is seeded with tracer 

particles and illuminated using the laser. The images are 

captured using a high-speed camera and cross-correlated 

to get velocity distribution in a vessel.  

 

Methods 

The geometry of the 3D carotid artery model is 

constructed from CT scan images, which is available 

online on GrabCAD community.  

 

Fig. 1 Schematic diagram of experimental procedure. 

Procedure for creating 3D model and silicon phantom of 

clinical images is shown in Fig. 1. The silicon phantom 

is further used for PIV experiments. PIV is an optical 

measurement technique which measures the velocity 

field in an entire region of interest. PIV consists of laser 

source, and high-speed cameras for illuminating the 

tracer particle and aquire images, respectively. In 

numerical approach, the flow equations are solved with 

appropriate boundary conditions. 

Equation of Continuity: 

    𝛁. 𝒖 = 0                                                           (1) 

Equation of momentum conservation: 

 𝜌 (
𝜕𝒖

𝜕𝑡
+ (𝒖. 𝛁)𝒖)  =  −𝛁𝑃 +  μ𝛁𝟐𝒖            (2) 

 

Results  

We have matched the refractive index of blood 

mimicking fluid (BMF) with flow phantom, as shown in 

Fig. 2. The properties of BMF are equivalent to blood 

properties at higher shear rates. 

Experimentally validated CFD simulations are carried 

out for identifying the probable areas of atherosclerosis. 

The study shows that the sinus has a complex flow 

patters and outer wall of sinus has a low WSS and high 

OSI, RRT. Therefore, outer wall of sinus is more 

vulnerable to atherosclerosis formation.  

 
Fig. 2 Refractive index matching of patient-specific 

carotid artery silicon model with BMF. 

Discussion 

The procedure for creating silicon phantom is a low cost 

technique and has a vital role in hemodynamic studies. 

We are working on the further PIV experiemnts for 

carotid artery model. Numerical simulations have been 

carried out with the experimental validation.   
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Introduction 
The growing interest in the advancement of human 
deep-space exploration requires a substantial 
understanding of the associated risks for health. In fact, 
long-term exposure to microgravity and cosmic 
radiation pose serious health problems, concerning also 
the cardiovascular system [1]. For these reasons, the 
Artery in Microgravity (AIM) project was devised, 
aiming at investigating how the space environment 
could impact on coronary artery disease (CAD) 
development and its common treatments (e.g. the 
implantation of a coronary stent). In this context, here 
we propose a compact experimental set-up for the 
investigation of the local hemodynamics in stenosed 
and stented left circumflex (LCX) coronary arteries, 
designed to be used in space flights. 
Methods 
An experiment cube will fly on board the International 
Space Station (ISS) within the first “Orbit Your 
Thesis!” Programme of ESA Academy. Technically, a 
compact in vitro test bench was designed to fit inside a 
2U experiment cube (225x100x100mm3) plugged into 
the ICE Cubes Facility on board the ISS. An on-board 
minimal system for Particle Image Velocimetry (PIV) 
and Flow Visualization (FV) will allow to test if 
microgravity interferes with blood flow causing flow 
disturbances that, in turn, lead to CAD or stent failure. 
Additionally, a pH probe will monitor the 
concentration of ions released due to the interaction 
between cosmic radiation and stent metallic alloy. For 
these purposes, two 3D printed silicone coronary 
phantoms were obtained from angiographic images, the 
first representing a stenotic LCX artery, the second 
reproducing post-stent implantation. Once in orbit, 
experiments will be remotely controlled by a ground 
station.  
Preliminary FVs were performed to demonstrate the 
feasibility of the compact and inexpensive optical 
imaging system applied to the realistic LCX models. 
Measurements were conducted at a constant pressure 
head of 8.9 mmHg monitoring flow rates (in the range 
40-100 ml/min) and pressure loss (Δp) through the 
coronaries. A 12 MP ISOCELL 2L3 (pixel size 1.4µm) 
camera was embedded in the system for time-resolved 
frames (190x730 pixel at 960Hz) acquisition. The 
coronary phantoms were illuminated using a white 
continuous LED. A blood-mimicking fluid (glycerol-
water, 33:67) was seeded with polyamide particles 

(r=1.1 g/cm3, diameter=100µm) ensuring adequate 
light scattering as shown in Figure 1. 

 
Figure 1: Example of raw image. 

Results 
The velocity field, obtained with the open-source code 
PIVlab [2], had a spatial resolution of 0.36 mm (Figure 
2), sufficient to capture the main flow features and to 
estimate Reynolds stresses at different flow conditions. 
The results also highlighted the expected presence of 
high spatial velocity gradients in correspondence of the 
stenosis. The onset of low turbulence structures 
emerged at higher flow regimes. The presence of an 
expected recirculation region of extension depending 
on the investigated flow regime emerged by tracking 
particles from the time-resolved raw images. 

 
Figure 2: 2D contour plot of the mean absolute velocity field. 

The fluid flows from the left to the right at 78 ml/min. 

Discussion 
The findings of this analysis support the feasibility of 
velocimetry measurements in a very compact test 
bench for experiments on cardiovascular phantoms in 
deep space for the first time. The results from on-heart 
tests will be compared with the planned flight tests in 
microgravity conditions. Notably, the compact and 
inexpensive time-resolved imaging system presented in 
this study candidates to be a reliable low-cost 
instrument for qualitative and quantitative flow 
diagnostics for the evaluation of the hemodynamic 
performance of implantable cardiovascular devices.  
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Introduction  

Blood is a non-Newtonian fluid, whose viscosity (𝜇) 

depends on hematocrit level (Hct) and shear rate (�̇�). 

However, it is generally modeled as a Newtonian fluid 

with a constant viscosity. This assumption could be 

inappropriate for left ventricle (LV) highly pulsatile and 

recirculating intracavitary flow [1]. We exploited 3D 

time-resolved velocity-encoded phase-contrast MRI 

(4D Flow) to assess the impact of different viscosity 

models on the patient-specific quantification of LV 

energetics. 

 

Methods 

4D Flow, acquired using a prototype sequence on a 1.5T 

MAGNETOM Aera (Siemens Healthcare, Erlangen, 

Germany) was analyzed on two small cohorts of 

controls (n = 5) and patients with cardiac light-chain 

amyloidosis (AL-CA, n = 5), the latter enrolled due to 

the relevance of non-Newtonian properties in AL-CA 

pathology. We investigated the effect of three viscosity 

models on the 4D Flow–derived LV energetics:  

1. Newtonian with standard viscosity, i.e., 3.7 cP [2]; 

2. Newtonian with subject-specific Hct-dependent 

viscosity [3]; 

3. Non-Newtonian, accounting for both Hct and �̇� 

effects, according to the Quemada formula [4]: 

 

𝜇 =
𝜇𝑝𝑙𝑎𝑠𝑚𝑎

(1 −
𝐻𝑐𝑡 ∙ 𝑘𝑒𝑞(�̇�)

2 )
2 

(1) 

 

Specifically, we quantified viscous energy loss (EL), the 

blood kinetic energy irreversibly lost due to frictional 

viscous forces, over the cardiac cycle and normalized it 

by LV end-diastolic volume (EDV), i.e., ELEDV. 

 

Results 

If compared to the standard value of 3.7 cP, 𝜇 mildly 

deviated in Model 2, ranging between 3.0 cP (-19%) and 

4.3 cP (+16%). In Model 3, 𝜇 markedly increased up to 

6.0 cP in the intracavitary LV regions at low shear rate 

(𝛾 ̇ < 100 s-1, Figure 1). If compared to Model 2, Model 

3 exhibited a Bland-Altman bias equal to +1.4 cP for 

controls and +0.9 cP for AL-CA patients. 

This effect reflected on EL (Figure 2), with Model 3 

yielding markedly higher EL values or markedly lower 

when Hct was higher than 39.5% or lower than 30%, 

respectively. Indeed, ELEDV (Figure 2) increased up to 

4.73 J/m3 in subject C3 (+40% than Model 1) and 

decreased from 4.73 J/m3 to 3.73 J/m3 (-21.2%) in 

subject A1. 

 

 
Figure 1: �̇� at mid-diastole in datasets C4 and A4. 

 

 
Figure 2: ELEDV, from each dataset for both Newtonian 

Model 1 (blue) and Model 2 (orange), and non-

Newtonian Model 3 (dark-grey). 

 

Discussion 

4D Flow characterization of LV blood energetics can be 

affected by the chosen viscosity model. A more detailed 

description, accounting for Hct and �̇� effects, impacted 

computations especially in regions characterized by 

recirculating or low velocity flows. Hence, taking non-

Newtonian blood behavior into account on a patient-

specific basis may enhance the accuracy of intracardiac 

non-invasive 4D Flow energetics. 

 

References 
1. Caballero et al., Cardiovasc Eng Technol, 4:103-130, 2013 

2. Frauenfelder et al, Biomed Eng Online, 6: 1-13, 2007 

3. Guyton and Hall, Textbook of Mecial Physiology, 2006 

4. Quemada, Rheol. Acta, 17: 643-653, 1978 

 

Acknowledgements 
IRCCS Policlinico San Donato is a clinical research hospital 

partially funded by the Italian Ministry of Health.  

74



 

 26th Congress of the European Society of Biomechanics, July 11-14, 2021, Milan, Italy 

REGIONAL DIFFERENCES IN AORTIC FUNCTION: TRI-LAYERED 
MODELLING OF THE PIG AORTA 

Alessandro Giudici (1), Bart Spronck (2,3), Ashraf W Khir (1) 
 

1. Biomedical engineering theme, Brunel University London, Uxbridge, UK; 2. Department of Biomedical 
Engineering, Yale University, New Haven, CT, USA; 3. Department of Biomedical Engineering, Maastricht 

University, Maastricht, The Netherlands 
 

Introduction 
The micro- and macro-structures of the three-layered 
arterial wall determine its macroscopic mechanical 
properties. Despite providing valuable insight into the 
layer-specific mechanics, uniaxial testing of isolated 
layers (intima, media, and adventitia) does not 
adequately mimic the in vivo loading state. On the other 
hand, by accounting for the layer-specific residual 
deformations, tri-layered wall modelling allows 
simulating native physiologic loading conditions. Using 
this approach, this study aimed to investigate differences 
in the response of the pig ascending and descending 
thoracic aorta to both physiological and pathological 
loading conditions.   
 
Methods 
N=5 pig (age 6-12 months) aortae were obtained from a 
local abattoir and stored at -20ºC. Segments from the 
ascending aorta (AA) and lower thoracic aorta (LTA) 
were isolated from each artery, and their circumference 
measured using a digital calliper. Circumferentially and 
axially oriented strips were excised from each segment 
and subjected to uniaxial tensile testing (MFS Stage 
with 20N load cell, Linkam Scientific Ltd., UK). After 
testing, each arterial strip was separated into the intima, 
media and adventitia by peeling, and each layer was 
tested separately. 
The mechanical behaviour of each layer was fitted using 
a hyperelastic strain energy function [1]. Then, the three 
layers were computationally assembled into a single 
flat-walled sample, and the layer-specific residual 
strains were tuned so that the three-layered model 
response would match the mechanical response of the 
intact wall to uniaxial extension. Finally, the flat-walled 
model was deformed into a cylindrical vessel and 
physiologically pressurised and axially elongated.  
 
Results 
Inner diameter (D) and wall thickness (h) differed 
significantly between AA (22.14±1.40 and 2.66±0.14 
mm) and LTA (12.88±0.57 and 1.47±0.14 mm) (both 
p<0.001), as did the layers relative thicknesses: 
11±1:65±4:24±3% (intima:media:adventitia, AA) and 
16±2:46±5:38±4% (LTA, p<0.001 for all).   
At 100 mmHg of intraluminal pressure, circumferential 
Cauchy stress was 87±16 and 74±6 kPa at the AA and 
LTA, respectively. At both locations, the media bore 
most of the circumferential load (72±8% and 61±7%), 
with a relatively small contribution of the adventitia 
(23±7% and 28±7%) and negligible role of the intima. 

Conversely, when pressure was increased to 160 mmHg, 
the shift in load-bearing from the media to the adventitia 
was markedly higher at the LTA (-8±1% for the media 
and +9±2% for the adventitia) than at the AA (-2±1% 
and +2±1%, respectively). This shift was driven by the 
stiffening of the adventitia over the 60 mmHg pressure 
increase, much higher at the LTA (+226%) than at the 
AA (+135%, p<0.001). 

 
Figure 1: Stress-stretch relationships with load 
partitioning between layers of one of the studied 
ascending (A) and lower thoracic (B) aortae. 
 
Discussion 
Tri-layered modelling of the arterial wall allowed 
characterising the pig thoracic aorta’s multiscale 
mechanical behaviour, highlighting marked functional 
differences between proximal and distal regions. At the 
AA, the media bears most of the circumferential stress 
independently of the considered pressure range, thus 
conferring the highly compliant function to the wall. 
Conversely, at the LTA the fast recruitment of the 
adventitia provides protection against high pressures. 
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Introduction 

Consequences derived from atherosclerosis –a disease 

that causes a narrowing of the lumen area of arteries by 

developing atheroma plaques in the arterial wall- are one 

of the most important causes of mortality in developed 

countries. It can result, among others, in ischemia or 

heart attacks. For all of this, it is important to understand 

the process of formation of atheroma plaques and the 

places of the arteries in which they occur, to prevent the 

development and consequences of the disease. Several 

authors have studied Wall Shear Stress (WSS) as the 

main mechanical stimulus to develop atheroma plaques 

but, recently, some studies have shown that the cardiac 

cycle has influence on the developed plaques and so, 

other mechanical stimuli can have influence on it.  

Methods 

We propose a mathematical model to predict the areas 

of the arteries susceptible of developing atheroma 

plaques by using some patient-specific pathological 

images of carotid arteries bifurcations with presence of 

plaques. We repair these pathological images by 

removing atheroma plaques, and finally we reconstruct 

the wall of the arteries with variable thickness [1]. 

We study different hemodynamical stimuli to determine 

which one is the most important to predict the location 

of plaques. In particular, we use Time Average Wall 

Shear Stress (TAWSS), Oscillatory Shear Index (OSI) 

and a new variable that we propose as a combination of 

them based on pseudo-experimental data [2]. 

In the mathematical model [3], we use Navier-Stokes 

equations to model transient blood flow along the lumen 

[4] and we model the flow of plasma and substances

through the endothelium with the model of three pores

[5], Darcy’s Law and Kedem-Katchalsky equations.

Finally, we use convection-diffusion-reaction equations

for all the substances in the arterial wall and compute

the growth of plaques for a total time of 30 years. We

also compute a healthy geometry to validate that it do

not develop plaques.

The model considers several substances, that are LDL, 

oxidized LDL, monocytes, macrophages, cytokines, 

foam cells, contractile and synthetic smooth muscle 

cells and collagen fibbers, and includes terms of 

proliferation, degradation, oxidation, apoptosis and 

differentiation of the substances. 

Results 

Results show that the new variable that we propose as 

combination of TAWSS and OSI predicts better both 

location and growth of plaques than only use one of 

them. They also show that TAWSS predicts better the 

growth of plaques than OSI, but it predicts some plaques 

that are not in the real patients, while OSI locate in a 

more precise way the plaques. 

Figure 1: Growth of plaques after 30 years in one of the 

geometries with the different mechanical stimuli studied 

and the real plaques of the patient. 

Discussion 

A computational model capable of predict atheroma 

plaque apparition in arteries has been developed and 

validated with different geometries. The model 

concludes that it is better to consider a combination of 

TAWSS and OSI to improve the accuracy of plaques 

prediction, rather than only one of them. 
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Introduction 

Endothelial cells (ECs) of an artery sense directly the 

shear stress originating from the blood pressure. The 

intracellular signals transduced from the alterations in 

shear stress are transmitted to vascular smooth muscle 

cells (SMCs) to regulate the function of the artery [1]. 

In case of an endothelial damage, SMCs are also 

exposed to shear stress resulted in an increase in the 

intensity of interstitial fluid flux. These alterations in 

shear stress lead to phenotype changes in SMCs which 

are associated with neointima formation and possible 

flow-initiated atherosclerosis [2]. 

Understanding interstitial flow and interstitial flow-

mediated shear stress on SMCs is critical in determining 

strategies to prevent the plaque formation. To obtain a 

viable model to describe the interstitial fluid behaviour 

of artery, it is necessary to account for both the solid and 

fluid components of the tissue since the deformational 

behaviour of artery directly affects the hydraulic 

permeability. 

In this work, a three-layer biphasic model for common 

carotid artery (CCA) which includes the flow of the 

interstitial fluid as well as the deformation of the solid 

phase of the artery is developed and numerical methods 

were used to compute water flux through the media 

under lumen blood pressure in FEBio [3]. For each layer 

of artery, biphasic material consists of hyperelastic solid 

material and Darcy fluid with a strain dependent 

permeability model. 

 

Methods 

The meshed representation of longitudinal section of 

FEM model introduced in this paper is shown in Figure 

1. A symmetric thick-walled concentric cylindrical 

model is employed. Each different colored layer 

represents the real layers in human CCA. The wall of the 

artery consists of very thin inner (intimal) layer, a 

medial layer, and an adventitial layer 33% thinner than 

the medial one at inner zero fluid pressure load 

configuration. 

The biphasic configuration of each layer is initially 

defined as 37% fluid-filled pores and 63% 

incompressible solid. 

 

Results 

Figure 2 illustrates how interstitial fluid flow changes 

with increasing transmural pressure difference in 

physiological range. 

 

 

 
 

Figure 1: The meshed geometry of the human CCA 

model. 

 

 
 

Figure 2: Steady-state interstitial fluid flow in radial 

direction at a)70 mmHg b)90 mmHg and c)110 mmHg 
 

Discussion 

By the alteration of transmural pressure, we are able 

obtain load-dependent change in interstitial fluid flow 

and hydraulic permeability for the investigation of shear 

stress on the smooth muscle cells. Since the thickness of 

the layers are compressed in radial direction while the 

diameter of the artery is increased, it is observed that the 

change in pore volume and hydraulic permeability of the 

cylindrical configuration show different behaviour than 

that of an axial and longitudinal stress-free rectangular 

block model [4]. In this geometry, the dependence of 

permeability of each layer on the nonlinear deformation 

is defined in more realistic way. 
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Introduction 

Investigation of arterial physiopathology needs the 

introduction of multi-field mechanisms, driven by the 

complex interplay between mechanics and cell-cell 

signaling pathways [1]. In this framework, a challenging 

open issue in biomechanics is to model the effects of 

physio-pathological mechanisms on the macroscale 

functional response of cardiovascular structures, starting 

down from their biological onset. With the aiming of 

understanding physiological and pathological processes 

to improve diagnosis and therapy, a computational 

model, instructed with time-varying histological and 

biochemical information, is developed. 

This study addresses the coupling between 

hemodynamic alterations in wall shear stress (WSS) and 

in tissue mechanical response by introducing 

remodelling processes acting on tissue microstructure. 

 

Methods 

Pulsatile blood flow is simulated by coupling a 3D 

computational fluid dynamics (CFD) description within 

the vessel segment with a 0D treatment of boundary 

conditions based on a Windkessel model [2]. The fluid-

pressure loading is applied as loading condition in the 

structural problem. The mechanical problem accounts 

for the nonlinearly elastic anisotropic behaviour of 

arterial tissues. The constitutive response of aortic 

tissues is modelled via a recently proposed multiscale 

structural approach [3]. By describing non-linear 

mechanics of crimped collagen fibers and accounting 

for tissue lamellar structure, a multi-step 

homogenization procedure allows to couple non-linear 

behavior of tissue substructures at different scales. 

Following clinical evidence [4], hemodynamic 

alterations are integrated in a remodeling rationale 

involving the constituents and the microstructure of the 

arterial tissues. 

 

Results 

Referring to ascending thoracic aortic aneurysm, 

parametric analyses are performed by comparing 

different idealized geometries and remodeling laws. 

Useful indications on localization mechanisms induced 

by altered flow conditions are obtained.  In particular, 

dysregulations in WSS based index (Topological Shear 

Variation Index) distributions activate significant 

changes in wall microstructural features through 

different scales (from nano to macro). The obtained 

remodeling induces in turn regional heterogeneities in 

tissue stiffness (see Fig. 1), in agreement with recent 

evidence [4].  

 

 
Figure 1: Spatial distribution of: Topological Shear 

Variation Index (i.e., WSS based index) [4] (top) and 

circumferential stiffness (bottom). 

 

Discussion 

This work investigates vascular pathologies via a 

multiscale and multiphysics rationale. The proposed 

condensed remodelling strategy is able to furnish a first 

insight on the causality coupling hemodynamic 

alterations and tissue mechanical response as induced by 

remodelling processes acting on tissue microstructure. 
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Introduction 

The easily disturbed hemostatic blood balance in 

conjunction with the fragility of the endothelium 

suggest that swirling blood flow in the heart and great 

vessels is potential. A-priori there are no local vortex 

disturbances that spawn separation and stagnant zones 

that cause a risk of spontaneous thrombus formation. In 

contrast to other flow regimes, the potential flow regime 

allows the blood flow to maintain its structure without 

noticeable changes sought in sufficiently extended 

sections of the arterial vascular network. Another crucial 

factor of the hemostatic balance maintaining is the 

requirement of the blood constant movement along the 

entire path of the swirling flow. However, obtaining 

analytical expressions describing the potential flow of 

an arbitrary structure is fraught with significant 

theoretical and computational difficulties. Thus, the 

mechanics of the stable potential flow occurrence in the 

arbitrary viscous medium has not yet been described. 

The main problem is that it has not yet been proven 

whether smooth solutions of the Navier-Stocks equation 

always exist in three dimensions. So, there are only a 

few exact solutions for relatively simple special cases 

[1]. In the previous works, we studied a swirling flow 

described by one of such exact solutions [2]. This 

solution assumed that sought flow is potential. 

However, the mechanics of such potential swirling flow 

generation remained unclear. It was only experimentally 

established that a necessary condition for their 

formation is the presence of a streamlined concave 

surface [3]. 

 

Methods 

For this work we used images of the left atrial cavity 

obtained for 10 moments of the cardiac cycle by MSCT. 

Then 10 sections of the left atrium dome were derived 

at different angles for each image. These sections were 

approximated by some mean generatrix, which was 

compared with the generatrix obtained from the exact 

solutions using the least square method. The resulting 

generatrix was used to construct a surface of revolution, 

which was considered as a streamlined surface. Further, 

in accordance with the principles of continuum 

mechanics, the forces acting on the flow falling in the 

obtained concave surface were derived. 

 

Results 

It has been shown that the streamlined surface of the left 

atrium is always concave relative to the incoming blood 

flow. The left atrium dome surface can be approximated 

by concavity derived from exact solutions with high 

accuracy. This concavity geometry corresponds to 

conditions of the potential swirling jet generation. The 

resultant forces (including centripetal and Magnus 

forces) are maintained in this concavity, which ensures 

the formation of a stable swirling jet. When the mitral 

valve opens and the pressure gradient between the left 

atrium and the left ventricle appears, the swirling stream 

of blood is injected along certain streamlines without 

mixing. Resulting swirling flow is consistent with 

known transmitral blood flow characteristics both in 

size, volume, and velocity. Thus, it has been proved that 

the neсessary conditions for the stable potential flow 

generation are maintained in the left atrium throughout 

the entire cardiac cycle. In addition, theoretical 

expressions and related physical mechanisms were 

obtained for deriving a swirling potential jet of a given 

structure. It is this flow regime that provides the 

opportunity to formally describe the known complex of 

the blood flow characteristics in a single model. 

 

Discussion 

The curvature of the left atrium dome corresponds to the 

necessary and sufficient conditions for the generation 

and evolution of the flow during the entire cardiac cycle. 

Incomplete mathematical model can be derived on the 

mechanics of swirling flow formation on the curved 

surface of the left atrium. That model can be 

significantly improved later, considering the systole of 

the left atrial appendage, which supports constant 

maintenance of the swirling potential blood flow 

structure throughout the entire cardiac cycle. This flow 

regime allows to formally describe the known complex 

of the blood flow characteristics in a single model. 
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Introduction 

Myocardium infarction (MI) provokes the necrosis of an 

area of cardiac muscular tissue. It is mostly caused by 

the blockage of the coronary artery, which generates 

hypoxia and subsequent tissue death. This cardiac 

episode results in a reduction of myocardium 

mechanical and electrical properties and a consequent 

significant loss of pumping capacity. One of the most 

standardized treatments after MI is the application of a 

ventricular assistant device (VAD) which supplements 

the pumping function of the pathologic heart. However, 

these devices do not constitute a long lasting solution 

due to haemostatic events and infection. Alternative 

strategies have been proposed in the last years involving 

new technologies such as cell therapy and tissue 

engineering [1-2]. One recent promising approach 

consists on the development of a Biologic VAD 

(BioVAD) that can restore the myocardium pumping 

capacity. This device consists of a polycaprolactone 

(PCL) fibrous scaffold, printed by Melt Electrowritting 

(MEW), that is then filled with a cell laden hydrogel. In 

this work, we focused on the design process of the 

BioVAD scaffold, aiming to optimize its mechanical 

response regarding the physiological requirements that 

will withstand once implanted. 

 

Methods  

PCL hexagonal-shaped-fibrous scaffold samples were 

fabricated by MEW as previously described [3]. 

Uniaxial tensile tests were performed for the validation 

of the computational models following a testing 

protocol described elsewhere [3]. An elastoplastic 

constitutive material model was selected, after looking 

at the loading-unloading behavior of the tested 

scaffolds. A specific finite element computational 

model was created and a parametric analysis was 

performed to determine the optimal geometrical 

configuration for the scaffold. The influence of several 

aspects such as pore size, pore alignment, scaffold 

thickness or PCL wall thickness was evaluated, and 

alternative geometries, such as an auxetic one, were also 

considered. The geometrical configuration was 

optimized in order to improve its behavior at 

physiological strains, which was considered to be about 

15-25% of strain for the epicardium, where the BioVAD 

will be implanted.  

Results 

Our results compare the experimental and simulated 

mechanical response. Great adjustment was observed 

until 30% strain (Figure 1b). Greater stiffness was 

shown as scaffold thickness or pore alignment increased 

and as pore size decreased. Scaffold + hydrogel in silico 

models were also created and it was observed that the 

obtained stiffness also increased significantly.  

 

 

 

Figure 1: (a) 50% strain Numerical results obtained for 

a monotonic uniaxial test, (b) Experimental (red) and 

numerical (black) uniaxial tensile curve comparison  

 

Discussion 

A parametric computational model of a BioVAD-

specific PCL scaffold was created and validated. A 

parametric analysis has been performed to study the 

influence of several geometrical aspects on the 

mechanical response such as cell alignment, cell size or 

scaffold thickness. Relevant differences were observed 

in the mechanical response for each of these parameters, 

which gives plenty of opportunities to optimize the 

scaffold design and its performance.  
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Introduction 

The knowledge on the heterogenous plaque properties 
of atherosclerotic human carotids is limited since it is 
mostly provided as averaged homogenous properties 
obtained by non-physiological loading conditions [1]. In 
this work, we developed a numerical-experimental 
inverse finite element modelling (iFEM) pipeline to 
characterize heterogeneous atherosclerotic human 
carotid artery properties. The iFEM comprises an ex-
vivo inflation testing, a high resolution pre-clinical 
imaging and a machine-learning-based optimization. 
 
Methods 

Five atherosclerotic human carotids were tested in 
inflation testing setup with quasi-static pressures of 10 
mmHg up to 120 mmHg. At each pressure, arteries were 
scanned with a high frequency ultrasound (US) (Vevo 
2100) and the acquired radiofrequency data were 
processed by a cross-correlation technique for full-field 
plaque deformation [2]. After tests, multicomponent 
atherosclerotic artery compositions were obtained with 
a high field (7 Tesla) pre-clinical MRI. The plaque 
components (fibrous intima, lipid core, arterial wall and 
calcification) of 13 plaque cross sections were 
segmented on US registered MR images, to create multi-
component, 2-D, plane strain FE models (ABAQUS, 
ver. 2016) as Yeoh solids. Then, these models were used 
in the iFEM (Fig.1), where the fibrous intima and 
arterial wall Yeoh constants were iteratively predicted 
by the Deep Partitioning Tree Bayesian Optimization 
(DPTBO) [3], by minimizing the difference between the 
computed and experimentally measured plaque 
displacements. At the end of the iFEM, a trained 
Gaussian Process (GP) model, which dramatically 
reduces the number of optimization iterations [3], was 
obtained per each cross section. The GPs were then 
inverted to assess the uniqueness of the iFEM-derived 
parameters. 

 
Results 

For all samples, ex-vivo inflation tests, high-resolution 
(45x55μm) US data acquisition and high-resolution 
MRI (50x50μm) were performed successfully. In 13 
cross section, a convergence was achieved with average 
of 3.8 ± 2.2 normalized mean square errors. The material 
properties achieved by the iFEM approach (Fig.2 (A)) 
and the GP model (Fig.2 (B)) for a combination of 13 
cross sections were demonstrated in Figure 2, and there 
was no significant difference observed qualitatively 

between the graphs. Thus, the solutions were concluded 
to be unique. 

 
Figure 1: The developed iFEM framework. 
 

 
Figure 2: iFEM predicted (a) and GP model predicted 
(b) Yeoh material constants for 13 cross sections. 
 
Discussion 

In this study, we have developed a pipeline, namely 
the iFEM approach, successfully obtained the 
component-wise heterogeneous properties of 
atherosclerotic human carotid arteries by using in-vivo-
like inflation testing, pre-clinical US and MRI, and a 
highly efficient DPTBO. The uniqueness of solutions 
was qualitatively checked by using the advantage of the 
trained GP model within the DPTBO system, and the 
qualitative assessments shown unique results for the 
cross sections used for this work. The investigation on 
the use of the clinical versions of the imaging techniques 
used in this study holds the great potential for the 
application of the iFEM on in-vivo clinical applications. 

 
References 
1. Akyildiz et al., J Biomech, 47.4:773-783, 2014.  
2. Hansen et al., IEEE Trans. Med Im., 28.6:872-880, 2009.  
3. Torun et al., IEEE Trans. Microw. Theory, 67:2128, 2019.  

Intima Wall
(a)

C
om

bi
ne

d 
iF

EM
 P

re
di

ct
ed

 P
ro

pe
rti

es

Intima Wall
(b)

C
om

bi
ne

d 
G

P 
Pr

ed
ic

te
d 

Pr
op

er
tie

s

81



26th Congress of the European Society of Biomechanics, July 11-14, 2021, Milan, Italy

GARMENTS’ INFLUENCES ON BLOOD PERFUSION TO FOOT
MICROCIRCULATION DURING INTERMITTENT PNEUMATIC

COMPRESSION

Bitian Wang (1), Zhujun Sun(1), Weiyan Ren(2), Yawei Wang (1)*, Yubo Fan (1)*

1. Beijing Advanced Innovation Centre for Biomedical Engineering, School of Biological Science and Medical
Engineering, Beihang University, Beijing, China; 2. National Research Center for Rehabilitation Technical

Aids, Ministry of Civil Affairs of the PRC, Beijing, China.

Introduction
Intermittent pneumatic compression (IPC) has been
used for treating peripheral artery disease for several
decades, and there were usually some requirements for
the dressing of patients’ lower limb in such treatments
[1]. However, the reasons for such dressing
requirements were not clearly explained, except
considerations on comfort. Aimed at gaining some
insights into the hemodynamics aspects of these
requirements, an experiment and simulation study was
carried out for evaluating influences of tight trousers
on blood perfusion to foot microcirculation during
intermittent pneumatic compression.

Method
The experiment protocol is shown in Figure 1. A total
of 14 subjects(23.79 ± 1.63 years old, 7 males, 7
females) participated in the foot microcirculation blood
perfusion assessment during IPC compression. The
foot blood flow volume was recorded using a laser
Doppler flowmeter. The compression pressure curve,
Pcomp, was recored using the custom made IPC device
(DF-IPC) developed by Beihang University. The
traditional IPC mode rise the air bag pressure up to 20
kPa in 1sec, hold the pressure for 4 secs, then release
the pressure to <5kPa in 1 sec, and wait 16 secs until
next compression. The rapid IPC mode release the
pressure after charging immediately, and will wait for
only 2 secs before next charging. The assessment
procedure was managed in a way that IPC modes and
lower leg garment species were factor controlled and
compared correspondingly.

Figure 1: The experiment protocol of the foot
microcirculation blood perfusion assessment of two
IPC compression modes.

The simulation protocol is shown in Figure 2, the
model contains compartments for arteries, arterioles,
capillaries, venules and veins in the calf and foot of
adult subjects. We used a general tube law reported by
Kozlovsky et al. [2] to simulate high-nonlinear collapse
behavior of vessels represented by capacitors C1, C3

and C6. Equations are combined into a group of one-
order differential equations, which was solved using
the ‘odeint’ function in Scipy packages of Python.

Figure 2: lumped parameter model of the peripheral
vessels in the calves and feet.

Results
During compression section of both traditional and
rapid IPC modes, the time-averaged blood flow volume
augmentation was significantly higher (paired T test, p
< 0.05) while keeping the lower limb bared comparing
with wearing tight garments. In addition, the time-
averaged blood flow volume value of the rapid IPC
mode was significantly higher (paired T test, p < 0.001)
than the traditional IPC modes in both garment species
groups.
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Introduction 

Heart is a highly oxidative organ and the arteries 

supplying oxygenated blood to the heart are termed as 

coronary arteries. Coronary Artery Disease (CAD) is the 

leading cause of death globally. It is primarily 

characterized by the deposition of plaque on the inner 

lining of the arteries, termed as Atherosclerosis and with 

due course of time results in stenosis formation. This 

leads to reduced blood supply to the heart and can cause 

heart attack. Low and oscillating wall shear stresses 

have been found to be closely associated with the 

atherosclerosis in coronary arteries [1]. The major 

factors contributing towards low wall shear stresses are 

flow separation and recirculation regions. Thus, early 

detection of CAD becomes important for proper 

functioning of the heart. Computational modelling and 

simulation serve as a suitable option for analyzing the 

factors responsible for the progression, diagnosis and 

treatment of CAD. As the geometry of coronary artery 

depends on the age, gender, race, a large variation is 

observed in the geometry of coronary artery of different 

patients. In such a scenario, patient-specific modelling 

can offer the advantage of precisely modelling patient-

specific data, analyzing the physiological changes 

taking place and making right clinical decisions. In this 

work, we propose a methodology for patient-specific 

modelling and analyse the flow behaviour in the arteries 

of Indian subjects.  

 

Methods 

The work aims at creation of a 3D model from DICOM 

images of patients and performing Computational Fluid 

Dynamics (CFD) simulations to study the hemodynamic 

behaviour. From the DICOM image, identification of 

aorta is carried out and position along the axial plane is 

varied, followed by the identification of left and right 

coronary arteries. Further, path creation, segmentation is 

done and finally 3D lofted model is constructed 

constituting of the origin from the aorta and further 

bifurcation into the left and the right coronary artery.  

 
Figure 1: Schematic of the working methodology 

 

The 3D model is discretized via creating an unstructured 

mesh having tetrahedron elements. Inflation layer is 

created at the boundaries.  

Blood is considered to be an incompressible, Newtonian 

fluid having a constant viscosity for the CFD 

simulations.  

Equations governing the CFD simulations are as 

follows, 

Continuity equation: 
∇. 𝑽 = 0                  

Momentum conservation equation:  

 𝜌 (
𝜕𝑽

𝜕𝑡
+ 𝑢

𝜕𝑽

𝜕𝑥
+ 𝑣

𝜕𝑽

𝜕𝑦
+ 𝑤

𝜕𝑽

𝜕𝑧
) =  𝜌𝒈 −  ∇𝑝 +  μ∇2𝑽        

Pulsatile boundary condition is applied at the inlet and 

resistance boundary condition is applied at the outlet. 

The resistance parameter (R) accounts for the resistance 

offered by the arteries to the blood flow [3] and can be 

expressed by the mathematical formula, 

 P = RQ 

Where Q is the flow rate and P is the pressure at the 

outlet face and is taken constant over the entire face. 

Resistance boundary condition is advantageous over the 

constant pressure boundary condition as it gives a more 

realistic picture of the pressure waveforms at the outlet. 

Also, it accounts for the wave reflections which are 

neglected in the constant pressure condition [2].  

  

Results and Discussion 

We aim to study the geometry of three different patients.  

The differences in the geometrical features of the three 

arteries would be investigated. The effect of change in 

geometry on the flow would be investigated.  
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General context 

Heart failure is a major cause of death in 
Europe as 2% of the European population die from it 
every year. Heart failure naturally comes with the age 
but also with the regular consumption of toxics such as 
tobacco or alcohol. The main cause of heart failure is 
called cardiomyopathy and corresponds to a permanent 
loss of contraction strength of cardiac cells. Current 
treatment are palliative and do not target cardiac cells 
but arteries which become more compliant. 

 
The contractile force generated by 

cardiomyocytes (CMs), a key indication of heart 
functionality, is dependent in part on the levels of 
external pressure to which the CMs are exposed before 
and during contraction (preload and afterload, 
respectively). Yet, current in vitro methods are unable to 
mimic the conditions that create such pressure. 
Consequently, these methods cannot provide sufficient 
information regarding CM functionality and drug 
response. The proposed work aims to create an in vitro 
platform that overcomes this limitation, thereby 
revolutionizing current cardiac in vitro paradigms. The 
presented platform, involves the use of magnetic fields 
to apply dynamic forces to CM tissue, thereby 
mimicking in vivo conditions. 

 
Concept and aims 
In the presented work, we aim to to overcome 
limitations of current in vitro cardiac models by creating 
a human-relevant in vitro model of the cardiovascular 
system that mimics the dynamic environmental 

pressures to which CMs are subjected in vivo. In this 
work, we were able to:  

• Develop a magnetically controllable soft 
substrate that uses magnetic fields to mimic 
preload and afterload pressures.    

• Integrate CM into the magnetic substrate and 
identify their response to the substrate.    

•  Assess CM functionality under various 
preload/afterload conditions, and compare it 
to known PV loops.   

 
Preliminary results 

We have achieved a proof of concept for some 
of the key elements of the proposed platform (Fig. 2). 
Specifically, we have successfully synthesized MNPs  
and embedded them in biocompatible gels (gelatin) [1]. 
In addition, a permanent magnet was used to 
demonstrate the gels’ response to a magnetic field [2].  
Then we applied an Ogden model of second order on 
uniaxial compression test led on gels, we determined 
that gels present a stiffness of 3.7 kPa which is coherent 
with values found in literature [3] and that MNP do not 
act as stiffener. Finally demonstrated that Mgels are not 
toxic to CM and are optimizing the growth of CMs (up 
to 14 days currently). Building on these promising 
preliminary results, we proceed to carry out the 
remaining steps of our research plan, including: 
characterising CM functionality in the Mgels and 
identifying how MNPs affect CM properties, 
developing magnetic and electric controls, and most 
importantly, developing an in vitro–in vivo 
extrapolation methodology.  
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Figure 1 Currently, there is not in vitro system that can 
emulate the forces applied on the heart 

Figure 2 (Top) The experimental design that will culminate in 
the establishment of a new in vitro platform for cardiac 
research. (Bottom) Preliminary results which demonstrate a 
proof of concept. 
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Introduction 
Many cardiovascular diseases are highly location 
specific, such as atherosclerosis or aneurysms. 
Therefore, the study of the local haemodynamic and 
mechanical environment of the vessels has become of 
interest in the past years, as it is a possible trigger for 
these diseases. Added to this, the use of patient-specific 
geometries of vessels is valued as it implies more 
physiologically realistic results and can lead to more 
accurate simulations. 
In this line, fluid-structure interaction (FSI) models, 
which fully couple the effect of the fluid and the 
mechanics, have started to be developed. Regarding 
coronary arteries in particular, which are prone to 
develop an atheroma plaque at specific sites, FSI models 
to date have centred on the simulation of real straight 
parts of the vessel, not including bifurcations, and a 
single-layered approximation of the vessel wall [1,2,3]. 
In this study, we propose an FSI model, based on a 
patient-specific geometry of the bifurcation of the left 
main (LM), the left circumflex (LCX) and the left 
anterior descending (LAD). The model includes the 
mechanical stimuli present in these vessels, i.e., the 
cyclic bending and axial stretching, as well as the 
myocardial compression. With this model, we intend to 
shed light on the mechanisms that trigger 
atherosclerosis.  
 
Methods 
An MRI image of a healthy coronary artery was 
segmented and processed. The thickness of the vessel 
wall was extruded and the whole geometry was 
smoothed and exported to a 3D model.  
The mechanical part, i.e., the vessel wall, is split into 
two layers, the media and adventitia, as the intimal layer 
is assumed to not contribute to the mechanical behaviour 
of the vessel, see Figure 1. Both layers are modelled by 
an anisotropic hyperelastic model, the GHO model [4], 
which considers the effect of the collagen fibres of the 
wall.  

 
Figure 1: Geometry of the coronary bifurcation. Fluid 
domain is shown in blue. 

 
The different mechanical stimuli, as well as the blood 
flow conditions, were obtained from literature [2,3,5]. 
 
Results 
The 3D model of the coronary bifurcation is shown in 
Figure 1.  
Figure 2 shows some preliminary results of the study. 
Figure 2.a displays the values of wall shear stress (WSS) 
that blood flow causes in the vessel wall. Figure 2.b 
shows the deformation of the vessel wall due to blood 
flow.  

     
     a)                                          b)    
Figure 2: a) WSS (Pa) produced by blood flow. b) Strain 
(-) of the vessel wall induced by blood flow. 
 
Discussion 
This study adds up to current developments and is the 
first FSI model of a coronary artery that includes a real 
patient geometry of a bifurcation, a two layered, 
anisotropic modelling of the vessel walls, stretching and 
bending motions and the effect of myocardial 
compression on the vessel.  
The effect of each stimulus in blood flow patterns can 
bring light to the causes of the apparition of 
cardiovascular diseases like atherosclerosis. 
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Introduction 

Approximately half of all cardiovascular deaths 

associated with acute coronary syndrome occur when 

the atherosclerotic fibrous cap tissue in a coronary 

vessel breaks under the action of high blood pressure. 

Recent studies showed that the plaque’s mechanical 

stability is compromised by the presence of micro-

calcifications μCalcs inside the fibrous cap, as μCalcs 

(D = 5-65µm) act as tissue stress concentrators [1-3]. In 

this context, we designed a silicone-based laboratory 

model to investigate changes on the rupture threshold 

caused by μBeads embedded in a hyperelastic material 

mimicking arterial tissues. 
 

Methods 

We created silicone-based (Sylgard 184, PDMS, Dow 

Corning) dumbbell-shaped laboratory models (ASTM 

D412 standard geometries) of arterial tissues. Models 

were scaled down to 20% of original ASTM dimensions 

to correspond to those of human fibroatheroma caps. 

Samples were manufactured using 10:1 pre-polymer to 

cross-linking agent ratio into two groups, with (n=8) and 

without (n=8) μBeads. For samples containing μBeads, 

we added a 1% volume of glass beads (18μm diameter, 

3M) to the mixture. The PDMS was thoroughly mixed, 

degassed for about 30 minutes, poured into sample 

molds cured at 30  ͦC for two days, removed from the 

molds and then cured again at 100 ͦ C for one hour [4]. 

After curing, we tested the samples using a custom made 

micro material testing system equipped with real-time 

control and acquisition software (LabVIEW, v. 2018, 

National Instruments). Each sample was tested using a 

ramp waveform under displacement control at constant 

strain rate (1.5mm/s) up to rupture. Throughout the test, 

the reaction force was measured and the rupture 

recorded using a high resolution camera. The force-

displacement curves were converted into engineering 

stress vs stretch curves, and the ultimate stress to rupture 

was determined. To obtain a constitutive material 

description of the samples, we carried out a material 

evaluation analysis in Abaqus/CAE 6.14-3.  
 

Results 

Samples with and without μBeads exhibited a distinct 

hyperelastic behaviour (Figure1). The constitutive 

model that most closely represented the data was Ogden 

third order [5], where the strain energy function depends 

on the hyperelastic constants μi, αi (Table 1) that 

describe shear moduli and power law coefficients. The 

ultimate stress (stress at rupture) in the PDMS with 

μBeads group was much lower than the PDMS only 

group. Comparison of the mean ultimate stress between 

these two groups was performed using a two tailed T-

test, which demonstrated a significant effect (p=2.06E-

5) of μBeads on the rupture threshold of this atheroma 

cap laboratory model (Figure 1, top left).  

 
 

Figure 1: Stress vs stretch ratio for normal samples and 

samples with μBeads. Top left, Box Plot of the ultimate 

stresses for the two groups. 
 
 
 

Group µ1 µ2 µ3 α1 α2 α3 D 

Norm. -4.8 4.7 0.7 16.3 16.3 -16.5 0 

μBeads 0.2 8.9 -7.4 14.8 14.7 0.9 0 

Table 1: Constitutive coefficients values for the two 

samples groups. μi is reported in MPa. 
 

Discussion  

Our results clearly capture the influence of μBeads on 

the hyperelastic behavior and rupture threshold of a 

vascular tissue mimicking material, as samples with 

μBeads display significantly lower ultimate stresses. 

The plausible explanation for the observed change in 

rupture threshold is the increase in stress concentration 

around spherical μBeads, which we have previously 

shown in analytical and numerical studies [1-3] can 

range from 2 to 5 times the background stress in the 

material. These experimental observations support our 

previous studies suggesting that μCalcs located within 

the fibroatheroma cap may be responsible for 

significantly increasing the risk of cap rupture that 

precedes the formation of a thrombus, myocardial 

infarction and sudden death. 
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Introduction 

The mechanical stability of an atheroma fibrous cap is a 

crucial factor for the risk of heart attack or stroke in 

asymptomatic vulnerable plaques. Common 

determinants of plaque vulnerability are the core size, 

cap thickness, and the presence of micro-calcifications 

(µCalcs). Higher local stresses have been linked to thin 

caps and thick necrotic cores. More recently, our lab 

demonstrated how µCalcs can potentially initiate cap 

rupture [1-3]. When combined, these factors can 

compromise to a greater extent the stability of the 

plaque. On this basis, we quantitatively analysed both 

individual and combined effects of key determinants of 

plaque rupture using a tissue damage model.  

Methods 

We performed 10 finite element simulations on three-

dimensional multi-layered idealized atherosclerotic 

geometries presenting 70% stenosis and 1.6 remodelling 

index. We considered three values for the fibroatheroma 

(FA) cap thickness (200, 100 and 50µm), three relative 

core thicknesses in the case of the 100µm cap (25%, 

50% and 75%), and two µCalc scenarios (no µCalc and 

one spherical µCalc, D=18µm). Each artery was 

expanded by a ramp pressure up to 120mmHg. To 

replicate the rupture of the fibrous cap, we implemented 

a custom-made user subroutine coded in FORTRAN 

based on the hyperelastic failure description proposed 

by Volokh et al. [4]. We considered a max. principal 

stress for rupture of 300kPa[5]. The arterial layers were 

described by the Ogden 3rd order constitutive model 

(Table 1). The lipid core and the µCalc were considered 

as elastic materials (Ecore = 5kPa, νcore = 0.49; EµCalc= 

18,000 kPa, νµCalc=0.3).  

Table 1: Layer-specific values for the Ogden 3rd model. 

Results 

To obtain a detailed analysis of the cap stresses, a sub-

modeling approach was implemented using ABAQUS 

(V. 2019 Simulia, Providence, RI) (Fig. 1A). The μCalc 

was introduced into the center of the cap in the third 

submodel. The stresses and strains reported for each 

model represent the average value of 200 nodes selected 

either along the central cap thickness (no μCalc) or 

around the μCalc tensile poles. Our results confirm that 

thinner caps and thicker cores induce higher cap 

stresses. However, no model without μCalc reached the 

threshold stress for rupture (Fig. 1B). On the other hand, 

when the μCalc was embedded into the tissue, the 

models with fibrous cap thickness of 50 and 100μm, and 

with a relative core thickness of 50 and 75% ruptured 

acutely. In the models with large cap thickness and small 

core size, the cap rupture didn’t occur, although the 

stresses around the μCalc were significantly higher than 

the corresponding models without μCalcs. The stress 

concentration factor (SCF) - ratio between the 

maximum stress at the tensile poles of the μCalc and the 

background stress in the tissue - exhibited a SCF of 

about 2.2. - 2.5. 
 

 
Figure1: (A) Illustration of the sub-modeling approach, 

from the global model to the portion of the cap. (B) Max 

Princ. Stress vs Strain for the models without μCalc 

(left) and with μCalc (right). Cap rupture only occurred 

when a μCalc was present in a cap ≤ 100μm thick and 

with a core ≥ 50% thick.  

Discussion 

Our results clearly show the multifactorial nature of 

plaque vulnerability and the significance of micro-

calcifications on the cap mechanical stability. The 

presence of a μCalc strongly amplifies the stresses in the 

surrounding tissue, which when combined with other 

factors such as the cap and core thicknesses, it can 

exceed the ultimate strength of the material. The novel 

implementation of the tissue damage description that we 

are presenting allows one to quantitatively analyze the 

individual and combined contribution of key 

determinants of cap rupture, which precedes the 

formation of a thrombus, myocardial infarction and 

sudden death. 
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 µ1 µ2 µ3 α1 α2 α3 

Int 0.015 2e-5 0.042 4.9 19.2 -1.9 

Med 0.002 1e-5 0.0011 6.3 15.3 0.5 

Adv 0.0014 1e-6 0.015 8.5 25 -0.8 

87



 26th Congress of the European Society of Biomechanics, July 11-14, 2021, Milan, Italy 

A NEW CONSTITUTIVE MODEL FOR PERMANENT DEFORMATION OF 
BLOOD CLOTS DURING CYCLIC PRESSURE ASPIRATION 

Behrooz Fereidoonnezhad (1), Patrick McGarry (1) 
 

1. National University of Ireland, Galway, Ireland  

 

Introduction 

Acute ischemic stroke (AIS), the result of embolic 

occlusion of a cerebral artery, is responsible for 87% of 

the 6.5 million stroke-related deaths each year. Intra-

arterial aspiration thrombectomy is a minimally invasive 

procedure in which the obstructing thrombus is removed 

by application of a suction pressure on the clot through 

an aspiration catheter. Clinical evidence demonstrates 

that a cyclically fluctuating aspiration pressure results in 

higher recanalization in comparison to the static 

aspiration [1]. However, the mechanism that result in 

improved outcomes for cyclic aspiration have not yet 

been uncovered. 

 

Methods 

In the current study we develope a novel constitutive 

model which accounts for permanent set in blood clots. 

Some physical features such as cross-links formation 

and dissociation in the fibrin network are incorporated 

into the constitutive model as the underlying mechanism 

for permanent deformation in blood clots.  

The formulation is implemented in a finite element 

framework via a UMAT subroutine in Abaqus. The 

model is compared to the experimental data of whole 

blood clot subjected to cyclic uniaxial tension [2]. 

Cyclic and static pressure aspiration thrombectomy are 

then simulated (Figure 2A).   

 

Results 

It is demonstrated that the developed model accurately 

reproduces experimentally observed nominal stress-

strain behaviour of whole blood clot subjected to cyclic 

uniaxial tension (Figure 1). The results of aspiration 

simulation reveal that a higher level of aspiration is 

computed under cyclic applied pressure compared to 

static applied pressure (Figure 2B), as observed 

clinically.  

 

Figure 1: The capability of the proposed model to 

reproduce the stress-strain experimental data of the 

cyclic uniaxial tension of whole blood clot [2].  

 

 
Figure 2: (A) Finite element simulation of cyclic and 

static pressure aspiration using the developed 

constitutive model for blood clot, (B) clot aspiration 

during cyclic and static pressure aspiration 

thrombectomy. 

 

 

Discussion 

The model developed in this study provides a better 

characterisation of the mechanical behaviour of 

thrombus by incorporating the permanent deformation 

which is crucial to get reliable results from 

computational simulation of thrombectomy. This model 

provides a basis for design and assessment of novel 

aspiration catheter design to improve the first-pass 

revascularization rate for acute stroke thrombectomy. 
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Introduction 

Aneurysms of ascending aorta are dilatation of 
the first part of the human aorta. Commonly showing no 
clinical symptoms, but increases the risk of aorta 
dissection, which is a life-threatening condition [1, 2]. 
Normally humans have tricuspid aortic valve (TAV), 
but one of the most frequent congenital malformation is 
bicuspid aortic valve (BAV). BAV is one of the risk 
factors associated with aortic dilatation and dissection 
[3]. In this study we try to elucidate the changes in the 
biomechanical properties, which occur in the dilated 
human ascending aorta depending on aortic valve type.  
 
Methods 

Twenty-four patients undergoing elective 
ascending aorta surgery were selected for this study. 
Two specimens from each ascending aorta anterior 
region were cut in the longitudinal and circumferential 
directions. The sample length was 30 - 35 mm, and their 
width was 5 mm. Specimens were divided in two groups 
depending on valve type: BAV (n=13), TAV (n=11). 
Specimens were investigated under a uniaxial tensile 
test. Tensile test equipment Zwick/Roell (Germany) 
BDO-FB0.5TS was used. Before the testing of the 
samples their thickness was measured. The samples 
were stretched until rupture of the sample occurred. The 
obtained experimental data were processed using 
testXpert 2 software, to determine maximal stress, 
maximal strain and the tangential modulus of elasticity 
in the linear part of the stress-strain curve.  
 
Results 

We observed that there is statistically 
significant difference in both groups (BAV p = 0.023, 
TAV p = 0.011) between the maximal stress for the 
samples of the aortic wall in both directions. In BAV 
group maximal stress in the longitudinal direction was 
Md = 0.57 MPa (0.41 – 0.63) and in the circumferential 
direction was Md = 0.84 MPa (0.63 – 1.05). In TAV 
group maximal stress in the longitudinal direction was 
Md = 0.42 MPa (0.30 – 0.52) and in the circumferential 
direction was Md = 0.59 MPa (0.48 – 0.70). There were 
no statistically significant differences between groups. 

There were no statistically significant 
differences between the maximal strain of the samples 
in both directions in both groups (BAV p = 0.84, TAV 
p = 0.80). But there were statistically significant 
differences between the groups (Figure 1). The maximal 
strain in the longitudinal direction in the BAV group was 
Md = 62.86 % (58.00 – 67.71) and in the TAV group 

was Md = 48.46 % (43.01 – 53.92), respectively (p = 
0.0005). The maximal strain in the circumferential 
direction in the BAV group was Md = 61.02 % (55.20 – 
66.85) and in the TAV group was Md = 45.33 % (37.88 
– 52.79), respectively (p = 0.002). 

Tangential modulus of elasticity in both groups 
in the longitudinal direction for BAV Md = 2.08 MPa 
(1.59 -  2.58) and for TAV Md = 1.91 MPa (1.19 -  2.62) 
was significantly lower (BAV p = 0.0059, TAV p = 
0.013) than the elastic modulus of the samples in the 
circumferential direction for BAV Md = 3.43 MPa (2.62 
-  4.24) and for TAV Md = 3.20 MPa (2.41 -  3.99). 

 
Figure 1: Maximal strain for the samples in the 
longitudinal and in the circumferential directions in 
both groups. 
 
Discussion 

The obtained results showed a remarkable 
anisotropy of the ascending aorta tissue. We found 
higher strength of the tissue in the circumferential 
direction than in the longitudinal direction in both 
groups. There were no statistically significant 
differences between the strains of the samples in both 
groups, but there were statistically significant 
differences between the groups. Patients with BAV have 
greater deformation of ascending aorta wall. Tangential 
modulus of elasticity showed that tissue in the 
circumferential direction is stiffer than in the 
longitudinal direction. Results are consistent with 
studies available in the literature [4, 5, 6]. 
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Introduction 

Hypoplastic left heart syndrome (HLHS) is a congenital 

cardiovascular defect where the left side of the heart and 

related structures cannot support systemic cardiac 

output. The Norwood procedure, performed in the first 

days of life, creates a neo-aorta along with arch 

reconstruction to provide unobstructed systemic output 

from the well-developed right ventricle. To better 

understand patient outcomes, we aim to characterize 

hemodynamics within the reconstructed arch, 

brachiocephalic artery, pulmonary arteries, and BT 

shunt. Prior studies have studied reconstructed arch 

geometry [1], but the current project adds more 

complexity to increase realism relative to patient 

outcomes, by adding more vessels within the area that 

can impact local hemodynamics. 
 

Methods 

After Institutional Review Board (IRB) approval, 

patients diagnosed with HLHS or similar left-sided 

anomalies with prior Norwood operation (n=3) 

underwent MR angiography (MRA) before Glenn 

intervention. A control patient was modeled for 

comparison. The control patient had a single ventricle 

with a native aortic arch and normal aortic valve, such 

that the aorta arose unobstructed from the systemic 

single ventricle. Geometry and boundary conditions 

were extracted from MRA and phase-contrast data, 

respectively. Patient-specific models were created in 

SimVascular (simvascular.github.io). The time 

dependent Navier-Stokes equations were solved within 

the 3D model domain. coupled with 3-element 

Windkessel outlet boundary conditions for the patient 

specific geometry and an electrical analogue of the heart 

implemented via closed-loop lumped parameter 

network (LPN) [2] for a forthcoming virtual 

reconstructed geometry. These approaches allowed 

quantification of wall shear stress (WSS) indices and 

cardiac function for later comparison. Low time-

averaged WSS (TAWSS), and elevated oscillatory shear 

index (OSI) have previously been associated with 

atherosclerosis [3,4]. 
 

Results and Discussion 

TAWSS, normalized to body surface area (BSA), was 

quantified via 5 mm bands in the ascending aorta 

(AscAo), transverse arch (TA), descending aorta (DAo), 

and middle of the descending aorta (mDAo) as shown in 

Figure 1 and Table 1 for models completed to date. 

When compared with the control subject, patients 1 & 2 

exhibited lower TAWSS and higher OSI values 

upstream of the DAo and mDAo regions, suggesting the 

AscAo and TA may be the hemodynamically critical 

regions that need surgical optimization; through virtual 

reconstruction of the arch as part of that forthcoming 

work. Patient 3 had a less concave reconstructed arch 

and closer age to the control, registering similar 

numbers and alike values to prior controls [5]. Age also 

seems to play a role in WSS indices revealed in the 

aortas of HLHS patients. 

 

Figure 1: Normalized Time Average Wall Shear Stress 

Table 1. Indices of vascular biomechanics. 

 

Motivated by AscAo and TA results above, a closed 

loop configuration with the coupled behaviour of the 3D 

and 0D domains [6,7] is now being implemented to 

further optimize reconstructed aortic arch geometry. 

Additional information from this future virtual 

reconstruction work, such as cardiac workload from 

pressure-volume loops, should provide more valuable 

details to optimize the arch reconstruction approach. 
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Introduction 
The INSIST project1 aims to develop computational 
models to improve treatments of ischaemic stroke, one 
of the global leading causes of death. Accurately 
predicting brain tissue perfusion in patients is a key 
element of the envisaged pipeline. The present work 
aims to evaluate a multi-scale haemodynamic 
simulation environment which can fulfil this task.  
 
Model 
The coupled model consists of a 1D and a 3D blood flow 
(BF) model governing large arteries and microvessels, 
respectively2. In the 1D model large arteries are 
modelled as thin elastic tubes BF is described using a 
1D hydraulic network model with pressure-dependent 
resistance segments. It is assumed that microvessels are 
rigid and flow inside them is captured using a multi-
compartmental porous medium approach3. Blood is 
modelled as an incompressible Newtonian fluid and the 
primary variable is steady state blood pressure in both 
models. 
The 1D and 3D models are coupled through the pial 
surface, where the pressure drop between the models is 
bridged with additional hydraulic resistors symbolising 
unresolved blood vessels.  The linear equation sets 
corresponding to the 1D and 3D models are solved 
indirectly at every coupling iteration within which a 
nonlinear optimisation minimises the residuals defined 
based on the pressure and volumetric flow rate 
differences at the interface of the two models. 
 
Results 
The coupled model predicts arterial blood flow and 
tissue perfusion during an acute ischaemic stroke. Here 
a right middle cerebral artery (RMCA) occlusion is 
considered. Figure 1a-c and b-d show results 
corresponding to the uncoupled and coupled cases, 
respectively Two-way coupling allows for feedback 
between the models, thereby capturing retrograde flow 
and leading to a less significant perfusion drop in the 
occluded scenario.  In the coupled case, perfusion 
gradient is smaller in the brain emphasising how 
collateral pathways might counteract major vessel 
occlusions. The coupled model can capture crucial but 
previously neglected effects, such as blood flow 
rerouting through mirovessels after an arterial 
occlusion. 
 

Conclusion 
Accurately predicting infarct volume after an acute 
ischaemic stroke requires two-way coupling of models 
describing arterial blood flow and tissue perfusion. The 
predicted perfusion maps provide sufficient input for a 
tissue health model which could estimate Infarction 
progression as a function of space and time. Therefore, 
the coupled model paves the way for a thorough 
validation based on medical imaging data. 
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Introduction  
Heart failure (HF) is a complex syndrome in which the 
heart loses the ability to fulfil tissue metabolic 
requirements with blood flow. HF is strongly associated 
with aging, its incidence reach 3:100 after 85 years old 
[1]. Worldwide, HF affects 26 million people. 
Nowadays, the gold standard to treat HF is heart 
transplantation but in the future, the demand is going to 
exceed the supply availability [2]. This pathology 
mainly charges the left ventricle due to the high 
mechanical work. The left ventricular assist devices 
(LVADs) implantation is nowadays a routine procedure, 
however, LVADs implantation often causes secondary 
right heart failure that is treated by the implantation of a 
second standard LVAD connected to the right ventricle. 
In this project, we prototyped a ventricular assist device 
specific for the right ventricle (RVAD). 
 
Methods 
Five centrifugal pumps RVAD were designed and CFD 
simulations were performed. The one displaying the best 
hydraulic performances (based on the characteristic H-
Q curves) was manufactured by a resin 3D printer. In 
order to properly evaluate the support efficiency of the 
RVAD in different pathological conditions, a hybrid 
simulator was used. The prototype was tested in three 
different modalities: continuous flow, and pulsatile flow 
either in co- or counter-pulsation mode. 
 
Results 
RVAD prototype experimental H-Q curves at different 
rotational speeds and afterloads showed to be more 
effective for right heart support compared to the 
standard LVADs (Figure 1), due to the lower pressure 
generation at the same flow rates. Moreover, the CFD 
simulations allowed identifying some critical regions 
inside the RVAD (Figure 2). 

  

Figure 1: Characteristic curve of the pump obtained 
from the computational simulations for different 
rotational velocity of the impeller. 
Discussion 
The experimental results obtained from the tests on the 
hybrid simulator proved that our RVAD prototype 
provides adequate support both in the continuous and 
pulsatile mode (co-pulsation or counter-pulsation). 
We successfully designed a working prototype of a right 
ventricular assist device, which demonstrated to 
properly support hemodynamics in a failing right heart.  
 

Figure 2: Velocity magnitude of the selected centrifugal 
pump. 
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Introduction 

Mock Circulatory Loops serve as a platform to 

characterize the fluid dynamics of the human circulatory 

system and to test cardiovascular devices. In a typical 

setup, a pump imposes a patient’s specific flow rate at 

the inlet of an anatomical model, and passive 

components, such as compliance chambers and pinch 

valves, are used to set physiological pressures at its 

outlets. The passive components, however, require an 

extensive calibration and cannot be used to replicate 

complex dynamics. To overcome these drawbacks, a 

Hardware-in-the-Loop (HIL) strategy was implemented 

[1]. The aim of the study is to develop a system based 

on dynamic pressure regulation at the outlet sections of 

the model, according to the real-time results of a 

numerical simulator. 

 

Methods 

The developed system represents an upgrade to the 

Mock Circulatory Loop described in [2]. Each passive 

component was replaced with a pressure-controlled 

chamber in series with an adjustable resistance, which 

ensures a constant water level during its operation. The 

pressure inside each chamber is regulated with a PID 

controller, whose setpoint is updated via the integration 

of a Windkessel model, according to the latest flow-rate 

measurement. The software is programmed with 

LabVIEW and deployed on the FPGA module of a 

CompactRIO controller. The new setup, assembled to 

test a model with a single outlet, is shown in Figure 1.   

Figure 1: Single outlet configuration: a) piston pump, 

b) pressure-controlled chamber c) valve housing d) 

flow-meter and e) reservoir. 

 

In order to validate the new system a bileaflet 

mechanical aortic valve was tested (St. Jude Medical), 

by imposing 12 different flow profiles. A transparent 

housing for the valve, with two orifices to measure the 

ventricular and the aortic pressure, was designed and 

manufactured with additive technique. The heart rate 

was kept constant at 70 bpm, and both the systole to 

diastole time ratio (α), and the Cardiac Output (CO) 

were varied. For each condition, the parameters of the 

numerical simulator were tuned to achieve a pressure 

range of 80-120 mmHg. 

 

Results 

The developed system successfully served as a platform 

to test the performances of a mechanical heart valve. For 

each flow profile the mean absolute difference between 

the setpoint pressure and the measured one was always 

less than 5 mmHg. A comparison between the setpoint 

and the pressure inside the chamber, under the most 

challenging condition (CO=7[l/min] and α=0.5[s/s]), is 

shown in Figure 2. 

 
Figure 2: Comparison between the setpoint pressure 

and the measured pressure inside the chamber. 

 

We then computed the relevant valve metrics, obtaining 

comparable results with the ones found in literature [3]. 

 

Discussion 

We have presented a HIL approach that allows to 

overcome the major drawbacks of a typical Mock 

Circulatory Loop system. The effectiveness and 

flexibility of the new system were proven. The setup is 

under constant development; future works will include 

testing of anatomical models with multiple outputs and 

implementation of more sophisticated control 

algorithms. 
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Introduction: Ischemic stroke is one of the major causes 

of disability and mortality in our society. Rapid 

recanalization of arteries occluded with thrombi 

employing a medical and/or endovascular approaches 

have been shown to be effective treatments. The medical 

recanalization route involves treating patients with 

recombinant-tissue plasminogen activator (rtPA).  It is 

critical to understand how the clot structure, histology 

and occlusion haemodynamics effect thrombolysis.  

Initially, we examined the effect of thrombolysis on clot 

mechanical properties in a static model using ovine clot 

analogues. In this present study, we set out to develop 

an in vitro thrombolysis AIS occlusion model with an 

aim to understand the mechanism of action of rtPA 

under physiological pulsed flow and pressure control. 

This work is intended to provide outputs to support 

computational model generation as part of the in silico 

trials for treatment of Acute Ischemic Stroke (INSIST1) 

to precisely understand thrombolysis.  

 

Methods: In the static model, ovine clot analogues with 

different red blood cell, fibrin and platelet composition 

were prepared and exposed to different levels of 

compaction to simulate arterial blood pressure 

conditions.  The clots were then treated with rtPA in an 

open container with full immersion of the clots, using 

different doses of rtPA and for different time durations.  

After thrombolysis, unconfined compression testing was 

performed to measure tangent modulus and energy 

dissipation ratio to assess clot deformation and 

viscoelasticity respectively.  

 

A dynamic model was then developed to examine the 

effect of diffusion of rtPA through stagnant and fully-

flowing blood vessels proximal and distal to the clots. 

Diffusion through the clots under different pressure 

gradients was also examined.  Measurement of the rate 

of change in clot size and changes in the microstructure 

at different locations on the clot were captured using 

video-capture and scanning electron microscopy 

respectively.  

 

Results: In the static model, clot analogues that were 

exposed to rtPA showed a reduction in tangent modulus 

(p < 0.05) and showed significant reduction in energy 

dissipation ratio (p < 0.05).  

 

In the dynamic model, composition and pressure 

gradient significantly affect the size of the clot at the 

occlusion site, thereby resulting in differences in clot 

compaction. The flow dynamics at the distal and 

proximal faces of the clot effect the access of rtPA to the 

clot, which allowed assessment of the impact of 

diffusion on rtPA effectiveness. SEM images of clot 

samples showed cleavage of fibrin fibres and exposure 

of the internal microstructure of the partially lysed clots. 

 

Conclusion: A static and pulsatile in-vitro flow model of 

thrombolysis incorporating different pressure gradients 

was developed to study the role of clot composition, 

pressure and stagnant flow on the mechanism of 

thrombolysis. Clot composition, platelet contraction and 

duration of clot exposure to rtPA significantly affects 

clot mechanical properties.  

 

 

Figure and Tables 

 
 

Figure 1: (A) Increasing duration of exposure to rtPA 

as significant factors affecting clot tangent modulus at 

large strain (B) and also significantly impacts energy 

dissipation ratio  
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Introduction 

Mechanical properties of thromboemboli play an 

important role in the efficacy of endovascular 

thrombectomy (EVT) for acute ischemic stroke. 

However, very limited data on mechanical properties of 

human stroke thrombi is available. We aimed to 

mechanically characterize thrombi retrieved with EVT, 

and to assess the relationship between thrombus 

composition and thrombus stiffness. 

 

Methods 

Forty-one thrombi from nineteen acute stroke patients 

who underwent EVT between July and October 2019 

were mechanically analyzed, directly after EVT. We 

performed unconfined compression experiments and 

determined tangent modulus at 75% strain (Et75) as a 

measure for thrombus stiffness. Thrombi were 

histologically analyzed for fibrin/platelets, erythrocytes, 

leukocytes and platelets, and we assessed the 

relationship between histological components and Et75 

with univariable and multivariable linear mixed 

regression. 

 

 

 

Figure 1: Scatterplot showing the relationship between 

composition and stiffness of the thrombus.  

 

Results 

Median Et75 was 560 (IQR 393-1161) kPa. In the 

multivariable analysis, fibrin/platelets were associated 

with increased Et75 (aβ, 9 [95% CI 5-13]) kPa, 

erythrocytes were associated with decreased Et75% (aβ, 

-9 [95% CI -5 to -13]) kPa. We found no association 

between leukocytes and Et75. High platelet values were 

strongly associated with increased Et75 (aβ, 56 [95% CI 

38-73]). 

 

Conclusions 

Fibrin/platelet content of thrombi retrieved with EVT 

for acute ischemic stroke, is strongly associated with 

increased thrombus stiffness. For thrombi with high 

platelet values, there was a very strong relationship with 

thrombus stiffness. Our data provide a basis for future 

research on the development of next-generation EVT 

devices tailored to thrombus composition. 
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Introduction 

A wide variation exists in the histological properties of 

thrombi retrieved from acute ischemic stroke patients 

[1]. Thrombus composition significantly impacts the 

outcomes of thrombolytic therapy and thrombectomy 

procedures. If the clinical imaging modalities that are 

currently used in the acute ischemic stroke setting 

(computed tomography (CT) and magnetic resonance 

imaging (MRI)) can be leveraged to understand 

thrombus composition then the treatment can be 

individualized based on each thrombus. Mechanical 

retrieval also imposes a wide variation of forces on the 

occluding thrombus including compressive, tensile, 

shear and friction. The mechanical properties of an 

occluding thrombus can dictate the device-tissue 

interaction and subsequent success of clot retrieval 

procedures. Here, we present a scoping review detailing 

associations between thrombus composition, clinical 

imaging  and mechanical characteristics. 

 

Methods 

We conducted a scoping literature review. 

 

Results 

A positive hyperdense artery sign on CT or 

susceptibility vessel sign on MRI images are associated 

with red blood cell (RBC)-rich and mixed thrombi [2]. 

Eleven studies confirmed a positive association between 

the RBC content or RBC-rich thrombi and the 

quantitative density values acquired from non-contrast 

CT scans [3]. R2* values derived from gradient-echo 

sequence MRI are also positively correlated to the RBC 

and iron concentration of thrombus analogs [4]. 

Contrastingly, thrombus perviousness (a proxy for 

permeability) on contrast-enhanced CT scans is 

positively associated with the fibrin/platelet content [5]. 

 

Tangent stiffness at 45% tensile strain has a strong 

positive correlation with fibrin concentration (r = 0.613, 

p < 0.001) [6]. Fibrin concentration was found to 

contribute to the compressive tangential stiffness at 

three different strain values (E10%, E50% and E80% in the 

order of 1kPa, 10kPa and 100kPa, respectively) [7]. In 

agreement with this, thrombus analogs with higher RBC 

content experienced greater maximum indentation 

depths (due to lower stiffness) in an stent strut 

indentation experiment [8]. As shown in Fig.1 there is a 

wide range in the properties reported from compression 

tests. Fibrin-rich clots have significantly higher 

coefficients of friction than clots higher RBC content 

(0.496 for 0% RBC vs 0.203 for 40% RBC) [9]. Data 

from tensile tests to failure of ex vivo thrombi and 

thrombus analogs suggest that RBC-rich clots are more 

prone to fracture and embolization [6,10]. 

 

 
Figure 1: Range of compressive properties reported: (i) 

low and high strain stiffness and onset points, (ii) 

tangent stiffness at 10%, 50% and 80% strain, (iii) 

secant stiffness at 0-45%, 0-75% and 75%-95% strain. 

 

Discussion 

The use of multiple MRI sequences has produced 

promising results in the discrimination of lipid and 

calcific thrombus components. However, these 

quantitative MRI results must be validated in an in vivo 

cohort. Both the tensile and compressive behaviour of 

thrombi are largely dictated by the fibrin or RBC 

content. Thrombus analogs exhibit much lower (low-

strain) stiffness than retrieved human thrombi. This may 

be explained by the absence of dynamic thrombus 

analog protocols, or pre-conditioning in the 

experimental set-up. To conclude, the use of non-

invasive pre-treatment imaging to characterize 

thrombus composition and subsequent mechanical 

properties has the potential to inform decision-making 

in the treatment of acute ischemic stroke. 
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Introduction 
Acute ischemic stroke (AIS), the result of embolic 
occlusion of a cerebral artery, is responsible for 87% of 
the 6.5 million stroke-related deaths each year. Despite 
improvements from first-generation thrombectomy 
devices for treating AIS, 80% of eligible stroke patients 
will either die or suffer a major disability. These data 
provide a strong motivation to improve current 
technologies for AIS therapies to achieve complete 
reperfusion on the first pass. To this end, our group 
embarked on a study on the use of cyclic aspiration in 
mechanical thrombectomy.  
 
Methods 
Our initial computational model [1] consisted of two 
compartments (Fig. 1): (i) a large-deformation 
viscoelastic thrombus, and (ii) an interface binding the 
thrombus to a cerebral artery, which was assumed to be 
rigid. The interface was modeled as a nonlinear 
viscoelastic cohesive zone (CZ) subject to a failure 
mechanism triggered by damage accumulation due to 
fibril pullout. In this work, we continue our 
investigation, this time accounting for the arterial 
deformation by modeling the artery as a hyperelastic 
solid. Using a geometry and physical properties relevant 
to AIS, we aim at answering some basic questions 
concerning the relative importance of arterial 
deformability in relation to the viscoelastic properties of 
the thrombus, the constitutive response of the CZ, and 
the details of how the cyclic aspiration is applied to the 
thrombus.  
 
Results 
Our new results show that, depending on the details of 
the load application, the thrombus's motion toward the 
aspirating catheter might be impeded by the artery 
deformability. Additional considerations pertain to the 
frequency of cyclic aspiration in relation to the 
relaxation times of the thrombus and of the CZ as higher 
aspiration frequencies result in increased viscoelastic 
stress responses of both the clot and the CZ. 
 
Conclusions 
These results suggest that the thrombus adhesion to the 
endothelium may play a significant role in the use of 
cyclic aspiration and understanding the force and 
behavior of clot removal.  
 

 
 
Figure 1: (a) Model with a lodged thromboembolus in a 
cerebral artery exposed to cyclic aspiration from an 
upstream catheter. (b) Diagram of the CZ model as the 
thromboembolus is pulled away from the arterial wall. 
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Introduction 
Aortic stenosis is one of the most common degenerative 
heart valve defects. The valve becomes constricted, 
making a replacement necessary in severe cases. [1] 
When a traditional heart valve surgery cannot be 
performed, a catheter-based aortic valve implantation 
(TAVI) represents a modern alternative, provided the 
patient meets the requirements for that procedure [2]. 
Such an implant typically consists of a metallic stent 
with leaflets and skirt made from pericardial tissue. This 
prosthesis takes up the function of the malfunctioning 
native valve. [1,2] 
To make the TAVI implants available to a broader range 
of patients, the size of the catheter needs to be as small 
as possible. To achieve this, research is done on 
reducing the thickness of the pericardial tissue used for 
leaflets and skirt of the valve prosthesis. A procedure is 
established and the properties of the adjusted tissue are 
examined. 
 
Material and Methods 
The used material is porcine pericardium, which is 
processed until the compound of fibrous pericardium 
and parietal layer of serous pericardium are free of other 
adherent tissues. After rinsing in physiological saline 
solution, water is extracted from the tissue under 
controlled conditions to reach a thickness-reduced state. 
Afterwards, the tissue needs to be fixated by cross-
linking it with a 0.5% glutaraldehyde solution. To 
conserve this condition during crosslinking, pressure is 
applied to the tissue, while at the same time ensuring a 
permanent inflow of glutaraldehyde solution into the 
crosslinking assembly. Crosslinking is performed at 
least for a week. 
The thickness and the water content are measured, as 
well as the mechanical properties using a uniaxial tensile 
apparatus. The grade of crosslinking is determined by a 
ninhydrine assay and differential scanning calorimetry. 
To test the suitability of this material for a valve 
prosthesis, prototypes were produced and their correct 
function examined. 
 
Results 
The tissue obtained by the above process has altered 
properties in comparison to standard pericardium. The 
tissue is significantly thinner (fig.1 top), the appearance 
becomes transparent and the water content decreases 
with thickness (fig.1 bottom). The tissue also becomes 
stiffer and has been shown to be adequately cross-linked 
for application in medical devices. It has been possible 

to sew prototype valve prostheses from the thickness-
reduced tissue with correct function (see fig.2). 

 
 
 

  

 
Figure 1: Box plot representation of thickness and water 
content of thickness-reduced pericardial tissue in 
dependence of the amount of pressure on the tissue used 
to remove water. 
 

 
Figure 2: Correct functioning valve prosthesis in the 
function test system. 
 
Discussion 
The presented method produces thickness-reduced 
pericardial tissue in a reliable way. Furthermore, 
prototype aortic valves were made of thickness-reduced 
pericardial tissue with correct function. The altered 
mechanical properties in comparison to standard 
pericardium need to be further investigated. 
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Introduction 

In-stent restenosis (ISR) is one of the major issues for 

percutaneous coronary intervention, and defined as a 

decrease of luminal diameter by more than 50% after 

stent implantation [1]. The correlation between stenting-

induced vessel injury and the rate of ISR has been 

investigated in literature, but the findings relied only on 

empirical data. The aim of this paper is to investigate the 

contribution of tissue damage in the media layer to ISR 

after stent deployment, with a focus on predicting the 
development of ISR with time. In the current study, a 

tissue-growth model, associated with vessel damage, 

was introduced to predict the growth of the media layer, 

a major contributor to ISR. Systematic finite element 

(FE) simulations were carried out to analyze the stenting 

procedure, quantify the tissue damage caused by 

stenting and predict the subsequent evolution of ISR 

over a defined time. 

 

Methods 

FE simulations were performed by using an Abaqus 

explicit solver. A two-layer coronary artery with a 
plaque was built for modelling the deployments of 

XIENCE Sierra, Endeavor and ABSORB stents. Both 

ends of the artery were fully fixed throughout the 

simulations. Stent expansion in the diseased artery 

consisted of two steps: inflation and deflation. In the 

subsequent balloon-removal step, contact of the balloon 

with the stent and artery was removed. In the final 

tissue-growth step (6 months), the media began to grow 

based on the damage caused by the stent deployment. 

The first-order Ogden model with Mullins effect was 

adopted to describe the mechanical behaviour of the 
plaque. The modified HGO-C model with damage was 

employed to describe the mechanical behaviours of the 

arterial layers. A growth model [2] was applied to the 

media to describe the tissue growth. 

 

Results 

After 6 months of stent implantation, the mean lumen 

diameter reduced to 2.39 mm, 2.20 mm and 1.83 mm for 

the XIENCE Sierra, Endeavor and ABSORB stents, 

respectively (see Fig. 1). The lumen diameter during the 

tissue growth was plotted in Fig. 2 as a function of both 

the maximum lumen dimeter and the growth time, 

showing a direct correlation of the ISR with the 
maximum lumen diameter over the time after stent 

implantation. The diagram represents a 3D surface plot 

of ISR as a function of peak lumen diameter and time, 

which can be used directly to predict ISR for a given 

peak lumen diameter and time point. 
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Figure 1: Evolutions of lumen diameter during tissue 

growth with cross-sectional views of artery. 
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Figure 2: Correlation of in-stent restenosis with the 

maximum lumen diameter and time. 
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Figure 2: Velocity streamlines recorded at peak systole 
showing the flow patterns in the regions of interest for 

an aortic arch aneurysm (left) and dissection (right), 

both treated with the same branched endograft.  
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Introduction 

The evolution of aortic arch repair has equipped 

clinicians with a wide range of methods to tackle 

diseases arising in the ascending aorta and arch. Unlike 

conventional surgical procedures, modern methods such 

as thoracic endovascular aortic repair (TEVAR) provide 

a minimally invasive treatment which reduces risks and 

improves the outcome and speed of recovery [1]. 

Endografts used in TEVAR vary depending on the 

procedure and application with branched endografts 
used to maintain perfusion of blood to the supra-aortic 

vessels and are the focus of this study. Implantation of a 

branched endograft alters the geometry of the aorta, 

which has a profound influence on local flow patterns 

and haemodynamic parameters, such as velocity, 

pressure, and wall shear stress [1, 2]. Changes in these 

parameters can be determined by computational 

modelling and here we present a detailed computational 

fluid dynamics (CFD) analysis of the effects of branched 

endografts on blood flow in the arch. 

 

Methods 

The complex anatomical features of the aorta are unique 

to every individual. CT images acquired from patients 

who underwent branched endograft implantation were 

used to generate accurate 3D geometries (Figure 1). 

CFD simulations were then performed under 

physiologically realistic boundary conditions; applying 

the 3-element Windkessel model at all outlets and a 

representative inflow waveform at the inlet [3].   

Results 

The effect of branched endografts on flow in the aortic 

arch of two patients is illustrated in Figure 2. 

Implantation of the endograft results in accelerated flow 

in the arch, with higher velocity streams arising in the 

internal tunnel branch, leading into the supra-aortic 

branches. It is interesting to note the difference in flow 

patterns between the two cases, even though the same 

device with same tunnel branch diameter (12 mm) was 

used. Whilst the presence of inner tunnels helps guide 
the flow into the arch vessels, it also causes significant 

changes in the local flow patterns in the innominate and 

left common carotid arteries and in the arch region. 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

Discussion 

Branched endografts have a significant influence on 

local flow patterns in the arch and stented supra-aortic 

branches. This is largely dictated by the geometric 

alterations brought about by the device. Through 
detailed analysis of haemodynamic parameters, 

including helical flow index, wall shear stress and its 

related indices, patient-specific modelling will help 

evaluate the risk of possible device migration, 

endoleaks, or device-induced thrombosis in the 

branches. 
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Figure 1: (A) Aortic arch aneurysm treated with 
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implantation. (B) Type A aortic dissection post-TEVAR 

showing the boundary conditions imposed at outlets.  
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Introduction 

Placement of multiple overlapping stents is frequently 

required for patients with a long or angulated lesion, 

which cannot be treated properly with a single stent. 

However, stent overlap was not well studied in silico, 

especially its effect on lumen gain and tissue damage. In 

this study, stent deployment in a patient-specific 

coronary artery was modelled, considering a layered 
structure of a diseased artery and their hyperelastic 

properties. Finite-element simulations were carried out 

for deployment of three stents with and without overlap. 

The simulated lumen gain was compared with the 

clinical results and linked with tissue damage. 

 

Methods 

Finite-element simulations were performed by using an 

Abaqus explicit solver. The artery-plaque model was 

developed by using Mimics and had an overall length of 

30 mm. The vessel was built based on optical coherence 

tomography (OCT) imaging of a specific patient’s right 
coronary artery. Deployment of three stents, with and 

without overlap, was simulated and compared. Both 

ends of the artery were fixed in the longitudinal and 

circumferential directions throughout the simulations. 

The interactions and stenting process used in this study 

were the same as those in [1].  

The first-order Ogden model with Mullins effect was 

adopted to describe the mechanical behaviour of the 

plaque. The modified HGO-C model with damage was 

employed to describe the mechanical behaviours of the 

arterial layers. 

 

Results 

The simulated outcomes for three stents with and 

without overlap are presented in Fig. 1, in comparison 

with clinical outcomes. The overall lumen area achieved 

with the non-overlapping stents was smaller than that 

achieved with the overlapping ones. The dissipation 

energy in the media layer is plotted in Fig. 2, which 

represents tissue damage caused by stenting. The 

maximum damage in the media layer for three non-

overlapping stents was higher than that for the three 

overlapping stents. 

 

Discussion 

In this study, the non-overlapping stents resulted in a 

smaller lumen gain, as well as more severe damage to 

the media layer, when compared to the overlapping 

stents. Therefore, if multiple stents are required to treat 

a long lesion, they should be deployed with a minimal 

overlap in order to achieve a desired lumen gain as well 

as to reduce the stenting-induced tissue damage. 

 

 
Figure 1: Lumen area after stenting: clinical outcomes 

vs. simulated results for three stents with and without 

overlap. 

 

 
Figure 2: Contour plots of dissipation energy (mJ/mm3) 

in media layer after stenting: (a) three overlapping 

stents and (b) three non-overlapping stents. 
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Introduction 

A common treatment of atherosclerosis, one of the most 

common cardiovascular diseases, involves the 

placement of a bypass made of synthetic grafts, such as 

Dacron or Gore-Tex [1]. However, an important 

mismatch in the mechanical properties between the 

native tissue and the graft can result in complications, 

especially for small-diameter vessels (<6mm) [2].  

Therefore, detailed analysis of the global and local 

mechanical properties of synthetic graft materials, in 

comparison to native tissue, is essential to further 

improve vascular graft properties and reducing the risk 

of graft failure. 

  

Methods 

In this study, we applied 4D X-ray microfocus 

computed tomography (4D XCT) to a Dacron graft. In-

situ experiments were performed using a Phoenix 

Nanotom M XCT system combined with a Deben 

CT5000 mechanical loading stage. 3D image data was 

generated at consecutive tensile deformation steps (both 

in the longitudinal and circumferential direction of the 

graft) with a maximal displacement of 0.2 mm. Avizo 

software was used to calculate the local strain maps 

based on conventional Digital Volume Correlation 

(DVC). Three different methods of incremental DVC 

were compared: the “fixed reference image” 

conventional DVC, using the same fixed reference 

image volume, the “sequential” incremental DVC, 

updating the reference volume image at each steps, and 

the “preconditioned” incremental DVC, updating the 

reference volume once severe decorrelation occurs.  

 

Results and discussion 

A stiffness of 5.75 MPa and 13.65 MPa, calculated in 

longitudinal and circumferential orientation 

respectively, highlighted an anisotropy in mechanical 

properties of Dacron, which was already identified in 

the literature [3]. The characterization of the graft 

microstructure was further studied using incremental 

DVC. From the three incremental DVC methods, the 

“fixed reference image” conventional DVC enabled a 

reliable visualization of the evolution of the strain maps 

until a maximal displacement of 0.6 mm. In the 

longitudinal direction, the maximum strains for an 

elongation of 0.6 mm were ranging from -0.8% to 12%. 

Local strain maps superimposed on the microstructure 

(Fig. 1A) showed that the highest tensile strain was 

mainly located at the front and backwards folds within  

 

the selected region of interest (ROI), highlighting 

potential failure location. In the circumferential 

direction, the region of maximal tensile strain (9.04%) 

was mostly situated in between the longitudinally warp 

knitted yarns (Fig.1B). This region potentially became 

thinner and therefore weaker during the tensile 

elongation of the sample. 

Figure 1: Visualization of the volumetric strains map, 

generated from the extracted ROI of Dacron loaded in the (A) 

longitudinal direction and (B) circumferential direction. 

 

Conclusion 

Performing 4D XCT on synthetic arterial graft, namely 

Dacron, as well as a DVC analysis on the resulting 

scans, enabled to highlight intrinsic mechanical 

properties of the material and to identify the region of 

highest deformation and possible failure in its 

microstructure. This preliminary work also points areas 

of improvements in the 4D XCT protocol of arterial 

synthetic grafts. Furthermore, it paved the way to 

ongoing similar experiments on native tissue using 4D 

contrast-enhanced XCT (4D CE-CT). Understanding 

the native tissue microstructure and its changes under 

mechanical loading will allow to enhance the properties 

and design of the current grafts. 
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Introduction 

Transcatheter aortic root repair (TARR) consists of the 

simultaneous endovascular replacement of the aortic 

valve, the root, and the proximal ascending aorta. The 

aim of the study is to set-up a computational model of 

TARR based on a previously developed in-vitro model 

of our group [1], in order to explore the impact of the 

endovascular procedure on the coronary circulation 

supported by chimney grafts. 

 

Methods 

Computed tomography angiography (CTA) of a patient 

with dilated ascending aorta was segmented to obtain a 

3D representation of the proximal thoracic aorta, 

including aortic root and supra-aortic branches. 

Computed assisted design (CAD) tools were used to 

modify the geometry in order to create the post-

procedural TARR configuration featuring the main 

aortic endograft integrated with two chimney grafts for 

coronary circulation (Fig. 1). Computational Fluid 

Dynamics (CFD) simulations were ran using the 

software SimVascular [2] in both pre- and post-

procedural configurations using a pulsatile inflow and 

lumped parameter models at the outflows to simulate 

peripheral aortic and coronary circulation. Differences 

in coronary flow and pressure along the cardiac cycle 

were evaluated together with the velocity field in the 

zones of interest. 

 

 
Figure 1: Creation of the virtual post-TARR geometry. 

A. 3D reconstruction of the CTA of a patient with 

ascending aorta dilation; B. virtual nsertion of the 

coronary grafts; C. virtual insertion of the main body of 

the TARR device. 

 

Results 

After the virtual implant of TARR device with coronary 

grafts, flow became more organized and less 

recirculation was seen in the ascending aorta (Fig. 2). 

Coronary perfusion was guaranteed with negligible flow 

differences between pre- and post-procedural 

configurations. However, despite being well perfused by 

chimney grafts, the procedure induces an increase of the 

pressure drop between the coronary ostia and the 

ascending aorta of 8mmHg.  

 
Figure 2: Velocity streamlines at the beginning of the 

systole (t0) and maximum systolic acceleration (t1). 

 

Discussion 

Our simulation results show that there is a negligible 

difference between pre-procedural and post-procedural 

coronary perfusion, encouraging further analysis of the 

proposed TARR procedure towards its clinical 

implementation. However, at the same time, there was 

an increase of the pressure drop between the coronary 

ostia and the aortic inflow section; we can attribute such 

an increase to the hydraulic resistance induced by the 

long chimney graft used in the post-procedural TARR 

configuration, in concomitance with the pressure 

increase at the aortic inlet, due to the reshaping of the 

aortic root and ascending aorta determined by the 

presence of the main endograft. The increase in pressure 

can be interpreted as a downside of the intervention that 

has already been described as increasing post-

procedural afterload in patients undergoing thoracic 

endovascular aortic repair [3]. 
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Introduction 

Superficial femoral arteries (SFAs) treated with self-

expandable stents are widely affected by in-stent 

restenosis (ISR). The process of ISR initiation and 

progression as well as the role of hemodynamics as ISR 

promoting factor is poorly understood in this vascular 

region. Accordingly, the aim of this work is to 

investigate (i) the  ISR progression in human SFAs by 

quantifying the lumen remodeling trajectory in the 

months after stent implantation and (ii) the impact of 

hemodynamics on ISR development by performing 

computational fluid dynamics (CFD) analyses at 

multiple post-procedural follow-ups.  

 

Methods 

The geometrical models of 10 stented lesions from 7 

patients were obtained from computed tomography (CT) 

through a validated reconstruction method [1]. Four 

follow-ups after stent implantation were considered, 

namely 1-week (1W), 1-month (1M), 6-months (6M) 

and 1-year (1Y). By using the reconstructed anatomies 

and the inlet velocity profile derived from patients’ 

Doppler ultrasound data [1], transient CFD simulations 

were conducted for the first 3 follow-ups.  

The lumen remodeling was quantified in terms of lumen 

area change (∆A), the hemodynamics in terms of wall 

shear stress (WSS) based descriptors [2].  Besides the 

common WSS-based descriptors (i.e. time-averaged 

WSS, TAWSS; oscillatory shear index, OSI; relative 

residence time, RRT), descriptors considering the WSS 

multidirectionality (e.g. cross flow index, CFI; cycle-

averaged ratio of the secondary and axial WSS 

components, WSSratio) were also introduced. The 

lumen area was computed every 1-mm along the vessel 

length at each follow-up. The hemodynamic data were 

analyzed in two-dimensional maps, averaged 

circumferentially and every 1-mm axially to match the 

morphological data, and then subjected to a spatial 

decorrelation analysis to consider them as spatially 

independent [2]. 

Kruskal-Wallis and Mann-Whitney U tests were used to 

compare the morphological data at consecutive follow-

ups and time-intervals (first, 1W-1M; intermediate 1M-

6M; last, 6M-1Y). To test the association direction and 

strength between the WSS-based descriptors and the 

morphological remodelling, the Spearman’s correlation 

was computed. Statistical significance was assumed for 

p-value <0.05. 

Results 

The first time interval was the most dynamic in terms of 

lumen remodeling, with significant differences between 

the lumen area at 1W and 1M (p~0.05), and at 1W and 

1Y (p<0.05) (Fig. 1A). While the intermediate time 

interval showed negligible lumen remodeling, in the last 

time interval portions of the lesions were characterized 

by severe, focal lumen reduction. The link between 

hemodynamics and ISR progression was confirmed by 

the significant correlations in the first and last time 

intervals (Fig. 1B). Moreover, the direction of the 

correlations (ρ<0 for TAWSS, ρ>0 for the other 

descriptors) remained constant along the follow-ups.  

 
Figure 1: A) Normalized minimum lumen area; B) 

Spearman’s correlations between lumen area change 

(∆A) and the WSS-based descriptors (I). *: p<0.05; **: 

p<0.01; ***: p<0.001. 

 

Discussion 

The post-intervention lumen remodeling trajectory and 

the impact of hemodynamics on ISR progression were 

quantified. The longitudinal nature of this study 

provided more quantitative morphological and 

hemodynamic data than previous investigations [2], 

suggesting that low and multidirectional WSS are 

important biomechanical factors involved in the ISR 

process, especially in the time interval 6M-1Y, 

subjected to focal re-narrowing.  
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Introduction 
MVO occurs in as many as 56.9% of all heart attack 
(STEMI) patients [1]. MVO may come from residual 
particles of the primary thrombus, tissue swelling or 
collapsed vessels. Affected vessels are small in diameter 
(< 0.2 mm) and inaccessible for catheters. Some-times 
thrombolytic drugs are injected directly into the aorta or 
the coronary arteries - with limited success. 
To overcome these limitations, we study new methods 
for catheter-based targeted drug delivery to MVO. 
 

Materials and Methods 
A flow loop, representing the left heart circulation, is 
connected to a model of the coronary arterial tree 
comprising resistors and compliances to mimic the 
dynamics of the coronary circulation. This system is 
filled with deionized water and matched to in-vivo data 
obtained in a porcine MVO model. 
A microfluidic chip made with selective laser etching 
(SLE) contains a microvascular tree representing the 
myocardial microcirculation [2] distal to the primary 
obstruction. This chip is used to study the drug 
distribution in healthy and in obstructed branches: An 
occlusion-infusion balloon catheter is used to infuse 
medication (dye) distally to the inflated balloon (15 ml 
in 30 s) and block proximal blood flow for further 60 
seconds. Reference experiments only infuse the drug 
without proximal balloon occlusion. 
A camera records the intensity of the transmitted light 
through the chip. Based on previous calibration, the drug 
concentration c[drug] can be calculated for each pixel 
(Fig. 1) and is then evaluated in defined regions of 
interest (ROI) (Fig. 1 and 2). 

Fig. 1: The arterial tree chip with overlayed con-
centration map during drug infusion with the balloon 
catheter. Left: MVO (blocked outlets), right: healthy. 
 

Results 
With inflated balloon, 2.5x higher maximal drug con-
centrations are reached than without balloon (Fig. 2). 

The concentration curves integrated over time 
(cumulated drug dose (CDD)) are significantly higher 
with the inflated balloon (Two-sample t-test; t(25) = 
6.73, p < 0.01). 
The ratio Balloon/NoBalloon of the CDD can be seen as 
a measure for drug delivery efficacy to channels affected 
by MVO, if the balloon is inflated (Fig. 3). Over all 
MVO-ROIs, the CDD-Ratio is 4.5. 
 

 
Fig. 2: Drug concentration over time. Light grey: Dye 
infusion. Dark grey: Balloon inflated. 
 

 
Fig. 3: Box plot of CDD ratio Balloon/NoBalloon per 
channel order. 
 

Discussion 
The results show that infusion with proximal balloon 
occlusion leads to significant higher CDD. Further 
experiments must take into account blood mimicking 
fluid and different treatment protocols. 
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Introduction 

The emerging treatments for Tricuspid Valve (TV) 

pathologies leads to the need for realistic pathological 

models of TV, aimed at studying these new approaches. 

The most common TV pathology is Functional 

Tricuspid Regurgitation (FTR) where annulus and right 

ventricle dilation leads to valve incontinence. Defrosted 

porcine hearts were used in pulsatile mock loops as an 

experimental model of FTR [1], but a systematic 

characterization of the experimental model is lacking. In 

this work we compared the TV geometrical morphology 

in fresh and defrosted porcine hearts to assess the 

porcine heart as an ex-vivo model of FTR. 
 

Methods 

Five porcine hearts were collected from a local abattoir. 

Pulmonary valves were sealed, the ventricles were 

pressurized at 15 mmHg, and the backflow through the 

TV was measured. To assess the TV morphology the 

hearts were connected to a pulsatile mock loop [1] 

(working parameter were 60 bpm, 70ml of stroke 

volume, and 15 mmHg of mean pulmonary pressure). 

3D-volumetric echocardiographic and endoscopic 

images of the TV were acquired. The hearts were then 

kept frozen (–18°C) for 14 days, defrosted, and tested 

again with the same test protocol. Based on 

echocardiography, 3D anatomies of the TV in peak 

systole were segmented and reconstructed by a custom 

semi-automatic software [2]. The following parameters 

were obtained:  tenting volume, maximum diameter, 

perimeter, and area of TV annulus. 
 

Results 

Figure 1 represents endoscopic views of the TV both in 

fresh and defrosted hearts. Table1 reports the overall 

results (mean ± standard deviation). Sample freezing 

induced significant (p<0.05) increase in annulus size 

(10% and 5% of annulus area and perimeter, 

respectively). The treatment induced right ventricle 

dilation, as highlighted by 114% increase in   tenting 

volume. The morphologic alterations were reflected in 

the significant 7-fold increase of backflow. 
 

Discussion 
Fresh hearts can be used to replicate the physiological 

behavior of the valve, while defrosted porcine TV can 

be considered a realistic ex-vivo model to reproduce 

FTR pathology.   

 
Figure 2: 3D reconstruction of the valve profile during 

peak systole. Fresh valve in green, defrosted valve in 

red. A: anterior leaflet, P: posterior leaflet; S: septal 

leaflet. 
 

 
Figure 1: Endoscopic views of the TV:(a) fresh heart in 

systole;(b) fresh heart in diastole; (c) defrosted heart in 

systole; (d)defrosted heart in diastole. A: anterior 

leaflet, P: posterior leaflet; S: septal leaflet. 
 

Parameter 
Fresh 

Hearts 

Defrosted 

Hearts 
p-value 

Backflow [l/min] 0.3 ± 0.02 2.3 ± 0.8 0.002 

Maximum 

diameter [mm] 
48.9 ± 4.5 51.0 ± 2.8 0.01 

Annulus 

perimeter [mm] 
144.9 ± 1.2 151.0 ± 8.7 0.02 

Annulus area 

[mm2] 
1617 ± 231 1784 ± 217 0.006 

Tenting volume 

[ml] 
6.2 ± 0.9 13.3 ± 3.6 0.005 

Table 1: Characteristic parameters evaluated on fresh 

and defrosted hearts. Paired t-test was performed. 
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Introduction 

Biodegradable stents offer the potential to overcome 

long-term side effects of permanent metallic stents. 

Besides magnesium, polymeric materials, especially 

poly(L-lactic acid) (PLLA), play an important role in 

current research [1]. 

For the prediction and optimization of the mechanical 

behavior of polymeric stents an adequate constitutive 

model is essential to simulate the specific material 

characteristics of thermoplastic polymers. A pheno-

menological model considering typical characteristics 

of thermoplastic polymers is SAMP-1 (Semi-

Analytical Model for Polymers), implemented in LS-

DYNA (Livermore, USA), which is applied in this 

study to analyze mechanical properties of polymeric 

stents made of a PLLA-based blend. Results were 

compared to data of in vitro tests of stent prototypes. 

 

Methods 

Typical characteristics considered in SAMP-1 are the 

different behavior depending on the load type 

implemented by a quadratic or Drucker-Prager yield 

surface (depending on input test data), local necking in 

tensile testing and strain rate dependency [2]. 

As input into the constitutive model, Cauchy (“true”) 

stress-strain data from tensile and compression tests 

were obtained under consideration of non-isochoric 

plasticity according to [3]. Additionally, a plastic 

Poisson’s ratio as function of plastic strain was 

determined in tension and compression. Finite element 

analyses (FEA) applying the material model SAMP-1 

in conjunction with said material data were performed 

with LS-DYNA to simulate the expansion and collapse 

behavior (Figure 1) of four different stent designs. 

Boundary conditions according to designated in vitro 

experiments were implemented. 

Stent prototypes were fabricated by femtosecond laser 

cutting of solution casted tubes (ID = 1.4 mm, 

WT = 150 µm), according to [4, 5]. Following [6], the 

stent prototypes were analyzed regarding expandability 

to 3 mm, recoil and collapse pressure. The comparison 

to numerically determined results enables an evaluation 

of the applicability of the constitutive model. 

 
Figure 1: Representative finite element stent model and 

schematic illustration of analyzed load cases 

Results 

In Figure 2 the expanded stents after elastic recoil from 

FEA and in vitro tests are compared. All designs could 

be expanded to 3 mm and show similar deformations. 

The resulting values for the elastic recoil after 

expansion and collapse pressure under radial loading 

are shown in Figure 3. While basically good results 

can be achieved with the simulations, both values tend 

to be overestimated by FEA. 

 
Figure 2: Investigated stent designs 1–4 after 

expansion (FEA and in vitro) 

 
Figure 3: Elastic recoil (A) and collapse pressure (B) 

for stent designs 1–4 from FEA and in vitro testing 

 

Discussion 

The used constitutive model in conjunction with 

applied material data allows FEA for evaluation and 

comparison of different stent designs. In the current 

analysis differences in tension and compression were 

considered, but no quadratic yield surface was applied. 

Rate effects were not considered. The model SAMP-1 

offers more opportunities to refine the model by 

additional material test data. 
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Introduction 

Stenosis results in partial or complete blockage of arteries due 

to the accumulation of fatty deposits on the inner surface of 

the vessel wall, which can be effectively treated with stents. 

The current stent manufacturing methods produce stents with 

uniform geometries, in terms of stent diameter, cell design 

and strut size. These stents have almost the same mechanical 
properties along either circumferential or longitudinal 

directions. However, the distribution severity of stenosis 

varies significantly in patients, for which the use of current 

stents is not ideal. So, there is a need to develop lesion-

specific stents, with varied diameter, design and strut size, for 

much improved clinical outcomes, which can be achieved via 

additive manufacturing [1]. The aim of this work was to study 

the microstructures and mechanical behaviour of additively 

manufactured 316L stainless-steel (SS) stents.  

 

Methods 

Samples of SLMed and commercial 316L SS stents were used 
in this study. The commercial stent was a Multi-Link RX 

UltraTM stent produced by Abbott; with a strut size of 100 

μm. It was produced by laser micromachining of a thin-walled 

tube. 316L SS stents were produced using selective laser 

melting (SLM). Specimens were prepared for microstructural 

study through sectioning, mounting, grinding and 

metallurgical polishing procedures. Microstructures were 

examined using a JEOL 7100F scanning electron microscope, 

with simultaneous elemental and orientation analyses and 

electron backscatter diffraction. To quantify the mechanical 

behaviour, nanoindentation tests were conducted using 
NanoTest Platform 3 equipment. 

 

Results 

The average roughness Ra, root mean square roughness Rq 

and mean roughness depth Rz for SLMed stent were 8.39, 

10.55 and 56.07 μm, respectively. In the same vein, the 

roughness parameters for the stent were 0.18, 0.26 and 1.23 

μm, respectively. The as-built stent was fully austenitic, and 

no traces of a second phase was recorded. In contrast, the 

XRD pattern of the commercial stent showed traces of the 

second phases such as δ-ferrite and α phase. The as-built stent 

consisted of fine grains towards the wall edges and coarse 

grains at the middle strut. The coarse grains, with a size of 
hundreds of microns, were elongated in the longitudinal 

direction. While the commercial stent had equiaxed, fine 

grains and presence of twins. The hardness and elastic 

modulus for the printed stent was higher than commercial 

stent. 

 

Discussion 

In this study, results showed that the microstructures and 

mechanical properties were affected by the SLM process. The 

grain microstructure of SLMed stent will need to be 

optimised, for instance through heat treatment, to further 

improve the mechanical properties required for stents (e.g. 
both strength and ductility). It is also necessary to further 

reduce the strut size during SLM process in future research, 

to match the thin strut structure of commercial stents [2]. 

 

 
 

Figure 1: EBSD map & Effect of orientation on hardness and 
Young’s modulus for SLMed ((a) and (c)) and commercial ((b) and 
(d)) 316L SS stents.  
 

 
Figure 2: Hardness for SLMed and commercial 316L SS stents at 
different indentation depth measured with Berkovich indenter tip. 
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Introduction 
Laser surface texturing is preferable surface engineering 
technic for stents with precise, tailorable, fast and clean 
modification ability. Existing literatures investigated the 
mechanical and biological performance of laser textured 
stainless steel, but the relationship between the laser 
processing parameters and surface condition is still 
unclear. Geometrical control of laser-textured surface 
morphology is important since geometry of texture 
could affect endothelia cells response [1]. The aim of 
this research is to investigate the relationship between 
different laser processing parameters and textured 
surface morphology. Different laser parameters were 
applied to fabricate grooves of different aspect ratio on 
316 stainless steel. Optical microscope (OM) and 
InfiniteFocusG5 plus™ profilometer were used for the 
surface morphology characterization. Results showed 
clear correlations between laser parameters and textured 
surface conditions and is helpful for parameters 
selection and refinement during laser texturing of stents.   
 
Methods 
An Innolas MMS - SPI redENERGY G4 pulsed fibre 
laser (wavelength, 1060 nm; pulse width, ns; output 
power, 70W) was used for the laser surface texturing of 
316 stainless steel (RS components, UK). The samples 
are 0.5mm-thick plate and all cut into 10mm×10mm 
pieces by guillotine with as-received surface. Different 
laser parameters including fluence per pulse, frequency 
(20, 100, 500kHz), feed speed (300, 500, 1000mm/s) 
and pulse width (16, 26, 46ns), defocused distance (0, 
+1, +2, +3mm) with 0.08mm pitch were used in several 
combinations to investigate the influence of certain laser 
parameters on the surface condition. All processed 
samples were characterized by OM and profilometer to 
obtain the surface morphology data and were compared 
to a benchmark unprocessed specimen. 
 
Results 
The influence of process parameters was clearly 
demonstrated. The groove width and depth are mainly 
influenced by fluence per pulse and pulse width (Fig. 1a, 
1b) by changing energy transfer and less laser-plasma 
interaction during laser process [2], defocused distance 
also contributed to the variation of the groove 
dimensions (Fig.1c) by changing energy distribution [3]. 
It is also noticeable that the increasing feed speed 
resulted in deeper grooves with similar width (Fig. 1d). 
Heating effect is great at high fluence, long pulse width, 
high frequency and low feed speed due to the high 
fluence per pulse (high fluence and long pulse width) 

and irradiance (high frequency and low feed speed) (Fig. 
2). Additionally, increased defocused distance involved 
less heat effect and smoother surface because of the 
increased energy distribution and decreased energy 
concentration. These preliminary experiments show that 
a full control of surface roughness and textures can be 
achieved via tuning of laser processing parameters.  
These results will help the control of laser texturing on 
stent-related materials.  

 
Figure 1: The change of groove width(a) and groove 
depth(b) with different fluence and pulse width; (c) The 
change of groove width and depth with different 
defocused length(c) and feed speed (d). 
 

 
Figure 2: Comparison of samples with different fluence, 
pulse width, feed speeds and frequency. 
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Introduction 

Self-expanding wire braided stents have been used in a 

wide range of medical implant applications due to the 

distinct flexibility offered by their tunable design 

parameters. Recently, there has been increasing 

attention on developing covered stent systems in 

endovascular repair, whereby the stent frame is wrapped 

with a graft or textile material, which acts as a 

mechanical barrier to tissue in-growth/restenosis [1]. 

However, the addition of a polymeric cover to a wire 

braided stent fundamentally changes its deformation 

mechanism(s) and there is lack of understanding on how 

the functional performance of these systems compares 

to their bare-metal counterparts [2]. In this study, a 

combined experimental-computational investigation 

was carried out to evaluate the functional performance 

of bare and covered self-expanding wire braided stents. 

Materials and Methods 

Experimental: Nitinol self-expanding braided stents 

were manufactured with a one-over-one wire pattern for 

three separate braid angles (α=30°, α=45°, α=60°) (see 

Fig 1a). Devices were subsequently dip-coated in a 

polycarbonate-based silicone polymer to produce cover 

thicknesses of t=25µm and t=100µm (Aran Biomedical, 

Galway). The functional biomechanical performance of 

each bare and covered stent configuration was evaluated 

through in vitro bending, radial and axial compression 

tests. Results were also compared to a commercially-

available Precise Pro laser-cut stent (Cordis, FL). 

Computational: Braided stent geometries were created 

using the python-based software PyFormex [3] and 

imported into the Abaqus finite element software as an 

orphan mesh of Timoshenko beam elements (Fig 1a). 

The stent covering process was simulated by applying a 

small pressure to the outer surface of a hollow cylinder, 

which wrapped the cover over the stent frame (Fig 1a). 

Radial compression, axial compression and bending 

deformations were simulated using Abaqus/Explicit for 

bare and covered configurations and compared to 

experimental responses (Fig 1b,c). The validated 

computational framework was then used to provide 

detailed insight into covered stent mechanics, by 

evaluating the role of a multitude of geometrical features 

(e.g. wire diameter, wire density, braid angle, cover 

thickness) on covered braided stent mechanics. Next, 

bare-metal and covered stents were deployed into an 

idealised stenosed artery and subjected to bending 

deformations in the physiological range experienced in 

the femoropopliteal artery. Arterial tissue and plaques 

were described with isotropic non-linear hyperelastic 

material models[4-5]. The predicted in-vivo performance 

was compared to a commercial laser-cut Precise Pro 

(Cordis, FL) stent (Fig 1e).  

Results 

It was found that the computational model correctly 

predicted the radial (Fig 1b), bending (Fig 1c) and axial 

responses for both bare and covered braided stents. Both 

computational and experimental results showed 

substantially stiffer responses with the addition of a 

cover, as it limited sliding/rotation between wires. At 

small crimp diameters, there were large increases in 

radial force as the cover folds and self-contacts (Fig 1b). 

Braid angle was identified as a key parameter, where 

low braid angles with circumferentially aligned wires 

provides greater structural resistance to radial 

compression (Fig 1d). Under bending, devices were 

more likely to kink with thick and/or stiff coverings (Fig 

1c). Stent deployment and physiological bending 

showed that bare-metal braided stents were able to 

accommodate larger external deformations, but were 

less effective in providing appropriate lumen gains, 

when compared to polymer covered braided stents and 

existing commercial laser-cut stents (Fig 1e).  

 
Fig 1 (a) Bare and covered braided stent geometries. 

Experimental and computational results for bare and 

covered braided stents under (b) radial loading and (c) 

bending. (d) Effect of braid angle on the radial 

response. (e) Bending behavior of implanted braided 

and laser-cut stents. 

Discussion 
This study developed an experimentally-validated 

computational model that has provided novel insight into the 

mechanics of bare-metal and polymer-covered wire braided 

stents. While the addition of a polymeric cover fundamentally 

alters the deformation mechanisms associated with wire 

braided stents, substantial improvements in radial stiffness and 

kink resistance can be attained when low braid angles were 

used in combination with thin and compliant covers. 
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Introduction 
Pyrolytic carbon (PyC), due to its high mechanical 

properties and hemocompatibility is the main material 

used for mechanical heart valves (MHV) fabrication [1]. 

Mechanical characterization of the PyC used for 

biomedical application played a crucial role in the 

development of MHVs production. Here a multiscale 

approach was adopted, performing three points bending 

tests and nanoindentation tests. 
 

Methods 
Isotropic PyC was deposited on the graphite substrates 

following two different deposition processes. Three 

sizes of substrate were used. Obtained specimens were 

properly cut and polished to be tested through the three-

point bending technique (figure 1a) and nanoindentation 

technique (figure 1b). 

 
Figure 1. (a) Specimen used for three-point bending tests; (b) 

Specimen used for nanoindentation tests 

A total of 78 specimens (13 for each size) were tested. 

Three-point bending tests were performed following the 

ASTM F 417 – 78. Due to arch geometry of the 

specimens, the maximum flexural stress was calculated 

according to eq. 1 [2]:  

 σMAX = PMAX
tan𝛼

2
[
1

𝐴
−

𝑅

𝐼
𝑦𝑒] (1) 

The Young’s modulus was calculated through the 

principle of the virtual work. 

Indentation tests were performed with the Nanoindenter 

XP (MTS system Corporation, USA) equipped with a 

Berkovich indenter, previously calibrated on a standard 

silica specimen. For each specimen, a matrix of 30 

indentations was generated. Specifically, the 

indentations were performed normally to the direction 

of the PyC deposition. Tests were performed in 

displacement control, setting the indentation depth to 

800 nm. The Oliver & Pharr method [3] was applied to 

obtain the nanoindentation modulus and the 

nanoindentation hardness (data here not shown). 
 

Results 
Young’s modulus and Fracture stress mean values 

obtained from three-point bending tests were reported 

respectively in figure 2a and figure 2b. Whereas fracture 

stress values were found to be slightly lower than that 

reported in literature [4], probably due to the different 

geometry of the specimens, measured Young’s modulus 

were consistent with those reported in similar works [4]. 

The statistical analysis has revealed no significant 

difference (p > 0.05) between the two deposition 

processes at the macroscopic level.  

 
Figure 2. (a) Mean values of Young’s Modulus; (b) Mean values of 

Fracture stress 
The mean values of the Nanoindentation modulus 

(Figure 3) and of the Nanoindentation hardness also 

agree with those found in literature [5]. 

 
Figure 3. Mean values of nanoindentation modulus 

In general, through the new deposition process, a 

significant reduction of the difference of the 

nanomechanical properties between the inner and outer 

layers was registered. 
 

Discussion 
Results obtained through three-point bending tests 

characterize the deposited PyC as bulk material. Since 

the bulk PyC is a layered material, possible changes due 

to a change in deposition process are difficult to detect 

at this scale. As matter of fact, the results of the three-

point bending tests indicate that the two deposition 

processes lead to a PyC with comparable mechanical 

properties. On the other hands, the mechanical 

properties obtained at the microscale significatively 

change with the indentation site and the deposition 

process. It can be speculated, indeed, that through the 

nanoindentation approach is possible characterize a 

single layer of deposited PyC. Thus, information at the 

submicron scale reveals the effectiveness of settings 

variation of the deposition process on the layer’s 

mechanical properties. 
 

References 
1. F. Oveissi et al, Materials Today Bio 5:1-20, 2020  

2. Beer, F. P. Beer, New York: McGraw-Hill Higher 

Education, 2009 

3. Oliver W.C. et al, J. Mater. Res. 7:1564-1583,1992 

4. Kaae J.L. et al, Carbon N.Y. 9:291-299, 1971 

5. Hofman G. et al, Carbon N.Y. 38: 645-653, 2000 

111



 

 26th Congress of the European Society of Biomechanics, July 11-14, 2021, Milan, Italy 

 

PATIENT-SPECIFIC 
COMPUTATIONAL FLUID 
DYNAMICS OF FEMORO-

POPLITEAL STENT-GRAFT IN 
STRAIGHT AND BENT-LEG 

POSITION  

 

Michele Conti (1), Anna Ferrarini (1), Alice 
Finotello (2), Giancarlo Salsano (3), 

Ferdinando Auricchio (1), Domenico Palombo 
(4), Giovanni Spinella (4), Bianca Pane (4) 

 
1. DICAr, University of Pavia, Italy; 2. DIMES, 
University of Genoa, Italy; 3. Department of 
Radiology, Ospedale Policlinico San Martino, 
Genoa, Italy; 4. Ospedale Policlinico San Martino, 
University of Genoa, Italy.  

Introduction 

Intra-stent thrombosis is one of the major failure modes 

of popliteal aneurysm endovascular repair, especially 

inside overlapping stent-grafts used to cover long 

lesions and having different nominal diameters to 

accommodate the native arterial tapering.  

However, the interplay between stent-sizing, post-

operative arterial morphology, local hemodynamics, 

and thrombosis onset is not elucidated, yet.  

Given such motivations, the present study deals with a 

case study (77-year-old, male) of a popliteal artery 

aneurysm (PAA), treated with endovascular deployment 

of two overlapped stent-grafts, showing intra-stent 

thrombosis at one-year follow-up examination. Patient-

specific computational fluid-dynamics (CFD) analyses, 

including straight- and bent-leg position, were 

performed.  

Methods 

Starting from Computed Tomography Angiography 

(CTA), segmentation of the femoro-popliteal artery 

(FPA) segment, leg bones, intra-stent thrombosis, and 

implanted stent-grafts was performed VMTK (v1.3). 

Two 3D models were considered for the CFD 

simulations: femoro-popliteal artery in straight-leg 

position and femoro-popliteal artery in bent-leg 

position. Following mesh convergence analysis, 

uniform meshes were generated with 651635 total 

number of elements for the straight-leg model with 

thrombosis and with 569817 total number of elements 

for the bent-leg model [2]. Simulations were run in Intel 

Xeon W-2123 computing workstation (3.6GHz, 32GB 

RAM) with the commercial CFD software package 

ANSYS Fluent (ANSYS Academic Research [Fluent], 

release 19.2). We performed transient simulations, in 

which viscosity was set to 0.004 Kg m-1 s-1 and blood 

density to 1060 kg/m3. In each simulation we prescribed 

the no-slip condition on the wall of the artery, an outflow 

condition (Dirichlet boundary condition) enforcing the 

flow in the anterior tibial artery to be 25% of the inflow, 

and traction-free condition in the other outlets. For 

transient simulations, the inflow velocity curve is 

derived from literature [1], [3]. We selected a laminar 

model (ANSYS Academic Research [Fluent], release 

19.2) for all the simulations because the peak Reynolds 

number at the inlet is 284. 

Results 

The computational fluid-dynamics analysis showed that 

the overlapping zone of the stent-grafts induces a severe 

discontinuity of lumen, dividing the landing site in two 

regions: the proximal part, where the thrombosis is 

located, is characterized by larger diameter, low 

tortuosity, low flow velocity, low helicity, and low wall 

shear stress; the distal part presents higher tortuosity and 

smaller lumen diameter promoting higher flow velocity, 

higher helicity, and higher wall shear stress. Leg 

bending reduces the flow velocity promoting furtherly 

atherogenic wall shear stress.   

 

Figure 1: Simulation pipeline. From medical image 

analysis to patient-specific CFD analysis of both 

straight- and bent-leg configuration; velocity magnitude 

is reported in m/s. 

Discussion 

At the best of our knowledge, the present study is the 

first reporting patient-specific CFD analysis of both 

straight- and bent-leg femoro-popliteal models derived 

from CTA.  

Our analyses support the key idea that leg bending 

induces dramatic biomechanical changes of femoro-

popliteal artery; such changes should be taken into 

account during procedure planning and design of novel 

devices.  

The next step will be to collect and study a large 

database of patients with similar characteristics, in order 

to withdraw statistically significant and clinically 

relevant results.  

References 

1. A. Desyatova et al, Biomechanics and modeling in 

mechanobiology,17.1:181-189, 2018. 

2. P. Xu et al, Scientific Reports, 6:39225, 2016. 

3. D. J. Patel, J Appl Physiol, 20:459-463, 1965. 

Acknowledgements 

This work is partially funded by the Ministry of Education, 

University and Research through the Ricerca Finalizzata 

Project no. RF-2018-12368376 entitled “Impact of peripheral 

endovascular repair on femoral-popliteal artery kinematic: 

from clinical experience to in vivo biomechanical modeling 

(PERFEKT study)”. 

112



 

 26th Congress of the European Society of Biomechanics, July 11-14, 2021, Milan, Italy 

WALL SHEAR STRESS TOPOLOGICAL SKELETON FEATURES IN 
HEMODYNAMIC MODELS OF STENTED CORONARY ARTERIES  

Valentina Mazzi (1), Claudio Chiastra (1), Diego Gallo (1), Umberto Morbiducci (1) 
 

1. PolitoBIOMed Lab, Department of Mechanical and Aerospace Engineering, Politecnico di Torino, Italy 

 

Introduction 

There is ample evidence that flow disturbances are 

massively involved in in-stent restenosis affecting 

stented coronary arteries [1]. However, it is still not fully 

understood which local hemodynamic features and in 

particular which Wall Shear Stress (WSS) phenotype 

impact on mechanisms leading to in-stent restenosis. 

Aiming at bridging this gap of knowledge, recently the 

WSS Topological Skeleton (TS) is receiving increasing 

interest, because of its link with flow features (flow 

separation, recirculation) that have been associated with 

vascular dysfunction [2][3]. Briefly, the WSS TS is 

composed by fixed points, where the WSS vanishes, and 

unstable/stable manifolds connecting them, representing 

WSS contraction/expansion regions [2]. Here we 

investigate the possible involvement of WSS 

topological skeleton features in the in-stent restenosis 

process using realistic computational hemodynamics 

models of stented coronary arteries. 

 

Methods 

Two cases (A and B) of pathologic left anterior 

descending coronary artery were considered. A Xience 

Prime stent by Abbott Vascular was implanted in CASE 

A and two Endeavor Resolute stents by Medtronic were 

implanted in CASE B. Exhaustive details on geometry 

reconstruction and computational hemodynamics 

simulations are provided elsewhere [4]. A recently 

proposed Eulerian method was here considered to 

analyse the WSS TS [2]. Based on this method, the 

divergence of the normalized WSS vector, defined as:  

 𝐷𝐼𝑉𝑊 = ∇ ⋅ (
𝛕

∥𝛕∥𝟐
) = ∇ · (𝝉𝑢)     (1) 

where 𝝉𝑢 is the WSS unit vector, was used to localize 

contraction/expansion regions, a template of 

unstable/stable manifolds. According to [2], WSS fixed 

points were identified and classified by computing 

Poincaré index and eigenvalues of the Jacobian matrix, 

respectively. To measure the amount of variation in 

WSS contraction/expansion action, the Topological 

Shear Variation Index (TSVI) [5]:  

𝑇𝑆𝑉𝐼 = {
1

T
∫ [𝛻 · (𝝉𝑢) − 𝛻 · (𝝉𝑢)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ )]

2T

0
 𝑑𝑡}

1/2

     (2) 

where T is the cardiac cycle period, was computed.  

 

Results 

The cycle-average WSS topological skeleton and the 

𝑇𝑆𝑉𝐼 distribution on the luminal surface for CASE A 

and B are presented in Figure 1. In both cases, WSS 

fixed points were mostly located at the luminal surface 

in correspondence with stent peaks, close to all strut 

connectors in CASE A and in the overlapping region of 

the two stents in CASE B. WSS contraction regions 

(negative 𝐷𝐼𝑉𝑊) were located upstream from the struts 

and WSS expansions regions (positive 𝐷𝐼𝑉𝑊) were 

located downstream from the struts, with opposite 𝐷𝐼𝑉𝑊 

distribution in the stent malapposition region for CASE 

A and in the overlapping zone for CASE B. High  𝑇𝑆𝑉𝐼 

values were located at stent peaks and close to the struts 

in both models, in the stent malapposition region and 

close to stent connectors for CASE A and at the stents 

overlapping region for CASE B (Figure 1B).   
 

 
Figure 1: A) Cycle-average WSS topological skeleton 

and B) TSVI distribution for CASE A and B.  
 

Discussion 

Cycle-average WSS contraction and expansion regions, 

a template of near-wall transport [3], co-localize with 

endothelial cells migration and accumulation processes 

upstream and downstream of stent struts, respectively, 

as experimentally observed [6]. Moreover, the exposure 

to high variability in the WSS contraction and expansion 

action could induce a recurring variation in intracellular 

and intercellular tension [7], impacting on the 

endothelium in terms of impaired permeability and 

inflammatory response. Thus, the role of WSS TS 

features in coronary in-stent restenosis development, in 

addition to low WSS, deserves further investigation.  
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Introduction 
One of the major reasons of failure of synthetic vascular 
grafts and arteriovenous grafts (e.g. vascular accesses 
for hemodialysis) is known to be the mismatch in 
mechanical properties between the prosthesis and the 
adjacent native vessel(s) [1]. To address this issue, in our 
previous work we developed a technological platform 
potentially enabling the generation of vascular grafts 
with adjustable mechanical properties. Such technology 
relies on the use of a natural, biodegradable protein 
(regenerated silk fibroin, SF) and a synthetic polymer 
(polyurethane, PU), blended in the registered material 
Silkothane® and processed by electrospinning, to realize 
scaffolds suitable for an in situ tissue engineering 
approach [2,3]. In this work, we characterized the radial 
compliance of Silkothane® grafts upon modulation of 
the respective ratios of SF and PU as compared to 
commercial grafts. 
 
Methods 
Tubular constructs were fabricated by electrospinning, 
according to previously described protocols [2,3], using 
regenerated Bombyx mori silk fibroin (Innovhub 
Stazioni Sperimentali per l’Industria, Italy) and the 
aromatic polycarbonate-urethane CarbothaneTM 
(Lubrizol, USA). They are characterized by a three-
layered structure with inner and outer layers of SF, and 
a core of Silkothane® of varying formulations 
(SF25PU75, SF50PU50, SF75PU25, Φinternal=6mm). 
The scaffolds were characterized in terms of diameter 
and thickness by means of a projector (Taylor Hobson, 
UK), and a digital micrometer (Mitutoyo, Japan), 
respectively. To evaluate the radial compliance of both 
Silkothane® and commercial grafts, Flixene™ (Maquet, 
USA) and Gore® Acuseal (Gore Medical, USA), a 
customized dynamic system was developed. 
Accordingly to Standard ISO 7198, such setup 
pressurizes the sample reproducing hypo-, normo-, and 
hyper-tension conditions (P) and estimates the 
consequent variation in diameter (D) of the sample. 
Radial compliance (C) is derived as follows: 
 

 
𝐶 =

(𝐷 − 𝐷 )/𝐷

𝑃 − 𝑃
∙ 10  (1) 

 

Results 
Silkothane® grafts display a mono-tone trend with 
increasing radial compliance (in the interval of 1-2 
%·10-2·mmHg-1, Fig. 1) in all the considered pressure 
ranges (50-90 mmHg, 80-120 mmHg, 110-150 mmHg), 
according to higher content of PU in the middle layer. 
This result confirms the tuneability of the mechanical 
properties of Silkothane® grafts when acting on SF/PU 
ratio. As expected, both commercial grafts are generally 
less compliant than these hybrid products, even though 
a relevant discrepancy is appreciable mainly in 
comparison with SF25PU75. 
 

 
Figure 1: Dynamic radial compliance of Silkothane® 
and commercial grafts. 
 
Discussion 
This study confirmed Silkothane® as a platform for the 
electrospinning of scaffolds compatible with vascular 
applications. Despite the matching with brachial artery 
and basilic vein was not achieved (compliance estimated 
around 25 and 70 %·10-2·mmHg-1, unpublished data) 
increased performances compared to commercial grafts 
were assessed. The final aim is the manufacturing of 
tubular matrices with tunable - potentially patient-
specific - mechanical properties. Further work is needed 
to improve the manufacturing process to optimize the 
mechanical behaviour of these constructs and their 
reproducibility.  
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Introduction 

In-vitro experiments are used as the first step for the 

validation of numerous medical device (e.g., stent-graft) 

[1-3]. In the biomechanical analysis of the 

cardiovascular devices, the replication of the working 
conditions that the device has to manage represents a 

key aspect for the reliability of the in vitro test results. 

Aiming at investigation of cardiovascular structures and 

devices in a wide range of both physiological and 

pathological conditions, a pulsatile mock loop system 

was optimized. Present work shows the capability of the 

developed system in experimental investigation of aortic 

biomechanics. 

 

Methods 

A custom-made pulsatile mock loop system, based on 

the system proposed by Lanzarone et al [4], was 
developed and optimized.  The mock loop consists of 

two main blocks: the pumping system (a piston pump 

that is driven by an automated-control brushless motor) 

integrating the ventricular chamber/valve holder and the 

simulator of the hydraulic input impedance. These 

blocks are connected with hydraulic conduits in a closed 

loop, including an atrial reservoir (Fig.1). In detail, the 

pumping system replicates the left ventricle, and it 

consists of a low-inertia brushless motor driven by an 

electronic controller. For the design of the pumping 

system, the pressure in the ventricular chamber (𝑃𝑐ℎ𝑎𝑚𝑏) 

and the supplied flow (𝑄), were converted into force (𝐹) 

and speed (𝑣) of the piston, respectively with: 

 

 𝐹 = 𝑃𝑐ℎ𝑎𝑚𝑏 ∙ 𝐴 (1) 

 𝑣 = 𝑄 𝐴⁄  (2) 

 

where 𝐴 is the area of the piston section. The valve 

holder was fitted with the ventricular chamber including 
two one-way valves. The inlet conduit is connected to 

an atrial reservoir, and the outlet conduit is connected to 

the systemic impedance simulator. The latter replicates 

the input impedance of the systemic circulation.  

 
Figure 1: Main components o of the pulsatile mock loop 

system. 
 

Results 

As one of the numerous possible applications, results 

were obtained evaluating the impact of Thoracic 

Endovascular Repair (TEVAR) on aortic biomechanics. 

In particular, a specimen of porcine aorta (segment 
between the aortic root and the renal arteries) was 

connected to the developed pulsatile mock loop system. 

Intraluminal pressure was recorded in order to measure 

pulse wave velocity (PWV) before and after the stent 

graft deployment. Figure 2 shows the aortic specimen 

and the corresponding pressure measurement during 

cardiac cycle.   

Figure 2: The aortic specimen is placed in the 3D 

printed guide having a candy-cane shape (left); 

Measurement of inflow pressure (red) and outflow 

pressure (blue) during the cardiac cycle (right). 

 

Discussion 

The device proved to be a reliable lab apparatus for in-

vitro tests, and it was able to replicate the behavior of 

the human left ventricle in a wide range of physiological 

and pathological conditions, in terms of flow and 

pressure curves.  
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Introduction 

Despite advances in stent development over the past 

decades, issues such as thrombosis, in-stent restenosis 

and vessel remodeling impairment are still associated 

with permanent metallic stents [1]. Bioresorbable 

scaffolds (BRSs) have the potential to overcome these 

drawbacks, staying in the patient just for the time 

needed. Braiding is a well-established technology in the 

stent manufacturing and brings advantages especially in 

terms of a superior device flexibility and a major 

conformability to the anatomic shape of the lesion [2]. 

In this study, a comparison of the performance of a 

Nitinol (NiTi) and bioresorbable Poly-L-Lactic Acid 

(PLLA) braided stents was carried out by means of in 

vitro bench testing with the aim to have a clear 

understanding of how the performance of the polymeric 

devices differ from the one of their metallic counterpart. 

Materials and Methods 

The PLLA stents were manufactured in-house using a 

Steeger Braiding Machine (Körting Nachfolger 

Wilhelm Steeger GmbH & Co., Wuppertal, Germany).  

Firstly, five devices resembling the same geometrical 

features of the NiTi stent characterized by McKenna et 

al.  [3]  were produced. More specifically, the stents  

were composed of 24 monofilaments with a 100-µm 

diameter (ϑ), braided in a 1:1-1 pattern (labeled as 

PLLA/100/24). The diameter and the length of the stents 

were 5 mm and 20 mm, respectively. Then, two others 

configurations were manufactured using a 150-µm 

filament (PLLA/150/24) and increasing the wire count 

to 48 (PLLA/100/48). The braiding angle (α), defined as 

the angle formed by the filament with the longitudinal 

axis of the stent, was set at 45°, 60° and 70°. For the 

150-µm filament stent, the highest braiding angle was 

not producible due to process limitations. The proper 

heat set conditions to fix the structure were found to be 

140 °C and 10 min. The stents were characterized by 

means of a radial force test, performed according to DIN 

EN ISO standard 25539-2-2012. More specifically, all 

the stents were tested at a constant temperature of 37 °C 

and crimped to 50% of their initial diameter. 

Results 

Figure 1 shows that the radial behavior of the stents with 

lower braiding angle is far from the one of the NiTi 

stent. However, the gap is narrowed for an increased 

braid angle, a bigger filament diameter and a higher 

number of wires. As reported in Table 1, the PLLA 

stents show for three configurations higher values of 

initial radial stiffness (RS), radial resistive force (RRF) 

and chronic outward force (COF) in comparison with 

the NiTi device.  

 
Figure 1: (a) Example of manufactured stents and detail of the 

braiding patterns. Comparison of NiTi and PLLA performance 

from the radial test for an increasing braiding angle: (b) 

PLLA/100/24; (c) PLLA/150/24; (d) PLLA/100/48. 

Stent RS 
(N/mm2) 

RRF 
(N/mm) 

COF 
(N/mm) 

NiTi 0.12 0.13 0.044 

PLLA/100/24/70 0.55 0.09 0.024 

PLLA/150/24/60 0.14 0.17 0.047 

PLLA/100/48/70 0.14 0.12 0.031 
Table 1: Radial stiffness (RS), radial resistive force (RRF) and 

chronic outward force (COF) of the three most meaningful 

PLLA cases in comparison to NiTi. 

Discussion  

This study showed that the mechanical performance of 

PLLA braided devices subdued to a radial load is in a 

similar range to the one of the NiTi stent for specific 

braided configurations. Further mechanical testing (i.e. 

tensile test and bending test) will be carried out with the 

aim of gaining a comprehensive insight into polymeric 

braided stents deformation modes. The ultimate aim is 

the ad hoc optimization of the device (e.g. by finding the 

right combination of braiding parameters and pattern) to 

further bridge the gap between permanent and 

bioresorbable devices. 
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Introduction 

Aortic stenosis is a debilitating disease with a 50% 

mortality rate without intervention, affecting almost 8% 

of patients over the age of 65 in the US1,2. Current 

methods of treatment include mechanical heart valves 

(MHVs) which have long durability but poor 

hemodynamics, and bioprosthetic heart valves (BHVs), 

which have poor durability but superior 

hemodynamics3,4. A proposed solution to this problem 

is polymer heart valves (PHVs) which could have the 

greater durability of MHVs while maintaining the 

superior hemodynamics of BHVs by utilizing an easily 

manufacturable, customizable, and biomimetic leaflet 

architecture (Figure 1(a)). The aim of this work is to 

assess the mechanical properties of a 3D printed 

polymer resin in comparison to native valve leaflet 

tissue and the current most common replacement leaflet 

material, glutaraldehyde-fixed bovine pericardium 

(GLBP)5.  

 

Methods 

Eighteen (n=18) Formlabs™ Elastic Resin dogbone 

specimens were obtained from 3D printed sheets using 

Formlabs™ Form 2 SLA printer and subject to uniaxial 

tensile testing to failure on Zwick Twin Column 

Universal Testing Machine. The specimens were 

subjected to 5 preconditioning cycles between 0.1 and 

1MPa, and then loaded to failure at 20 mm/min. Failure 

was defined as a load drop to 80% of the maximum load 

reached. Initial stiffness was calculated as the slope of 

the initial region between 1 and 25% strain, and final 

stiffness was calculated as the slope of the final 20% of 

the curve. All statistics were calculated using GraphPad 

Prism 9.0.0. 

 

Results 

The stress-strain curve of the material shows a nonlinear 

response (Figure 1(e)), with an initial stiffness almost 

one third of the final stiffness, at an average value of 

3.64 ± 0.12 MPa compared to 10.55 ± 2.56 MPa for the 

final region (P <0.001) (Figure 1(d)). The ultimate 

tensile strength of the material is 4.78 ± 1.28 MPa 

(Figure 1(b)), while the ultimate tensile strain is 70.36 ± 

7.69% (Figure 1(c)).  

 

 
 

 
Figure 1: (a) Example of a uniform 3D printed leaflet, top and a leaflet 

with bioinspired fibre additions, bottom, (b) Ultimate tensile strength, 
(c) Ultimate tensile strain, (d) Initial and final elastic moduli, and      

(e) Stress-strain curve of the material. 

 

Discussion 

In comparison to the most common replacement leaflet 

tissue, GLBP, the Formlabs™ Elastic resin material 

shows promise and more similarity to native tissue due 

to its lower stiffness and greater failure strain5,6,7. 

Additionally, due to its customizable anisotropy to 

mimic that of a native leaflet, this material and 

manufacturing technique is more suitable for valve 

replacements compared to the non-adaptable GLBP. A 

recent study has shown similar promising valves and 

materials; however, the manufacturing techniques are 

not as adaptable and accessible as the more affordable 

SLA system7. Future directions of this work include 

carrying out native leaflet analysis for comparison and 

geometrical analysis and employing finite element 

techniques to design and verify an optimized valve 

structure.  
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Introduction 

Ventricle assist devices (VADs) have been widely used 

to ease the elevated systemic venous pressure in Fontan 

circulation failure. However, VADs require an external 

power to drive the pump, which causes driveline 

infections. Therefore, Pekkan et. al [1] developed a 

novel device (iATVA) using the minimal amount of 

systemic flow to drive an aortic turbine, which generates 

the energy required for pump. In this study, a 

mathematical model has been established to simulate 

additional implantation configurations of iATVA. Our 

previously developed lumped parameter model (LPM) 

[2] was modified as a typical Fontan circulation and 

integrated with a turbine-pump couple. Therefore, 

turbine and pump dimensions and configuration can be 

patient-specifically determined by the hemodynamic 

parameters in LPM to achieve a best efficiency point for 

the patient. 

 

Methods 

Euler’s turbomachinery equation was used to model 

turbine and pump sides: 

  

Q=

4π2b1b2.[(w.r2)
2
-
∆P
ρ

- (w.r1)
2
]

2πb1.w. cot(β
2
) +2πb2.w.cot(β

1
)
         (1) 

 

where Q is the flow rate, 1 is the inlet and 2 is the outlet 

of the associated turbomachine, as shown in Table 1. 

 

Component Blade angle 

– β (1-2) 

Impeller 

radius – 

r (1-2) 

Impeller 

width – b 

(1-2) 

Pump 59o-40o 3-16 mm 8.5-10 mm 

Turbine 14o-10o 7-19 mm 4.5-5 mm 

Table 1. Inlet (1) and outlet (2) dimensions. 

 

To determine the common rotational velocity (w) for 

pump and turbine which also matches with the 

cardiovascular system operation, following procedure 

was executed, where T represents the torque: 

 

i. Choose a common w for turbine and pump 

ii. Calculate Qturbine and Qpump through Equation 1 

iii. Evaluate ΔPturbine and ΔPpump, match them with 

physiology 

iv. Calculate Tturbine and Tpump 

v. Repeat the previous steps by changing the w until 

Tturbine = Tpump 

Results 

Table 2 shows the determined operation conditions of 

iATVA for various implantation configurations. 

 

Conf. Turbine Pump w (rpm) 

No iATVA n/a n/a n/a 

1 

2 

3 

 

4 

AO to CA 

AO to PA 

AO to CA 

 

AO to ScA 

IVC to PA 

IVC to PA 

IVC and 

SVC to PA 

IVC to PA 

1080 

1134 

1063 

 

1145 

Table 2. w for different implantations. AO: aorta, CA: 

common atrium, PA: pulmonary artery, ScA: subclavian 

artery, I(S)VC: inferior (superior) vena cava 

 

Table 3 demonstrates the simulated hemodynamic 

parameters through the introduced configurations. 

 

Pars. No iATVA 1 2 3 4 

Qtur n/a 0.95 0.95 0.95 0.65 

Qsys 

PAO 

PIVC 

PSVC 

PPA 

3.5 

87 

14.5 

15 

12 

4.1 

98 

10 

18  

15 

4.1 

98 

9.5 

20 

17 

3.8 

93 

13 

13 

14.5 

4.05 

99 

9 

19 

15 

Table 3. Flows (l/min) and pressures (mmHg) simulated 

through the model. sys: systemic and tur: turbine 

 

Discussion 

In conf 4., a lower aortic steal (Qtur) of 0.3 l/min 

increases the pump flow and provides a better operation 

point leading to the decrease in PIVC up to 5.5 mmHg. 

Conf. 2 has the PPA of 17 mmHg but also the highest 

PSVC as 20 mmHg. In conf. 3, a Y-branch was used to 

ease both PIVC and PSVC up to 2 mmHg. iATVA 

increases the PAO and Qsys to a maximum of 13% and 

17%, respectively in all confs. Although conf. 1 and 

conf. 4 has nearly same outcomes, conf. 1 is considered 

as the optimal case due to the lower increase level of 1 

mmHg in PSVC. 
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Introduction 

Bioabsorbable vascular scaffolds (BVS) have the 

potential to form the next generation of vascular stents 

following on from the current gold-standard, drug 

eluting stents (DES). Unlike DES, BVS consist of 

materials that are fully absorbed by the body. BVS are 

intended to overcome the remaining limitations of DES 

such as late-stent thrombosis and strut fracture induced 

restenosis [1, 2]. Challenges facing polymer BVS 

include understanding physical degradation processes 

and predicting the long-term implant behaviour once 

deployed. Most research thus far has focussed on 

material-level degradation mechanisms of the polymer 

and/or short-term scaffold performance, with few 

studies investigating the long-term effects degradation 

has on the implanted device [3]. Another difficulty in 

assessing the long-term behaviour of polymers is the 

long degradation scales involved, typically ~2 years. In 

this study, an accelerated degradation test protocol [4] 

was used to evaluate physical and mechanical 

degradation behaviour of the Reva Medical Fantom 

Encore, a polymer-based vascular scaffold. 

 

Materials and Methods 

Reva Medical Fantom Encore stents [5] were subjected 

to an accelerated degradation study as per ISO 13781 

[4]. Samples were immersed in phosphate buffered 

saline (PBS) for 112 days at 50°C, solution pH was 

maintained at 7.4±0.1. Immersion at 50°C equates to an 

approximate four-fold acceleration in degradation time 

for PLLA [6]. Physical and mechanical characterisation 

of the scaffolds was carried out at eleven time points 

over the 112-day study. The stents were subjected to 

radial compression testing, whereby the stents were 

crimped from their deployed diameter of 3.5mm to 

2mm, held for 25 seconds and released. Differential 

scanning calorimetry (DSC) and gel permeation 

chromatography (GPC) analysis was performed to 

capture the evolution in thermal properties and 

molecular weight, respectively. Visual examination was 

performed by scanning electron microscopy (SEM). 

 

Results 

Radial compression tests showed an increase of 30% in 

radial strength to day 21 followed by a decline, see 

Figure 1(a). After day 49, the scaffolds underwent brittle 

fracture. The Fantom Encore retained radial stiffness 

over radial strength over the course of one year 

assuming a four-fold increase in immersion time, Figure 

1(b). Brittle fracture was confirmed through SEM 

images at later time points. GPC analysis showed a 

decrease in molecular weight, DSC showed an increase 

in crystallinity, with little change observed in the glass 

transition and melting temperatures (data not shown).  

 
Figure 1: (a) Normalised radial response, (b) Evolution 

in radial strength and stiffness, (c) Molecular weight 

evolution, (d). Evolution in relative crystallinity. 

 

Discussion 

Degradation of the Reva Medical Fantom Encore stent 

resulted in a reduction in strain-to-failure of the device, 

with overall radial strength and stiffness maintained to 

day 49. This is presented in Figure 1(a) where a sharp 

decrease in the load bearing capacity of the scaffold is 

evident. Radial testing also showed a decrease in 

scaffold stiffness after day 49, Figure 1(b). The radial 

compression results also suggest an evolution in the 

yield stress for the stent material. GPC results show a 

loss of molecular weight over the course of the study. It 

is interesting how despite losing almost 50% molecular 

weight by day 21 the scaffold can maintain a higher 

radial strength compared with day 0. DSC shows, an 

increase in crystallinity throughout the study, this could 

explain the initial increase in radial strength however as 

molecular weight is lost this increased strength is lost. 
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Introduction 
Ni-Ti peripheral stents are subjected to multiple applied 
loads that affect their long-term fatigue behavior. Recent 
works [1-2] highlighted the importance of a validated 
coupled in-silico in-vitro approach for the multi-axial 
fatigue assessment of peripheral stents. The current 
literature lacks knowledge on the Ni-Ti local damage 
mechanisms produced by the cyclic loads which 
promote crack nucleation and lead to failure of the 
stents. Accordingly, a detailed post-mortem analysis of 
the fracture surfaces is of fundamental importance to 
support the definition of proper multi-axial criteria [3].  
The aim of this work is to enhance the predictive 
capability of a coupled in-silico in-vitro approach by 
performing post-failure analysis over a range of Ni-Ti 
specimens and devices tested, respectively, under uni-
axial and multi-axial conditions.  
 
Methods 
Multi-wires specimens, undergone the same thermo-
mechanical treatment of the stents, were tested under 
different strain levels in order to define the fatigue 
properties according to a life-constant diagram where 
the run-out condition was set to 106 cycles [4]. Two 
stents, resembling commercial geometries, were tested 
using a customized fixture which converted machine 
axial motion into multi-axial proportional loads, 
resembling the in-vivo environment. An in-silico 
validated model was prepared for assessing the local 
stress/strain fields. Different fatigue criteria available 
for standard metals (von Mises and critical-plane based 
Fatemi-Socie, Brown-Miller and Smith-Watson-
Topper) were implemented for the fatigue assessment 
and the identification of the most critical area for 
fracture. Different remote load magnitudes mimicking 
the experiments were investigated in order to validate 
and identify the most accurate fatigue approach.  The 
fracture surfaces of both the uni-axial and multi-axial 
specimens were successively analyzed by means of the 
Scanning Electron microscope (SEM) to investigate the 
crack initiation sites.  
 
Results 
The coupled in-silico in-vitro approach successfully 
predicted the most critical area for failure in both the 
stent geometries. The von Mises approach, commonly 
used for interpreting Ni-Ti alloys fatigue performances, 
was proven to be over-conservative for the loading 
scenario investigated. On the other hand, critical plane-
based criteria were observed to be more representative 

of the experimental outcomes regardless of stent design. 
Among them, the BM and SWT gave the most accurate 
predictions.  
 
Discussion 
Through the comparative study of multi-axial in-silico 
and in-vitro tests, enriched by post-failure analysis, 
critical plane criteria were demonstrated as reliable 
predictive tools in the fatigue assessment of Ni-Ti 
peripheral stents.  
 

 
 
Figure 1: Results of the coupled in-silico in-vitro study 
according to SWT criterion. The FE analyses allowed 
the identification of the most critical area for fatigue 
failure which corresponded with the location of the stent 
fractures.  
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Introduction 

Mitral valve regurgitation disease is one of the most 

common heart valve pathology [1]. Cardioband® 

(Edwards, Irvine) system is a surgical-like direct 

annuloplasty adjustable device, implanted via 

transcatheter on beating heart [2]. This procedure is 

based on the fixing of the device polyester sleeve (PS) 

around the mitral annulus through insertion of metal 

anchors. The annulus is contracted by pulling a 

guidewire (GW) sewed at sew points (SWP) on the PS 

(changing phase). Currently, the implant size (anchors 

number) and the anchors position are defined on the 

basis of the CT dataset by analyzing the site of access 

and the annulus commissure to commissure distance.  

In this study, an in-silico tool for clinical planning of 

Cardioband® procedure was presented, based on 

conventional medical images techniques and the Finite 

Element (FE) method. The accuracy of the tool was 

evaluated via simulation of five different patients who 

underwent Cardioband® procedure. 

 

Methods 

The computational analysis was performed by 

developing a specific FE environment in Matlab®, 

implementing a nonlinear equations system able to 

describe the behavior of the Cardioband device, the left 

heart structures and their interactions. 

The surrounding left heart structures, reconstructed 

from 3D CT pre-procedural datasets and meshed, were 

modeled through FE equations. The compatibility 

equations were implemented to describe the loads 

exchanged between annulus and the Cardioband® 

device. The Cardioband® was modeled through an 

equation system to reproduce the physical interactions 

between the PS, the anchors and the GW, which were 

simplified as follows. In particular, the GW was 

modeled as a piecewise link composed by ideal cable 

(no flexural/torsional rigidity, only traction and point 

loaded) sections interconnecting the SWP. The sections 

of the PS, instead, are assumed as triangular ideal cable 

connections between the SWPs and the corresponding 

anchors. Another feature of this schematization is that 

the GW can slide through PS at the SP during the 

cinching phase. Five different patients were simulated. 

To evaluate the accuracy of the developed routine, the 

results of simulations were compared with the procedure 

outputs. The initial anchors and SWP positions were 

selected from pre-procedure 2D X-ray angiographic 

images. The resulting positions were compared with the 

corresponding ones found in the post procedure images. 

Results 

An example of pre-procedure registration (a), post-

procedure comparison (b) and heart radial 

displacements (c) for an analysed patient case are 

depicted in Fig. 1. Regarding the post-procedure, it is 

possible to observe a good overlapping between the 

clinical procedure and the corresponding simulation in 

terms of the anchor positions and wire curves. 

 
Figure 1: Pre-procedure setup (a) post-procedure 

comparison (b) and heart radial displacements (c) 

 

Table 1 summarizes the assessment of the accuracy by 

showing for each case, the position error evaluated as 

the absolute distance between the simulated and actual 

final position of the anchor and the SWPs. These values 

are reported as the average ± standard deviation. The 

average value error is less than 2 mm both anchor and 

sew positions. 

Error #1 #2 #3 #4 #5 

Anch. 1.6±0.9 1.9±1.3 1.8±0.6 1.7±0.5 2±0.8 

SWP 1.9±0.7 1.7±0.9 1.9±1.1 2±0.9 1.7±0.8 

Table 1: Position error (mm) estimation for the 

validation 

 

Discussion 

The work presented here confirms that the developed 

tool for the Cardioband® procedure can simulate the 

clinical procedures with a good accuracy. It is worth to 

point out that, the error committed by the FE routine to 

predict the anchor and sew positions, is mainly affected 

by the intrinsic errors of the segmentation and by the 

identification of the anchors in the X-ray projection.  
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Introduction 

Finite element simulations are a valuable tool for 

improving devices and clinical procedures provided 

they are able to replicate with sufficient accuracy the 

reality of interest [1]. With regard to coronary stents, the 

literature is rich in works concerning models of metallic 

stents [2,3], while there are more scarce studies on the 

characterization of bioresorbable polymeric stents. The 

development of a reliable model of a Bioresorbable 

Vascular Scaffold (BVS) represents a considerable 

challenge, especially when no information on the 

polymer of which it is composed is available in the 

literature. In this perspective, the present work aims to 

develop a digital twin of a commercial BVS based 

exclusively on information obtained from the direct 

investigation of real devices. The adopted strategy 

couples computational analysis with experimental 

activities on a small number of delivery systems 

specifically purchased to investigate the complex 

mechanical behavior of the polymer. 

 

Methods 

Four samples of the Fantom® Encore polymeric stent 

(REVA Medical) composed of Tyrocore™, have been 

subjected to mechanical tests easily reproducible in any 

mechanical laboratory (free expansion and tension 

testing, the latter carried out with different protocols 

specifically designed to enhance the viscous 

characteristics of the polymer) and optically analyzed to 

reconstruct the geometry. Given the complexity of the 

behavior experimentally observed, it was decided to 

describe the Tyrocore™ with the Parallel Rehological 

Framework material model. The calibration of the 

material has been performed by reproducing in-silico 

the tension testing of the stent by varying the value of 

the model parameters. In order to minimize the 

computational cost, a single repetitive unit of the stent 

was used in these simulations neglecting the residual 

stresses generated by the previous crimping and 

expansion phases. The reliability of the material model 

thus obtained was evaluated by considering the in-silico 

performance of the whole stent subjected to free 

expansion and tension testing compared with the 

experimental data. 

 

Results 

Figure 1 shows the comparison between computational 

and experimental performance of the delivery system: 

on the top the results obtained with respect to the free 

expansion in terms of central diameter-pressure curve 

are reported; while bottom shows the force-

displacement curves of the stent subjected to tension 

testing at two different test speeds (“fast” and “slow”).

 
Figure 1: Comparison of numerical and experimental 

results: (top) stent free expansions; (bottom) tension 

testing at different velocities.  

 

Discussion 

The choice to perform the calibration of the model 

parameters though a high number of simulations 

considering only the repetitive unit of the stent allowed 

to significantly reduce the computational cost without 

compromising the accuracy of the model. The 

developed digital twin is able to replicate the behavior 

of the real device with percentage errors measured on 

the quantities of interest always below 10%. Hence the 

experimental-computational strategy has proven 

effective and potentially usable whenever dealing with 

a stent whose design is based on repetitive units. 
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Introduction 

Patients undergoing chronic haemodialysis need a 

vascular access to connect the vascular system to an 

external dialysis equipment. However, clinically 

available options for long-term haemodialysis access 

suffer from several drawbacks and are associated to 

high failure rates. One of the major causes of failure of 

synthetic grafts is the compliance mismatch between 

the synthetic graft and the native vessel. Innovative 

biohybrid arteriovenous grafts have been fabricated 

with tuneable compliance to approach deformability 

observed in vivo. The grafts are three-layered tubular 

structures composed by inner and outer layers of 

electrospun silk fibroin and a core layer of Silkothane®, 

a blend of silk fibroin and polyurethane [1]. In this 

work, we developed stationary and dynamic systems to 

test native arterial and venous vessels and biohybrid 

grafts deformability following the specifications 

required by the standards. With the perspective of 

performing in vivo experiments in a small animal 

model (rat) to verify the influence of compliance 

mismatch in graft’s failure, biohybrid grafts of small 

calibre were fabricated. Due to the lack of data 

available in literature for rat’s abdominal aorta and 

vena cava, we performed a compliance analysis also on 

native rat vessels. 
 

Methods 

We designed and prototyped an ad hoc versatile and 

compact device for stationary compliance 

measurements able to host native rat vessels and 

synthetic grafts of small calibre (Figure 1). The entire 

system is compatible with microscope and micro-CT 

experiments and compliant with the standards required 

for vascular grafts tests (temperature control, pressure 

accuracy, image acquisition).  

Native tissue samples (abdominal aorta and vena cava) 

were harvested from 8-10 weeks Lewis rats of 250 g. 

Biohybrid grafts of small calibre were fabricated 

optimizing the electrospinning parameters and 

protocols in order to obtain grafts of very small 

diameters around to 1.5mm and wall thickness of 0.15-

0.3 mm. Compliance measurements were performed 

under a stereo microscope (Nikon SMZ1000) equipped 

with a digital camera (Fire-I, UniBrain) for the external 

diameter measurements. Experiments were carried out 

at 37°C, the samples were pressurized from 0 to 150 

mmHg (50 mmHg for venous vessels) with 10 mmHg 

increments. After 5 cycles of preconditioning, a digital 

image for each pressure value was acquired in both 

loading and unloading phase. An automatic tool was 

developed and used for images post processing.  

 
Figure 1 Device developed for the compliance measurements. 

 

Results and discussion 

Several tests were carried out on native rat vessels 

(Figure 2). Abdominal aortas (n=9) from rats showed 

compliance values of 30.24.9, 14.71.5, 

7.41.5%1/100 mmHg in hypo- normo- and hyper-

tension ranges, respectively. Vena cava (n=7) showed 

compliance values of 54.533.3 and 32.916.9% 1/100 

mmHg in 20-30 and 30-40 mmHg ranges. Biohybrid 

grafts, evaluated up to 150 mmHg, showed compliance 

values of about 2%, significantly lower than native 

tissues, but higher than traditional synthetic grafts. 

 

Figure 2 (A) abdominal aorta at 0 mmHg; (B) aorta at 150 

mmHg; (C) example of normalized deformation vs pressure. 

An in vivo study is on going to evaluate the behaviour 

of Silkothane® grafts. Two implantation sites 

(abdominal aorta and arterio-venous shunt) and two 

explant time points (30 and 90 days) are being 

investigated; up to now, all the implanted rats survived 

the surgery with blood flow inside the graft, observed 

by means of echo-doppler analysis. Neointima 

formation and endothelialization is under evaluation 

via histological analysis. 
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Introduction 

Drug-coated balloons (DCB) have emerged as an 

attractive alternative to drug-eluting stents (DES) for 

the interventional treatment of coronary artery disease 

in certain anatomical conditions [1]. While DCB 

typically transfer drug rapidly to the arterial wall 

during a short inflation period of the order of 1 minute, 

DES usually offer sustained drug release over a period 

of weeks or months. Interestingly, most commercial 

DES nowadays elute limus compounds, while currently 

approved DCB elute paclitaxel. The main aim of this 

work is to investigate theoretically if there are potential 

benefits of using balloons versus stents and whether or 

not this depends on the drug used. 

 

Methods 

We consider two different 2D-axisymmetric 

geometries corresponding to idealised straight 

segments of coronary arteries where either a DES with 

non-erodible polymeric coating is implanted or a DCB 

is deployed. Blood flow is modelled using Navier-

Stokes equations in the arterial lumen. The arterial wall 

is considered as a three-layered porous structure 

including intima, media and adventitia, with Darcy’s 

law used to calculate the pressure and velocity fields 

through the porous layers. A drug influx is prescribed 

at the balloon-wall interface to approximate the drug 

delivered from the DCB during inflation [2], while 

drug release from the DES is modelled through a 

diffusion equation [3]. Advection-diffusion equations 

are used to model drug dynamics through the different 

layers of the tissue.  The endothelium, internal and 

external elastic laminae are considered as 

semipermeable membranes and the flux across them is 

governed by Kedem-Katchalsky equations. In the 

media, a nonlinear saturable reversible reaction model 

describes binding of drug to components of the arterial 

tissue (receptors and general extracellular matrix sites) 

[4]. We compare three different values of initial mass 

of drug in the stent coating (M0) and three balloon 

inflation times (t0). We also study the influence of two 

drugs in the simulations: paclitaxel and sirolimus. 

 

Results 

Fig. 1 demonstrates, for the variety of cases 

considered,  that the total drug content (DC) in the 

arterial wall increases with (i) increasing DCB inflation 

time and (ii) increasing DES initial drug loading. 

Interestingly, the peak DC is always higher for the 

stent. However, by 7 days, the DC is approximately the 

same, regardless of whether the drug was delivered by 

the DES or DCB. Similar trends are observed for the 

case of non-specific bound drug (Fig. 2, left). When we 

compare specific binding site saturation (Fig. 2, right), 

again we observe that longer DCB inflation times and 

higher DES initial drug loading lead to higher values. It 

is notable, however, that across a period of 30 days, the 

DES consistently achieves higher values of this marker 

than the DCB. 

 
Figure 1: Total DC in the wall. Drug: sirolimus. 

Figure 2: Specific and non-specific binding sites % 

saturation in the media. Drug: sirolimus. 
 

Discussion 

Specific binding site saturation (SBSS) has been linked 

to efficacy of endovascular drug devices [5]. In this 

study we have shown, at least for the configurations 

and drug considered that DCB can achieve lower but 

similar levels of SBSS compared with DES, despite the 

drastic difference in drug-elution kinetics. Since the 

permanence of DES is disadvantageous, our results 

indicate that it may be preferable, at least in some 

cases, to utilise a DCB rather a DES. 
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Introduction 
As of 2017, an estimated 138,400 patients died annually 
from heart valve disease (HVD) worldwide [1]. The 
primary treatment option is either a mechanical or 
bioprosthetic heart valve replacement. However, 30% of 
HVD patients are unable to receive surgical valves due 
to comorbidities and/or age [2]. Transcatheter aortic 
valve replacements (TAVRs) are a novel, minimally 
invasive approach for HVD. Yet, despite increased 
interest, TAVR long-term durability is unknown. 
Durability testing is performed by an accelerated wear 
tester (AWT) in accordance with ISO:5840. This 
standard specifies a cycle number and delta pressure 
maintained across a closed valve for 5% of the cycle, but 
no testing frequency, contributing to differences 
between in vivo and AWT cycling [3]. With an increase 
in frequency, porcine heart valve tissue demonstrates 
decreased leaflet stress relaxation, producing a higher in 
vitro preload [4]. A higher preload could either produce 
a harsher environment with high stresses sustained over 
the cycle or a reduced range of stresses, under or over-
estimating the durability, respectively. Therefore, this 
study aims to understand frequency’s effect on TAVR 
turbulent fluid mechanics using high-speed particle 
image velocimetry (HSPIV).  
 
Methods 
A TAVR was cycled in an Electroforce® DurapulseTM 

AWT composed of a proximal and distal chamber, valve 
holder, and pressure transducers at each chambers’ base 
(Fig. 1). The TAVR was cycled at three frequencies (10, 
15, and 20 Hz) compliant with ISO:5840 in a Newtonian 
glycerin and saline solution (ρ = 1.13 g/ml, μ = 3.99 cP). 
The TAVR stent was trimmed to create windows to 
quantify the near valve fluid mechanics.  

 

 
Figure 1: A. AWT HSPIV set-up. B. Side view of regions 
of interest, pressure transducers, and valve housing 
fluid recirculation holes indicated. 
 
The geometric orifice area (GOA) was calculated using 
a custom MATLAB script from enface images to 

quantify valve motion every 9% of the cycle.  HSPIV 
quantified three regions (above, center, below) 
downstream of the TAVR (Fig. 1B). Two HSPIV data 
sets were captured: an averaged set to compare between 
frequencies every 9% of the cycle and an instantaneous 
set to visualize eddy formation. Reynolds normal and 
shear stresses (RNS, RSS respectively) were calculated.  
 
Results 
At all frequencies, a jet emerged from the TAVR during 
systole and achieved a maximum velocity, turbulent 
stresses downstream of the valve opening, and GOA at 
36% of the cycle. During diastole, a large recirculation 
region appeared at the base of the valve and dissipated 
downstream until the next cycle. Despite these 
similarities, there was a decrease velocity, turbulent 
stresses, jet dissipation, and coaptation with increasing 
frequency (Table 1).  
 

Frequency 
(Hz) 

GOA 
(cm2) 

Jet 
Velocity 

(m/s) 

RNS  
(Pa) 

RSS 
(Pa) 

10 1.54  0.90  867.64   412.66 
15 1.10  0.66 581.73 278.67 
20 0.91  0.47 337.75  162.87 

Table 1: Summary of maximum GOA, jet velocity, and 
turbulent stresses at 36% of the cycle and period in 
which the valve is closed and fully loaded. 
 
Discussion 
The AWT fluid mechanics demonstrated a clear 
dependence on frequency. With increasing frequency, 
the TAVR GOA, maximum jet velocity, and turbulent 
stresses decreased, all factors that influence TAVR 
fatigue. Therefore, AWT testing frequency will 
influence the in vitro observed valve life span. 
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Introduction 

Additive manufacturing of metallic stents has the 

potential to eliminate challenges in both production of 

stents and treatment of patients, paving the way for the 

development of bespoke patient specific 3D printed 

stent designs. A recent study by Demir & Previtali [1] 

investigated SLM (Selective Laser Melting) of cobalt-

chromium stents for cardiovascular stenting. That study 

outlined the need for a SLM stent to be self-supporting 

and also suggested rules on creating such a stent 

geometry to ensure no unnecessary damage is incurred 

in removing supports post-printing. However, these 

design rules lead to restrictions in the design of stents 

available through additive manufacturing. The objective 

of this study is to investigate using etching as a post-

processing tool to improve the development of SLM 

printed stents.  

Methods 

Stent Design and Processing: Two different stent 

designs were developed based on design criteria for 

additive manufacturing from [5]; a Simple Honeycomb 

(SH) and a Novel Design (ND) stent. These stents were 

then printed using the ReaLizer SLM printer (Realizer 

GmbH) using titanium powder (Ti-6Al-4V ELI). After 

printing, some of the stents were etched by immersing 

the samples into etching solution containing 

hydrofluoric and nitric acid ((HF: HNO3: H2O = 1:2:3) 

for approximately 12 minutes and then transferred into 

distilled water for 5 minutes and rinsed with ethanol. 

Three SH and three ND designs were etched (Figure 1). 

Experimental Crush Test: Once printed, these stents 

underwent an experimental crush test using an Instron 

3366 (Instron., MA, USA). 

FE Crush Test: Prior to the experimental crush test, 

measurements of the strut width and thickness of each 

stent were taken using a stereoscopic microscope. Based 

on these ‘as etched’ and ‘as printed’ measurements the 

stents were created in Solidworks (Dassault Systemes 

Solidworks Corp, MA, USA). Stents were then meshed 

using Ansys Spaceclaim (2019 ANSYS. Inc) and ANSA 

BETA (BETA CAE Systems, Switzerland). A Finite 

Element (FE) model was created in ABAQUS and used 

to replicate the experimental crush test. Using an inverse 

FE approach the material properties of the printed and  

etched stents were calibrated. 

Surface Roughness Analysis: White light 

interferometry and scanning electron microscopy 

(SEM) were used to assess stent surface roughness pre- 

and post-etching. Arithmetical average roughness, Ra, 

was measured along the length of 8 individual stent 

struts for 3 samples of each design. 

Results 

Etching stents was found to reduce the stent strut width 

and thickness. Alongside this, stent surface finish was 

improved post-etching. Furthermore, it was found that 

combining novel designs with etching allows for open 

stent designs to be printed without the need for 

additional supports, see Figure 1. Such techniques can 

allow for a greater range of 3D printed stent designs to 

treat specific patient needs. Calibration of the stent 

material properties found that non-etched stents had 

lower Young’s moduli. This is attributed to the fact that 

increased surface roughness in the ‘as printed’ stents led 

to an overestimation in the stent width and thickness 

from the stereoscopic measurements, leading to an 

overestimation in the stent’s stiffness in the FE model.  

 
Figure 1: SLM printed stents; (a) Simple Honeycomb 

(SH) (b) Simple Honeycomb Etched (SHE) and (c) the 

Novel Design Etched (NDE). (d) Mean surface 

roughness measurements from the three stent designs. 

Discussion 

This study demonstrates the benefits of etching as a post 

processing technique for SLM printed stents. In 

particular, it shows how etching can enable significant 

flexibility in SLM stent designs for patient specific 

applications. 
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Introduction 

Left Atrial Appendage (LAA) is the primary source of 

thromboembolism (approximately 91%) in patients 

affected by atrial fibrillation. If anticoagulants cannot be 

safely administrated, LAA Occlusion (LAAO) with 

self-expandable Nitinol devices is an appealing  

alternative [1]. However, LAA complex morphologies 

hinder the implant procedure, requiring skilled operators 

and an ad-hoc device sizing and positioning. Like most 

percutaneous structural heart procedures, strategies to 

access the anatomical site need to be investigated, 

including the constraints of the surrounding structures 

[2]. Focusing on the LAA, the transeptal puncture is 

crucial in identifying a suitable landing zone [3]. In this 

scenario, LAAO in-silico modeling is a potential tool for 

physicians training and planning. In literature, the works 

on LAAO [4,5] define the optimal device positioning 

without providing evidence about any possible influence 

of the nearby anatomical constraints, a key issue for a 

clinician to assess the implant feasibility. Furthermore, 

Finite Element (FE) models of the devices are used in 

complex patient-specific simulations without any 

preliminary validation. Credibility assessment of a 

computational model is an unavoidable task if it is 

intended to support clinical decisions [6,7].  

This work aims to build a validated FE model of LAAO, 

involving the development of digital twins of both an 

occluder, the Watchman device (Boston Scientific), and 

patient-specific LAAs. Then, the influence of several 

transeptal punctures is preliminarily studied. 

 

Methods 

The pipeline of the project foresees three main tasks. 

i) Device model. CT images of a device sample were 

used to ensure a high-fidelity geometry reconstruction. 

The CAD model was discretized with 1D-elements (Fig. 

1a). Ad-hoc designed in-vitro tests were performed on 

the device for characterizing the thermo-mechanical 

behavior of the Nitinol frame and validate the FE model. 

ii) LAA model. 3D geometries of patient-specific LAAs 

and half Left Atriums (LA) were reconstructed using CT 

images. On one side, 3D-printed anatomies were 

manufactured with Elastic50A Resin material and used 

to perform in-vitro deployments under fluoroscopy (Fig. 

1b, left). On the other side, FE models were developed 

using tetrahedron elements (Fig. 1b, right). 

iii) LAAO simulations. The in-vitro tests (ii) were used 

to validate the device FE model (i) interacting with 

patient-specific anatomies. Once the validation was 

assessed, the model was used to evaluate the impact of 

several transeptal punctures on the occluder positioning.  

 

Results 

Nitinol calibration and the device FE model validation 

were assessed quantitively, comparing in-vitro and in-

silico force-displacement curves (errors <7% on the 

maximum force) and device configurations (Fig. 1c). 

The comparison of the device positioning between the 

in-silico deployment and the in-vitro one established a 

good capability of the model to describe the Watchman 

deployment (Fig. 1d), allowing the use of the 

computational tool for studying the influence of the 

procedural variability on the final device positioning. 

 

 
Figure 1: Workflow of the project. 

 

Discussion 

The proposed approach allowed to develop an in-silico 

model of an LAA occluder validated through in-vitro 

tests. Hence, the validation with in-vivo data should be 

addressed, involving the comparison with pre and 

postoperative images. Once the credibility of the 

computational model is assessed, the virtual twin of the 

procedure will act as a predictive tool, optimizing the 

operative planning and increasing the probability of 

successful outcomes. 
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Introduction 
Atherosclerotic cardiovascular disease is the cause of 
millions of sudden deaths annually. Coronary artery 
disease (CAD) is one of the most relevant 
cardiovascular pathologies. An important advance in 
the treatment of CAD is the development of Drug 
Eluting Stents (DES). However one of the main 
drawbacks is restenosis development after stent 
implantation. The controlled delivery of anti-
proliferative drugs limits restenosis, avoiding the 
migration and proliferation of smooth muscle cells 
(SMC) from the media to the intima. Key to the 
success of DES is the correct release of the drug, i.e. 
maintaining a therapeutic concentration of drug within 
the artery but avoiding toxic levels that limits re-
endothelialization. The level of drug concentration in 
the tissue depends on several factors, with the 
geometry of the artery one of them [1,2]. The objective 
of this contribution is to analyse the influence of the 
vessel curvature and plaque heterogeneity on drug 
transport in the blood flow and in the arterial wall. 
 
Methods 
Several 2D computational models corresponding to 
idealized longitudinal sections of segments of coronary 
arteries have been considered in this work as a first 
step to analyze the influence of arterial curvature and 
plaque composition on drug transport within the 
arterial wall. In particular, six different geometries of 
coronary artery, with and without plaque, containing a 
DES have been considered: one corresponding to a 
straight segment and the remaining five corresponding 
to curved segments of varying curvature ratio (κ). The 
plaque is composed of two different domains: fibrous 
cap and core. The length of the plaque (approximately 
6 mm) and the percentage of diameter stenosis (20 %) 
correspond to values within the range found in the 
literature. The arterial wall includes three different 
layers: subendothelial space, media and adventitia. 
Endothelium, internal and external elastic laminae are 
considered as semipermeable membranes. The device 
is represented by ten circular struts half-embedded in 
the tissue. Blood flow is modelled using Navier-Stokes 
equations in the arterial lumen domain, while Darcy’s 
law is used to calculate filtration velocity through 
porous layers. Drug transport within the arterial wall is 
modelled using advection-diffusion-reaction equations 
[3]. Kedem-Katchalsky equations are used to model 
fluid and solute flux through the membranes [4].  
 
 

Results 
As an example of the obtained results, in Fig. 1 we show 
a comparison of the normalized drug concentration 
within the inner wall of the artery at 10 min, 1 h and 4 h 
after stent implantation for two different curved vessels. 

 

 
Figure 1: Normalized drug concentration in the inner 
wall of the artery for two curvature ratios (𝜅𝜅=0.1 and 
𝜅𝜅=0.4) at different time points after stent implantation. 
 

Discussion 
Our results show that the arterial curvature affects the 
drug transport within the tissue few hours after stent 
implantation, increasing the levels of drug 
concentration within the inner wall of the vessel and 
decreasing within the outer one. Plaque induces a delay 
in the NMC profiles of both layers: NMC peaks under 
pathological conditions are reached approximately 3-4 
hours later than under healthy conditions. These results 
suggest that the plaque, especially when calcified acts 
as a physical barrier preventing the penetration of the 
drug. 
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Introduction 

This work focuses on the development of anatomically 

and biomechanically correct phantoms of an abdominal 

aortic aneurysm, a large dilatation of the arterial wall, 

with the presence of small calcium deposits within the 

wall of the phantom to simulate the calcification of the 

arterial wall. Analysis of mean strain seem to indicate 

that a larger surface area of calcifications strongly 

impacts stress concentration in smaller samples, but has 

a reduced impact in larger phantoms. 

 

Methods 

The phantoms are produced using polyvinyl alcohol 

(PVA) to mimic the hyper-elastic properties of the 

abdominal artery. PVA (P1763, Sigma) is prepared as a 

10% W/V mix with deionized water [1]. PVA’s 

mechanical properties can be tailored through a series of 

freezing and thawing cycles (freezing: -0.17°C/min until 

-20°C; thawing: 0.33°C/min until 10°C) with a freezer 

[2]. Calcifications are produced by mixing PVA with 

calcium carbonate powder (115% W/W CaCO3/PVA) 

beforehand to create a stiffer sample moulded in various 

observed clinical shapes (flake, stone, strips) [3]. The 

PVA is initially poured in a 3D printed mould of the 

artery, then the aneurysm and a large surface area of 

calcifications (1-2cm2) are introduced to the mock artery 

after three freezing-thawing cycles, after which the 

entire phantom is subjected to an additional five 

freezing-thawing cycles. 

 

Results 

Analysis of elastic modulus was done by uniaxial tensile 

testing, while mean strain was studied by transverse 

ultrasound imaging of the phantoms.  

 

Figure 1: Elastic modulus of PVA samples with various 

clinical cases of calcifications of different degrees (mild 

calcification (dark grey) : <1cm2; heavy calcification 

(light grey) : >2cm2) at 15% strain following uniaxial 

tensile test. One asterisk means the sample has an 

elastic modulus which is clearly different from blank 

PVA (101.22 ± 16.94 kPa) (p < 0.05); two asterisks 

means the mild and heavy calcification samples are 

clearly different (p < 0.05). N=3.    

 

Phantoms Mean strain (%) p value 

Blank   8.723 ± 2.362 - 

Flakes & stones   7.353 ± 2.637 0.6391 

Strips & stones 10.463 ± 2.282 0.5318 

Flakes, strips & 

stones 
7.169 ± 3.752 0.6692 

Table 1: Mean strain in arterial phantom with and 

without calcifications, and two-tailed p-value from 

paired Student t-test when compared to the blank (no 

calcifications) phantom (N = 2). 

 

Discussion 

Among the factors tested in uniaxial tensile tests, only 

surface area demonstrates a statistically significant 

stress accumulation in the arterial wall, whereas depth 

of calcifications shows no strong correlation to an 

increase in stress. Regarding strain analysis, a paired 

Student t-test of 40 different points of the inner arterial 

wall over two pulsatile flow cycles shows no statistically 

significant difference when compared to the entire 

arterial wall of the abdominal aortic aneurysm without 

calcifications, though it remains unclear whether the 

presence of calcifications in the phantom’s wall has an 

increasing or decreasing effect on strain and stress 

accumulation locally. 
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Abstract 
In this work, we present the assessment of catheter 
friction with soft synthetic materials and vascular tissue 
for identifying functional (navigation and deployment) 
design parameters. It is reported that the frictional forces 
are dependent on the catheter advancement speed. The 
results are reported with Stribeck curves and it is shown 
that the frictional forces are highly dependent on the 
wetness of the interface. The impact of the results are 
discussed in terms of translation to phantoms and 
catheters design. 
 
Introduction 

Catheters and guidewires are frequently used for 
cardiovascular procedures for diagnoses (injecting and 
retrieving fluids) and therapeutic interventions (stenting, 
drainage, ablation) [1]. The practitioner experiences 
significant resistance when navigating and positioning 
the catheter. This resistance is due to friction between 
the catheter body material and the endothelial surface of 
the vessel (or cavity). This directly affects the precision 
of the positioning which is critical for the success of the 
procedure (ablation or deployment sites). It can also be 
responsible for vessel wall damage (desquamation, 
perforation) that can lead to detrimental and lethal 
consequences. The industry is developing new catheter 
designs with new materials and coatings to alleviate this 
friction. However, there is limited development about 
friction models for studying the interaction between the 
catheter polymeric material and the soft vascular wall 
surface. Such model would also be useful for the 
numerical modeling of catheter navigation and related 
virtual surgical planning [2].   
 
Methods 
Generally, friction is made of three main contributions: 
adhesion (van der Waals type), lubricating fluid 
shearing and surface asperities deformation. Given the 
lubricated nature of the contact, a Stribeck friction 
model was selected. However, the model is 
underdetermined for zero sliding speed [3] and requires 
a dry contact model. In addition, in the case of 
elastomeric material it was shown that the friction can 
increase for increasing sliding speed [4]. 
 

A MACH Bio-momentum Testing equipment was 
used with moving speeds between 0.5-50 mm/s and 
masses (loads) between 10g and 300 g. Rectangular 
catheter samples of 20 X 20 mm are cut from 
commercial EVAR catheters (Cook, Medtronic) and 
affixed to an applicator which is put in contact to slide 

against excised vascular aortic strips, hydrogel 
specimens and silicone surfaces. The chosen applied 
loads are selected to cover the force and torque ranges 
used in catheter navigation (4N, 18 Nm) [5].  
 
Results 
In Figure 1, we illustrate the results for the coefficients 
of friction for the various surfaces interfacing the 
catheter material. As it can be noticed, the PVA exhibits 
the closest properties whereas elastomeric materials 
have much higher friction.  
 

 
Figure 1: Coefficients of friction of soft surfaces 
interfacing with the catheter material 
 
Discussion 
The results provide information on the reasons why it 
may be difficult to navigate catheters in situation where 
the moving speeds are low or from initial (static contact) 
situations. It also helps for selecting the proper material 
when fabricating vascular mock-ups. A substance with 
low coefficient of friction (PVA) would provide more 
realistic testing conditions for catheter assessment than 
elastomeric based mock-ups. It can also guide in 
selecting materials for catheters design and developing 
coating technologies to decrease the friction coefficients 
associated with catheters. 
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Introduction 

The coagulation cascade has a number of biochemical 

species that mediate thrombosis along both chemical 

and mechanical pathways. One of these is the von 

Willebrand Factor (vWF), a bloodborne glycoprotein 

that functions by connecting platelets in the freestream 

to the subendothelial matrix in high shear flows. Left 

ventricular assist devices (LVADs) apply pathological 

shear rates significantly higher than physiological 

conditions. Adhesion efficacy may be significantly 

altered by ADAMTS13, a cleaving enzyme within the 

blood. The primary goal of this study is to observe the 

adhesive behavior and thrombogenic contribution of 

vWF on biomaterials, as well as the modulating effect 

of ADAMTS13 on adhesion, leading to novel strategies 

to reduce thrombosis mediated by implanted devices. 

 

Methods 

A series of PDMS microfluidic channels was used to 

create a low volume system of adjustable shear, with 

easily observable deposition under immunofluorescent 

microscopy. Velocity profiles were determined using a 

micro-PIV system (TSI Inc., Shoreview, MN).  

Channels were coated with bovine type I collagen (100 

µg/mL) to provide a base layer for vWF adhesion. 

Human vWF diluted to 12 µg/mL (Haematologic 

Technologies, Essex VT) was driven through the 

channel at adjustable flow rates to achieve the desired 

shear. Primary and secondary antibodies (Abcam, 

Cambridge UK) with Alexa Fluor 488 were applied in 

sequence. Images were acquired with a 4MP CCD 

camera and colored with pseudocolor.  

 

Results 

Within the shear rate range (200-1000 s-1) applied in the 

microfluidic channel, there was a clear observable 

difference between mean coverage of vWF alone and 

the vWF-ADAMTS13 (V-A) solution (Fig 1).  

 
Figure 1:  vWF Adhesion depicted in medium BFS 

channel (300/600 µm), shown (left) vWF after 50 

µL/min flow (right) vWF +ADAMTS13 solution after  

50 µL/min flow. 

Two distinct trends emerged, the direct relationship 

between increasing shear and adhesion of vWF, and the 

plateau of V-A. Within the BFS channel, vWF adhered 

at higher rates within the inlet of the channel, similar 

rates at the step, and lower rates within the outlet, 

supporting a relationship between high shear and 

increased deposition. The same relationship was 

observed within the straight channels with small 

variation at low shear (Fig 2). 

 

  
Figure 2: vWF adhesion to collagen coated 

microchannels (n=6) as a function of shear. Enzymatic 

cleavage plays a role, demonstrated by the difference 

between vWF alone and vWF-ADAMTS13. Shear rates 

range from healthy venous (200 s-1) to pathological 

stenotic shear (10000 s-1). 

 

Conclusions 

This study is a first step towards understanding the 

behavior of vWF under physiological conditions. There 

is an observable difference in behavior in vWF 

dependent on the presence of ADAMTS13, a proteolytic 

enzyme that generates smaller, inert multimers that 

effectively stifle the coagulation cascade. Further 

investigation should explore deposition rates on 

implanted material surfaces and additional biological 

materials. Shear rate is shown to have a direct effect on 

deposition of vWF multimers or mechanically cleaved 

monomers, while having little effect on the chemically 

fragmented subdomains generated by ADAMTS13. It is 

important to determine how the cleaving behavior of 

ADAMTS13 is affected by both higher shear and 

additional coagulation factors. This relationship is a 

factor of interest in further exploring vWF adhesive 

behavior in the exorbitantly high shear applied by 

mechanical circulatory devices. 
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Introduction 

Venoarterial Extracorporeal Membrane Oxygenation 

(v-a ECMO) is a form of temporary mechanical 

circulatory support. It is used to support the cardiac 

function of patients with severe heart failure in different 

configurations. In the femoro-femoral (femoral vein - 

femoral artery) configuration, the fluid-mechanical 

interactions between ECMO and the patient’s 

circulation can increase the left ventricular afterload, 

impeding the heart recovery and causing pulmonary 

congestion [1]. The complex interaction between 

ECMO and native heart function is poorly investigated. 

The use of in-vitro simulations can help to measure 

fluid-mechanical parameters that are fundamental for 

the patient specific adjustment of ECMO support and 

that cannot be completely evaluated at bedside.  

The aim of this study is to develop a patient specific 

Mock Circulatory Loop to evaluate the modifications of 

heart work and flow distribution in the aorta, with 

different levels of ECMO retrograde support in 

cardiogenic shock. 

 

Methods 

The mock loop is composed of a thoracic aorta phantom, 

two active components and a series of passive 

components to model the systemic resistances and 

compliances at each branch. The phantom was 3D-

printed in Clear rigid resin (Form2, Formlabs®). The 

model was designed with a single inlet at aortic root 

level and 4 outlets corresponding to the three epiaortic 

vessels (EV) and the descending aorta (DE) that is 

connected with iliac bifurcation (IL). The first active 

component is a speed-controlled piston pump to impose 

a flow profile at the inlet [2]. The pump profile was set 

to reproduce the heart function during both healthy and 

failure condition. The failure condition is modeled with 

a reduction of 70% in stroke volume with respect to the 

healthy condition (70 ml) of the patient [3]. The second 

active element is a centrifugal pump, connected with 

aorta below the iliac bifurcation, and responsible for the 

ECMO support. The passive components are adopted to 

set the pressure waveforms inside the aortic phantom, 

and they consist in pinch valves and air-filled chambers. 

The air level and the pinch rod height values were tuned 

to obtain the patient aortic pressure (82-125 mmHg) 

during healthy heart functionality. Five different 

centrifugal pump speeds of extracorporeal support 

(v1=1000 rpm, v2=1500 rpm, v3=2000 rpm, v4=2500 

rpm, v5=3000 rpm) were imposed during the 

experiments at heart failure (hf) conditions. EV, DE at 

the isthmic level and below IL flows were evaluated 

with flow transducers and compared with the healthy 

conditions (ht) as well as the left ventricle work (Lw) 

and the pressure at the level of the ascending aorta (Ap).  

 

Results 

The heart failure test conditions were characterized by a 

reduction of left ventricle work (-95%) related to a flow 

(-50%) in aorta outlets and pressure decrease (-70%), as 

reported in Table 1. The increase of centrifugal pump 

speed leads to two different phenomena:  

1. flow reversal at the isthmic region of DE, at low 

ECMO flows (v1 – v2), denoting the establishment of the 

watershed zone [4] at this level.  

2. Flows restoration at healthy values in the EV and IL, 

when the ECMO support increases (v3 – v4).  

ECMO speeds are also related to a linear increase in left 

ventricle afterload (Ap). The work requested by left 

ventricle increases linearly until the ECMO speed is less 

than 2000 rpm. Beyond this value, the work increase 

becomes highly non-linear. 

 

 ht hf v1 v2 v3 v4 v5 

EV 4.7 2.5 3.4 4.2 4.6 5.6 6.6 

DE 4.2 2 0.1 -1.9 -3.5 -4.7 -6 

IL 4.2 2 2.5 3 4 5.7 7 

Lw 1.1 0.06 0.07 0.09 0.1 0.3 0.6 

Ap 100 30 55 80 102 130 150 

Table 1: Experiment results: Br, Des and Il flows 

(l/min), Lw (W) and AP (mmHg) at healthy, failure and 

ECMO conditions. 

 

Discussion 

With this study, the effectiveness of the in vitro 

approach for ECMO-patient fluid dynamic interaction 

modeling with a mock loop was demonstrated with 

success. The results confirmed the effectiveness of 

ECMO in the restoration of blood flows. Nevertheless, 

it was also demonstrated that high ECMO speeds 

produce a left ventricle overload and work 

augmentation, interfering with the process of heart 

recovery 
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Introduction 
The structural morphology of stents (e.g. expansion, 
lumen scaffolding, strut apposition), and the local 
hemodynamic environment after stent deployment in 
coronary arteries are key determinants of procedural 
success and subsequent clinical outcomes. High-
resolution intracoronary imaging has the potential to 
enable the geometrically correct 3D reconstruction of 
coronary stents. The aim of this work was to present a 
novel algorithm for 3D stent reconstruction of coronary 
artery stents by OCT and angiography, and test 
experimentally its accuracy, reproducibility, clinical 
feasibility and ability to perform CFD studies. 
 
Methods 
Our method has the following steps: creation of patient-
specific silicon vessel models and stenting, lumen 
reconstruction by OCT and angiography (Fig.1), stent 
strut segmentation on OCT images, packaging, rotation 
and straightening of the segmented struts, and planar 
unrolling of the segmented struts, planar stent wireframe 
reconstruction, rolling back of the planar stent 
wireframe to the 3D reconstructed lumen, and stent 
volume reconstruction. We tested the accuracy and 
reproducibility of our method in stented silicone models 
using micro computed tomography and stereoscopy as 
reference. The clinical feasibility and CFD studies were 
performed in clinically stented coronary bifurcations. 

 
Fig. 1: Left to right: angiography, CAD model before 
stenting, OCT-reconstructed lumen after stenting and 

stereoscopy images of the final stented models. 
Results 
Our experimental and clinical studies showed that our 
proposed algorithm can reproduce the complex stent 
configuration in space with high precision and 
reproducibility (Fig.2). Furthermore, our studies showed 
that the algorithm is feasible in clinical cases with stents 
deployed in diseased, bifurcated coronary arteries, 
enabling CFD studies (e.g. time averaged wall shear 

stress, TAWSS,) to assess the hemodynamic 
environment (Fig. 3).  

 
Fig. 3:Three patient cases: (a-c) TAWSS around stent 

struts, (b-c) the shear stress distribution around 
malapoposed struts. In (d) longitudinal section 

showing the low velocity between the lumen and 
malapposed struts (white asterisks). (e-g) TAWSS 

distribution at the ostium of the side branch.  
 

Discussion and conclusions 
By applying 2D stent wireframe reconstruction and 
combining the validated lumen reconstruction method, 
this work overcomes several limitations of previous 
studies in the field and advances the current state-of-the-
art. Notably, the high accuracy of our algorithm was 
consistent across different stent designs and diameters. 
We propose a new method that enables accurate, 
reproducible, time-efficient and clinically feasible 3D 
reconstruction of coronary artery stents. Our method 
coupled with patient-specific CFD studies can facilitate 
stenting optimization, training in stenting techniques, 
and stent research and development. 
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Fig.2: Qualitative experimental validation of stent 
reconstruction method against μCT and stereoscopy. 
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Introduction 

Peripheral artery disease (PAD) strikes 202 million men 

and women worldwide, and its prevalence has a 

significant growth with the increase of age (Benjamin et 

al. (2019)). Atherosclerotic plaques build-up inside the 

arterial wall that diminishes the blood supply to lower 

extremities is the leading cause of lower limb PAD. Two 

significant clinical symptoms of lower limb PAD are 

claudication and critical limb ischemia, which may even 

lead to ulceration and gangrene of the toes or feet. 

Besides, patients diagnosed with PAD have an increased 

risk of cardiovascular morbidity and mortality compared 

with those without PAD.  

Several experimental studies showed that the 

components of femoral plaques and carotid plaques are 

different, femoral plaques demonstrate higher calcium 

and lesser cholesterol concentrations than carotid 

plaques. Computational studies analysis of the 

mechanism of atherosclerotic plaques,, including  

Computer fluid dynamics (CFD) modelling and  Finite 

element (FE) simulations, indicate that changes in the 

geometry and material property of a model could affect 

its mechanical behaviour.  
The anatomic geometries of atherosclerotic plaques 

influence the hemodynamic features of the blood flow, 

which in turn affects the mechanical behaviour of the 

plaques. Recent studies of 3D FSI simulations, which 

couples computational fluid dynamics with structure 

mechanics, have been implemented for coronary, 

carotid and femoral atherosclerotic artery models.  

To the best of author’s knowledge, FSI simulations 

concerning multiple plaques in a realistic model were 

not reported for human femoral arteries. In this paper, 

we aim to discuss biomechanical characteristics for an 

atherosclerotic femoral artery in three models: blood 

coupling with artery wall and calcified plaque; blood 

coupling with artery wall and lipid plaque; blood 

coupling with artery wall, calcified and lipid plaques. 

Appropriate hyperelastic material parameters obtained 

from experimental studies are adopted to the femoral 

arterial wall and plaques. A one-way FSI coupling is 

employed for patient-specific stenosed femoral artery 

models. Pulsatile boundary conditions are used in this 

study. 

 

Methods 

A 45 mm-long left femoral artery model is reconstructed 

based on these CT scans, two types of plaque are 

identified, shown in Fig. 1.  Three dimensional fluid-

structure geometry, including lumen, lipid plaque, 

calcified plaque and arterial wall were constructed for 

the fluid-structure interaction modelling. The femoral 

artery wall is assumed to be nonlinear, homogenous and 

hyperelastic material. The strain energy function W of 

Mooney–Rivlin constitutive model is employed. 

 

 
Figure 1 Two types of plaques, lipid and calcified 

plaques, were identified based on CT scan from a 

diseased peripheral artery. 

 

Results 

It was observed from the simulation results that 

oscillation of WSS is occurring in the healthy 

downstream region in the lipid-only model. The 

pressure around the plaques in the two-plaque model is 

lower than that in the corresponding one-plaque models 

due to the reduction of blood flow domain, which 

consequently diminishes the loading forces on both 

plaques. Therefore, we found that stress acting on the 

plaques in the two-plaque model is lower than that in the 

corresponding one-plaque models. 

Discussions 

The results from the simulation indicated that new 

plaque might be further accumulated around the 

calcified plaque compared with the lipid plaque, while 

initiation of new plaques may happen in the healthy area 

behind the lipid plaque. The structure analyses indicate 

that maximal stress principally sits in the plaque 

shoulder, where it is commonly accepted as the plaque 

rupture location. 
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Introduction 

Intracranial aneurysm (IA) rupture is the most common 

cause of subarachnoid hemorrhage (SAH), a life-

threatening neurovascular emergency with significant 
mortality [1]. Accurate hemodynamic analysis may 

improve IA risk assessment and treatment-planning [2]; 

here we propose a novel approach combining  

computational fluid dynamics (CFD), which has been 

proved valuable for simulating flow in IA [2], and 4D 

flow magnetic resonance imaging (MRI), a noninvasive 

technique that enables measurements of blood flow [3]. 

Both techniques still have limitations. In this study, we 

implemented and evaluated a data assimilation (DA) 

approach to combine CFD with 4D flow MRI, enabling 

super-resolution and noise reduction in 4D flow 
measurements.     

 

Methods 

A 3D variational data assimilation (3DVar) algorithm 

was developed in Fenics through the dolphin-adjoint 

library [4]. A finite elements framework was used to 

simulate blood flow in an internal carotid artery saccular 

aneurysm model, obtained from 4D MRI data. Velocity 

profiles extracted from 4D flow at the peak flow rate and 

pressure zero were applied as inlet and outlet boundary 

conditions (BCs), respectively. The weak form of 

Navier-Stokes model was modified by adding a source 

term g which acts as control parameter for the DA. This 

source is multiplied by a function χ, which maps 

spatially the velocity measurements on the 

computational mesh (1). 

  (
𝛿u

𝛿t
, v)

Ω
+ ((u∇)u, v)

Ω
− (p, ∇v)

Ω
+ (𝑣∇u, ∇v)Ω = (χg, v)

Ω
     

                                   (∇𝑢, 𝑞)Ω = 0                             (1) 

with v and q being suitable test functions and Ω the 

domain. The source g is calibrated iteratively (via a 

gradient descent algorithm) such that it minimizes a loss 

function J (2) which represents the mismatch between 

the model results (u, velocity) and the measurements 

(uobs) extracted from 4D MRI data. 

                           J =  ‖𝒖 − 𝒖𝑜𝑏𝑠‖𝐿2(𝛺)                        (2) 

For comparison, a 4D flow guided-CFD simulation 

was performed in Simvascular [5] on a finer mesh. 

Prior to 3DVar, 4D flow data were denoised following 

the approach described in [6]. 

Results 

In fig. 2 a comparison of velocity magnitudes obtained 

with 4D flow, High-resolution CFD and 3DVar is 

reported.  In 3DVar, a good similarity can be appreciated 

with respect to the measurements, in particular in the 

high velocity flow region, where the SNR in 4D flow 

data is higher. The Mean Squared Error (MSE) of 

velocity reported in the figure confirmed the accuracy 

improvement of 3DVar with respect to the High-

resolution CFD.  

 

Figure 1: Velocity magnitude colour maps on a transversal plane 

within the aneurysm. MSE of velocity between Observation and High-

resolution CFD and between Observation and 3DVar is showed. 

Discussion 

The novelty of this study lies in the formulation of the 

data assimilation algorithm. Contrastingly from 

previous work [7], the assimilation of the 4D flow 

measurements was carried out across the whole volume 

where observations were available, controlling a 

fictitious source term g added to the Navier-Stokes 

formulation. This approach allowed us to obtain a good 
matching between 4D flow data and 3DVar within the 

region of interest even on a coarse mesh. Data 

assimilation has proved to be a valid method to increase 

the CFD accuracy in the assessment of blood flow in IA.  
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Introduction 

Quantification of the aortic wall architecture, and 

especially, in Ascending Thoracic Aortic Aneurysms 

(ATAA) has been in the center of many cardiovascular 

researches. Those studies (e.g.  [1]) aim to understand 

the behavior of the aortic microstructure composed 

mainly of collagen and elastin fibers. In the literature, 

researchers succeeded in extracting some in-plane, 

hence 2D, information (orientation and waviness) of the 

collagen fibers but the third dimension is still 

overlooked. To deal with this issue, the most widely 

used imaging modality is multiphoton microscopy, 

which allows capturing a stack of 2D Second Harmonic 

Generated (SHG) images of the collagen fibers to form 

one in 3D. However, those acquisitions may present 

some artifacts such as shadows and even some black 

regions due to dust or air, and the quality of the signal in 

the out-of-plane direction is very poor compared to in-

plane, making 3D analysis a challenge. In the present 

study, we propose a method to correct those artifacts and 

improve the third dimensional component. 

 

Methodology 

We disposed of many stacks of SHG images capturing 

collagen fibers of the adventitia layer of human aortic 

wall [2]. In order to deal with the artifacts appearing in 

our images, a morphological method was proposed, 

based on directional filters inspired from the 

MorphoLibJ plugin in ImageJ. The proposed method 

consists in building a filter bank. Each filter consists in 

a segment of length L and value 1 oriented in a direction 

d, (figure 1). As a start, we applied these filters in 2D 

(i.e. successively to every image of our stack), (figure 

2). A pixel in the output image takes the maximum value 

of the pixels at same coordinates in all images resulting 

from the application of the filter bank. 

 

 
Figure 1: Example of a filter bank with 3 filters (d=3). 

 

Then, in order to improve the entire stack, we proposed 

to extend this directional filter in 3D. We introduced 3D 

filters which are tilted with respect to the image plan. 

We fixed the tilt angles to be 1.5°, 3° and 4.5°. Then the 

steps are the same as in 2D. 

The dimension of the filter in the image plan may vary 

with respect to the artifacts on the image. The bigger the 

black region is, the wider the filter is. Regarding the 

depth of the 3D filter,  it is determined by the segment 

length and the maximum chosen tilt angle. 

    
Figure 2: The filter is placed on a sub-image and the 

mean of their product is computed. 

 

Results and discussion 

The proposed methods showed good results to correct 

the artifacts as can be seen in figure 3, where obvious 

continuity of fibers is recovered. The choice of the 

length of the filter is very important to reconstruct the 

fibers in the presence of big black spots.  
 

   
Figure 3: Result of the planar filtering where the black 

spot (in red) and the shadows (in blue) disappeared. 

 

Besides, the 3D filtering has a good contribution to the 

improvement of analysis in the third dimension, with 

visualisation of out-of-plane fiber direction, (figure 4).  
 

 
Figure 4: (a): portion of an image where a focus is put 

on the green fiber. (b): original noisy image. (c): results 

after a 2D filtering where we cannot tell if the fiber is 

tilted. (d): result after a 3D filtering where we can tell 

that the fiber is tilted. 

 

Future work will focus on improving even more those 

images by deleting the blur introduced by the directional 

filters and by the used microscope.  
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Introduction 
Changes in the arterial vessel microstructure are 
implicated in the progression of atherosclerosis [1] and 
ultimately plaque rupture – one of the leading causes of 
ischemic stroke [2]. The formation of specific 
atherosclerotic plaque features is believed to be 
indicative of plaque stability [1]. Diffusion tensor 
imaging (DTI) is commonly used to evaluate various 
tissue microstructures and has previously been shown to 
be sensitive to specific microstructural changes in 
arterial tissue [3,4]. This study investigates this 
sensitivity within human arteries with an aim to non-
invasively characterise healthy and diseased regions. 
 

Methods 
Whole carotid artery sections (including the bifurcation 
and proximal sections of the common, internal and 
external) were isolated from embalmed cadavers; 
cardiovascular disease was not implicated as the cause 
of death in any subjects (aged 70-103). All samples 
(n=8) were cleaned of connective tissue and scanned in 
a 7T Bruker BioSpec system with a 3D DTI sequence 
with the following parameters: TE/TR: 17.682/1000 ms; 
image size: 96 x 96 x 96, field of view: 30 x 30 x 30 mm, 
isotropic resolution 312.5 x 312.5 x 312.5 um, b-values: 
0, 800 s/mm2, 10 b-directions, gradient duration: 3.8 ms, 
gradient separation: 8.802 ms, and acquisition time: 28 
hours and 9 minutes. Imaging data was denoised and 
Gibbs ringing correction performed prior to the 
calculation of fractional anisotropy (FA) and mean 
diffusivity (MD) maps. Histology was used to inform 
the definition of healthy and diseased regions on          
b=0 s/mm2 images of all subjects; any region that 
differed from healthy arterial wall was classified as a 
diseased region. Mean FA and MD values were 
extracted for each region. Regions of low SNR were 
excluded from regional analysis.  
 

Results 
Figure 1 (a, c) shows the mean FA and MD values for 
healthy tissue in the common, bifurcation, internal and 
external arteries in all subjects (n=8); no significant 
differences were found. The mean FA in healthy and 
diseased regions are presented in Figure 1 (b); the FA of 
healthy tissue, 0.0993 ± 0.018, is significantly 
(p=0.0405) lower than that of diseased tissue, 0.1088 ± 
0.015. Additionally, the mean MD of healthy tissue is 
significantly higher (p=0.0002) than the MD in diseased 
regions across all samples, 0.001232 ± 0.0001 and 
0.001121 ± 0.00009 mm2/s, respectively.  

 
Figure 1: (a, c) FA and MD values of healthy regions in the 
common (C), bifurcation (B), internal (I) and external (E) 
arteries. (b, d) FA and MD values of healthy and diseased 
regions, (* p=0.0405, ***p=0.0002). (e, f) FA and MD 
maps for various cross sections highlighting variations in 
values regionally. 
 

Discussion 
This study investigates the sensitivity of DTI to arterial 
tissue microstructure in human carotid arteries. Across 
eight specimens, no significant differences were seen in 
FA or MD between healthy anatomical regions. When 
comparing healthy to diseased regions, there were 
significant differences in both FA and MD. Future work 
will focus on histological categorisation of these 
diseased regions to gain further insight into the ability 
of DTI metrics to stratify atherosclerotic disease.  
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Introduction 

3D echocardiography was recently exploited to assess 

left ventricle (LV) function in vivo, including regional 

longitudinal and circumferential strains of the LV 

endocardium as quantifiable through 3D speckle-

tracking (3DSTE) [1]. However, their entity directly 

depends on the LV longitudinal axis, which is manually 

defined by the operator. Minimum principal strain (εmin) 

analysis has emerged as a valid alternative to overcome 

these limitations, given its independence from the 

reference frame [2]. We exploited this novel strategy to 

investigate local endocardial LV strains in five healthy 

subjects and in five post-ischemic patients submitted to 

LV surgical ventricular reshaping (SVR) [3], analyzed 

before SVR and at 6-month follow-up. 

 

Methods 

3D full volume LV echocardiography was acquired and 

processed off-line in 4D LV TomTec software (TomTec 

Imaging Systems GmbH, Germany). The endocardium 

was automatically tracked over the cardiac cycle and 

extracted as a dynamic triangulated mesh. LV structural 

simulation was run in Abaqus/Explicit (SIMULIA, 

Dassault Systémes, USA), imposing at each node the 

kinematics exported from 3DSTE. The value of εmin, and 

the principal direction associated to εmin were stored at 

end systole for each triangle. Based on principal 

directions, we quantified the angle of contraction α [4], 

ranging between 0° (circumferential contraction) and 

90° (longitudinal contraction), as in Figure 1. 

Endocardial LV surface was divided into basal, mid and 

apical segment [1], exploiting papillary muscles 

position in the 3D dataset as anatomical landmarks. εmin 

and α distributions were analyzed based on whether the 

corresponding triangular element fell in the basal, mid, 

or apical region. 

 

 
 

Figure 1: εmin and α computed for a single triangle. 

Results 

Before SVR, post-ischemic patients showed a global 

εmin impairment (median values -13% vs -34%, 

p=0.008) if compared to the control group, paralleled by 

increased α value, in particular in the mid-apical region 

(54° vs 16°, p=0.016), as shown in Figure 2. Six months 

after SVR, LV global εmin improved up to -20%, in 

particular in the basal region, with εmin changing from -

17% (pre-SVR) to -22% (post-SVR). The angle of 

contraction α slightly decreased to 35°. 

 

 
 

Figure 2: εmin magnitude and directions at end-systole. 

 

Discussion 

By complementing the standard off-line analysis with a 

conceptually simple and very time efficient finite 

element simulation (approximate time expense 3-4 

min), we obtain major extra information: i) a localized, 

i.e., pointwise, quantification of LV deformation, which 

allows to deepen the entity of endocardial contractility 

within the single LV sector; ii) extraction of both LV 

minimum principal strain and directions, with the latter 

potentially mimicking the local myofibers orientation 

[2]. This analysis can be useful, in the single clinical 

scenario, to pinpoint the severity of post-ischemic 

dysfunction and to support prognosis in patient that 

underwent surgical intervention. 
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Introduction 

Cardiac MRI is nowadays the gold-standard image 
acquisition procedure to assess the cardiac function and, 
in particular, the left ventricle function. In this context, 
cine-MRI is characterized by a very accurate time 
resolution that well captures the motion of the ventricle. 
On the contrary, concerning the spatial resolution, the 
sole 3D data available is the so-called short-axis (SA) 
view, that lacks accuracy along the left ventricle long-
axis. On the contrary, long-axis (LA) views are usually 
acquired only for few 2D slices. In order to accurately 
reconstruct the 3D left ventricle shape and motion, 
information of the various views should be in some way 
mixed. However, in clinical practice, 3D measures (e.g. 
volumes) and their temporal evolution are usually 
computed only from SA view by using mathematical 
formula based on simplified assumption on the 
ventricular shape. 
In this work, we first propose a way to create artificial 
images mixing information from all the cine-MRI 
views. Then, starting from these images, we propose a 
complete pipeline to accurately reconstruct the 3D left 
ventricle shape and motion. Finally, we exploit these 
geometric and functional data to perform patient-
specific computational hemodynamics simulations able 
to enrich the standard clinical outputs of an MRI exam. 
 

Methods 

The pipeline to reconstruct the shape and motion of the 
left ventricle consists, briefly, in the following steps: 

1. create a richer 3D artificial image with a 
homogeneous resolution in each direction, 
interpolating the cine-MRI data from SA and 
LA views. 

2. segment the endocardium at each temporal 
instant using a semi-automatic segmentation 
algorithm [1]. 

3. reconstruct the motion of the ventricle by 
registering the end-systolic reference surface to 
all the other instants [2]. 

In order to perform numerical simulations, we extend 
the reconstructed geometry and motion to the left atrium 
and the ascending aorta by taking advantages of a 
template geometry that includes the cardiac valves. In 
particular, the motion is extended to the template 
geometry properly solving a Laplace-Beltrami problem 
in order to recover a realistic motion of the atrium [3,4]. 
Then, hemodynamics simulations are performed solving 
with the finite element method the Navier-Stokes 

equations in an Arbitrary Lagrangian Eulerian (ALE) 
framework, where the motion of the computational 
domain is the one recovered from the artificial cine-MRI 
and the valves are treated using a resistive approach 
[4,5]. 
 

Results 

The proposed methods are applied to a set of patients 
enrolled by “Ospedale L. Sacco” in Milan, including 
both healthy and pathological cases. Results show the 
importance of using all the available cine-MRI views to 
improve the accuracy of the reconstruction and, 
consequently, to enrich the classical clinical outputs by 
providing more accurate geometric measures (e.g., 
volumes, myocardial thickness) and hemodynamics 
indicators coming from image-based patient-specific 
simulations. 
 

Discussion 
We propose a complete pipeline to perform image-based 
hemodynamics simulations of the left-ventricle in 
healthy and pathological scenarios. The accuracy of the 
shape and motion reconstruction and the possible 
hemodynamics indicators measurable from numerical 
simulations are of promising interest for clinical 
applications, like the study of myocardial pathologies 
(e.g., hypertrophic or dilated cardiomyopathy) or mitral 
valve pathologies. 
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Introduction 

An abdominal aortic aneurysm (AAA) is a localized 

dilatation of the aorta, which in case of rupture has a 

mortality rate of 80%. Current clinical guidelines of 

intervention are based on AAA diameter, which has 

been proven to be an inadequate criterion. 

Biomechanical models can improve the prediction of 

rupture risk in a more patient-specific way, using e.g. 

CT or ultrasound (US) imaging [1, 2]. US is safer 

compared to CT and adds temporal information for 
mechanical characterization of the AAA. It is 

hypothesized that intraluminal thrombus (ILT) lowers 

the peak wall stress [3]. Therefore, it is needed to 

characterize the ILT and include it in patient-specific 

models. US imaging of the ILT is challenging 

considering the low contrast. The objective of this 

study is to determine the patient-specific geometry of 

the AAA wall, ILT and lumen in 4-D US images for 

future finite element modelling.  

 

Methods 

4-D US images of 30 AAA patients, known to have 
an ILT, were segmented using an automatic 

segmentation method. The inner vessel wall was 

segmented using a slice by slice star-Kalman 

algorithm [4]. The lumen-thrombus interface (LTI) 

was determined combining the Star-Kalman 

algorithm with a 3D-snake [5]. The resulting US-

based geometries were compared with CT, 

calculating the similarity index (SI) and the median 

Hausdorff distance (HD) per slice [1,6]. 6 

automatically segmented AAA geometries were also 

compared with manual segmentations of 2 observers. 
 

 

 

 

 

 

 

Figure 1: Obtaining 3-D AAA geometry by segmenting 

lumen, thrombus and wall from 4-D ultrasound 

 

Results 

Figure 2 shows the SI and HD, comparing the US-based 

geometries with CT-based geometries. The inner vessel 

wall (vessel) and LTI (lumen) have a median SI of 0.91 

and 0.78 respectively. The median HD of the inner 
vessel wall is 4.6 mm and 6.6 mm for the LTI. As can 

be seen in Figure 3, the median SI for the automatically 

segmented geometry is 0.87, compared to 0.89 and 0.85 

for observers 1 and 2. The median HD is 4.6 mm 

compared to 4.0 mm and 6.2 mm for the observers. 

 

Figure 2: SI and median HD for proposed automatic 

segmentation method compared with CT 

 
Figure 3: SI and median HD of the LTI comparing the 

proposed automatic segmentation method (Aut.) and 

manually segmented LTI with CT-based geometry 

 

Discussion 

Despite the low imaging contrast, an automatic 

segmentation algorithm was developed to successfully 

extract the geometry of the AAA including the lumen, 

thrombus and vessel wall. It was also shown that the HD 

of the automatically segmented geometries were lower 

compared to the ones manually segmented by observer 

2. Future developments in US and improvements in 

image quality would further improve the success-rate of 

the segmentation algorithm. The obtained geometry will 

be used in combination with blood pressure and speckle 
tracking [1], to determine the mechanical properties of 

the thrombus and to create a patient-specific mesh of the 

AAA. This will allow to evaluate the effect of thrombus 

on stress distribution in the aortic wall and to assess the 

rupture risk in a patient-specific way. 
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Introduction 
Atherosclerosis is a leading cause of death. To better 
understand and treat this disease, it is important to 
evaluate the changes in blood vessel wall microstructure 
during disease development and to link these structural 
changes to changes in mechanical properties. 
Microfocus X-ray computed tomography (microCT) is 
a powerful technique for assessing, in a non-invasive 
way, the 3D microstructure of complex materials. To 
achieve sufficient X-ray attenuation in soft tissues, 
contrast-enhancing staining agents (CESAs) containing 
high atomic number molecules are combined with 
microCT. This technique is referred to as contrast-
enhanced microCT (CE-CT). Monolacunary and 
Hafnium-substituted Wells-Dawson polyoxometalate 
(Mono-WD and Hf-WD POM respectively) have shown 
their potential for non-destructive staining of kidney and 
soft skeletal tissues [1]. Additionally, we have shown 
with planar biaxial testing that these POMs have a 
negligible effect on the mechanical properties of the 
tissue. In this study, both CESAs were evaluated and 
compared for their staining potential of the porcine 
aorta. Other types of blood vessels were imaged to show 
the ability of CE-CT to highlight the vessel wall 
microstructure, including the different wall layers and 
their content in elastin and collagen. The novelty of this 
study lies in the high-detailed comparison of the 
microstructure of different types of blood vessels 
(healthy and diseased) in a non-invasive way. 
 
Materials, methods and results 
Samples of 1x1cm of porcine aorta were fixed. A control 
scan and scans at different time points after staining with 
Mono-WD POM or Hf-WD POM were performed. The 
grayscale value was measured at different locations 
inside the tissue (x). This data was then fit to an 
exponential decay equation [2]: 
 
 I = 	I$ + (I'() − I$),1 − e/012 (1) 

 
where I$ is the grayvalue of the control sample, I'() is 
the grayvalue after complete staining, and t is the 
staining time. From this experiment, we concluded that 
Hf-WD POM stains with much higher intensity and 
allows a better contrast between the different vessel wall 
layers while Mono-WD POM stains less bright and 
more homogeneously but diffuses much faster than Hf-
WD POM (Fig. 1). 
The optimized staining parameters were then applied to 
other types of porcine blood vessels (elastic artery, 
muscular artery, and vein) and allowed to observe the  

Fig. 1: Normalized grayvalue in function of time for different 
locations inside the tissue and fitted with the curve from 
equation 1 for (A) Hf-WD PM and (B) Mono-WD POM. 
 
differences in the 3D microstructure of the vessel wall 
in these tissues. We also showed important species-
related (porcine, rat, human) differences in the vessel 
wall microstructure of the aorta, which can be related to 
changes in functional behavior. From the data 
mentioned above, 3D morphometrical parameters can 
be obtained without altering the native structure of the 
tissue. Fig. 2 shows a CE-CT based region of interest of 
a segmented rat aorta from which the elastin volume 
fraction and elastic fiber waviness and separation can be 
determined. Finally, healthy and atherosclerotic human 
femoral arteries were compared. Plaques and onsets of 
calcifications can be identified and parameters such as 
calcification volume fraction can be quantified.  

Fig. 2: Region of interest of a rat abdominal aorta: (A) 
original grayscale slice and (B) segmentation of the different 
substructures of the aortic wall. Yellow = adventitia, blue = 
elastic fibers, pink = smooth muscle cells and collagen matrix 
 
Conclusion 
CE-CT has shown its potential for high-resolution 
analysis of the vessel wall layers and their composition. 
In order to better understand the blood vessel 
mechanical properties, CE-CT can be combined with in 
situ mechanical testing (4D CE-CT). In the future, this 
data can then be used as input to obtain more accurate 
3D computational models which help to understand the 
effect of changes in microstructure on functional 
behavior. 
References 
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Introduction 

Cardiovascular diseases are the leading cause of death 

worldwide and the majority were caused by 

atherosclerotic plaque rupture, so the characterization of 

the plaque is an important step in order to get an early 

diagnosis. Coronary plaque can be detected by 

intravascular ultrasound (IVUS) that allows us to see the 

cross section of the artery and gives information of the 

wall strains. There are many approaches to get the 

plaque segmented by computing the elasticity properties 

of the tissue from the IVUS [1,2]. The aim of this work 

is to segment the lipid core and fibrotic tissue and 

measure the thickness of the fibrous cap (fibrotic tissue 

between the lipid core and the lumen) using variables 

related with the strain map. 

 

Methods 

First, a 3D idealized model of a coronary artery with an 

atheroma plaque with three different fibrous cap 

thickness: 300, 150 and 65 µm has been created. The 

materials have been defined by an anisotropic and 

incompressible hyperelastic model which strain energy 

function is defined by Gasser et al. [3]. All the finite 

element computations have been done in the software 

Abaqus CAE with an internal pressure of 140 mmHg.  

The displacement of two consecutive images from an 

IVUS were taken where a 5 mmHg of pressure 

increment are applied [1,2]. We use only the data from 

the finite element model in the maximum stenosis 

section with the assumption of plain strain to reproduce 

the IVUS acquisition. Next, we compute different 

strains measures such as principal strains or equivalent 

strains and the modulus of their gradients. Moreover, the 

variable dW proposed by Le Floc’h et al. [2,4] has been 

calculated to consider the elastic gradient. Finally, the 

segmentation process consists of joining the maps of 

two variables and the watershed segmentation process 

was applied. Furthermore, we have also performed the 

segmentation process using a 3D slice in order to 

consider the full strain tensor to check the accuracy of 

the plain strain model when only radial, circumferential 

and shear strains are considered. 

 

Results 

After the process described before, we obtain the lipid 

core and the lumen segmented, and we can compute the 

fibrous cap thickness and the area of the lipid core with 

an error lower than 10% (Figure 1). In addition, using a 

combination of variables, we are able to segment other 

tissues such as calcifications or healthy tissue. Finally, 

we have applied this methodology in an IVUS geometry 

where good results have been obtained (Figure 2). 

 

 
Figure 1: Segmentation results on an idealized 

geometry with fibrous cap thickness of 150µm, a)| ▽
𝜺𝒙|, b)| ▽ 𝜺𝒚|, c) join of previous variables with the lipid 

segmented (red) and lumen (purple). 

 

 
Figure 2: Segmentation results o a real coronary IVUS 

geometry, a) dW, b)| ▽ 𝜺𝒙|, c) join of previous variables 

with the lipid segmented (dark blue) and lumen (light 

blue). 

 

Discussion 

A new methodology for automatic segmentation has 

been presented by using the strain maps computed from 

an IVUS. After segmentation, it is possible to measure 

the thickness of the fibrous cap and some other 

important clinical data in order to detect a vulnerable 

plaque. 
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Introduction 

Carotid atherosclerotic plaque deposition leads to 

arterial stenosis and severe catastrophic events over time 

(stroke and Transitional Ischemic Attack (TIA)). It is 

well established that the tissue composition plays a 

central role for the stability and vulnerability of 

atherosclerotic plaques. Identification of atherosclerotic 

plaque components is essential to pre-estimate the risk 

of cardiovascular disease and stratify them as a high/low 

risk. The main aim of this study was to identify the 

plaque types such as lipid, fibrous and calcified tissue, 

by applying the deep learning methods on US images.  

 

Methodology 

US Computer-Aided Diagnosis (CAD) system for 

vulnerable plaque classification can be divided into four 

phases: image pre-processing, segmentation, feature 

extraction, and lesion classification [1]. Comparing with 

traditional CAD systems where feature selection and 

extraction are important steps, deep learning replaces 

generic imaging features with processing layers that are 

more complex and more specific to the data, leading to 

an optimal use of information and improved prediction 

power. 

In this study, the U-Net, SegNet, and Pyramid Scene 

Parsing Network (PSPNet) architectures for multi-class 

image segmentation task have been applied. These 

architectures found many important applications in 

segmentation of medical images, especially it holds for 

U-Net [2, 3]. Although these architectures work well in 

combination with data augmentation, the results were 

not satisfactory, because the small regions such as lipid 

and calcified plaques cannot be detected. That is why 

only the original and annotated US images were used for 

model training and testing.  

Here, the problem of atherosclerotic plaque components 

segmentation is defined as multiclass segmentation 

model, where four classes should be detected in images 

(input image size is 512x512 pixels): background (black 

area outside the atherosclerotic ring, pixel map “0”), 

fibrous (yellow color, pixel map “1”), lipid (blue color, 

pixel map “2”) and calcified (green color, pixel map 

“3”) areas of annotated plaque components. 

For the training phase we performed 100 epochs, with 

batch size 2. For the optimizers Adadelta, Adam, 

RMSprop were tested, but the results were pretty much 

the same. In order to handle highly imbalanced classes, 

we tested different loss functions, but the highest 

accuracy was achieved by using weighted categorical 

cross entropy loss function with manually selected 

weights for each class. At the end a combination of class 

weights of [0.2, 2, 3, 3] were used for the model training.  

 

Results and Conclusions  

Metric which was recorded during the training phase is 

mean IoU (Intersection over Union). PSPNet showed a 

good accuracy in prediction of lipid, fibrous and 

calcified carotid plaque types based on US images, a bit 

better than other two architectures.  

 
Figure 1: Atherosclerotic plaque zones. The 1st, 2nd and 

3rd columns represent the original, manually labelled 

images, and multi-class prediction results, respectively. 

 

The 𝑚𝑒𝑎𝑛 𝐼𝑜𝑈 value on test set was equal to 

0.47753240176078554, while 𝑐𝑙𝑎𝑠𝑠 𝑤𝑖𝑠𝑒 𝐼𝑜𝑈 values 

for the background, fibrous, lipid and calcified plaques 

were 0.99153125, 0.58382048, 0.01689708, and 

0.31788079, respectively.  

The risk stratification of carotid atherosclerotic patients 

remains challenging due to complexity of the tissue and 

additional risk factors. The study will be extended on 

identification of parameters such as Grey Scale Median 

(GSM), plaque volume area, presence of carotid plaque 

ulceration and intraplaque hemorrhage. 
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Introduction 

Pulmonary hypertension (PH) is a rare but serious 

condition, which if left untreated has an average time to 

mortality of 2 years, 6 months. Initial symptoms are not 

specific and even if the patient undergoes a CT scan of 

their chest the diagnosis can be missed by general 

radiologists. Consequently, the mean time to diagnosis 

is 2 years, 2 months. The aim of this study is to develop 

a machine-learning algorithm and software tool that can 

screen for pulmonary hypertension from routinely 

acquired computed tomography pulmonary 

angiography (CTPA) images, using clinically validated 

geometric measures such as maximum main pulmonary 

artery diameter [1]. The availability of such a tool could 

drastically shorten the time-to-diagnosis for many 

patients by ensuring they are referred to a specialist PH 

clinical service in a timely manner. This would lead to, 

earlier and more effective intervention, lower treatment 

cost and improved quality of life. 

 

Methods 

Ground-truth labels were created by two expert 

clinicians by segmenting the pulmonary artery from 

CTPA image stacks (n = 44) using ITK-SNAP. The data 

covered a range of PH disease severity, as verified by 

the gold-standard diagnosis of pressure catheter 

measurements. A convolutional neural network (CNN) 

utilising the U-Net architecture [2] was implemented 

with the Medical Open Network for AI (MONAI) [3] 

framework in PyTorch. The model was trained against 

the ground-truth labels using 26 datasets, totalling 8630 

CTPA slices. The model was validated against a further 

9 datasets using the Dice score to compare the network-

generated predictions to the clinician-segmented 

ground-truths. When provided with a CTPA stack the 

trained neural network outputted a segmented, binarised 

volume of the pulmonary artery, which was smoothed 

using a Laplacian filter. Vessel centrelines were 

extracted via the principle of maximum inscribed sphere 

[4], allowing the maximum arterial diameter to be 

identified. 

 

Results 

Figure 1(a) shows a sample image slice, ground truth 

segmentation, CNN segmentation and overlay, showing 

very good visual agreement. Comparison of the 

segmented volumes shown in Figure 1(b) and the 

ground-truth data found Dice scores (0.85 ± 0.05) 

similar to the variation between clinician-segmented 

volumes (0.88 ± 0.04). Furthermore, the values of the 

maximum pulmonary artery diameter extracted from 

these geometries were within 5.4% (1.5mm) of the 

ground-truth measurements provided by a specialist 

pulmonary radiologist from images with 1mm voxels. 

 

 

 
Figure 1: (a). Representative CTPA scan slice from an 

anonymised patient diagnosed with moderate PH. Left 

to right: CT scan image (in mm), ground-truth clinician 

segmentation, network generated segmentation, 

overlaid comparison on scan data. (b) Segmented 

volumes of the pulmonary artery. Left: ground-truth 

segmentation, right: network-generated segmentation. 

 

Discussion 

The results demonstrate the feasibility of automatically 

segmenting the pulmonary vasculature from CTPA 

images with an accuracy comparable to clinicians. 

Excellent agreement is observed for maximum diameter 

measurements. Clinically, this is a 2D measure extracted 

from one image slice. The approach demonstrated here, 

a 3D method, may therefore give a more physiological 

characterisation of the geometry, improving the 

accuracy of maximum diameter as a screening metric. 

Future work will train and validate this method on a 

larger dataset as the next step toward clinical translation. 
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Introduction: The heart is a highly heterogeneous 

organ. It is composed of a dense muscle network, 

cavities, vessels and fibrous tissues made of collagen 

and elastin. Its contraction rate is prescribed by the 

complex organization of the cardiomyocytes. A 3D and 

non-destructive imaging protocol is thus crucial to 

render its complexity and allow further analysis. 

Structural analysis such as the position of the heart 

valves, connection of the chambers, organization of the 

muscle fibers and main vessels should be accurately 

performed to provide a better knowledge of the heart and 

it proper functioning, as well as the effect of diseases on 

this functioning. This additional knowledge will help to 

improve the treatment strategies and increase the fidelity 

of computational models of heart activation. Ex vivo 

microfocus X-ray computed tomography (microCT) is 

already known as a powerful technique to image 

biological tissues [1]. Nevertheless, imaging soft tissues 

requires the addition of a contrast-enhancing staining 

agent (CESA) to increase the X-ray attenuation of the 

soft tissues; further referred to as contrast-enhanced 

microCT (CE-CT) [2]. Currently, Lugol’s iodine is the 

most popular CESA to image the heart and its 

substituents with CE-CT. However, it is known to 

induce substantial tissue shrinkage [3]. In this study, we 

evaluated the potential of an emerging CESA, Hafnium-

substituted Wells-Dawson polyoxometalate (Hf-WD 

POM), to image the heart and we compared it to Lugol’s 

iodine. Moreover, we introduced a new contrasting 

method allowing to measure the 3D orientation of the 

muscle fibers in the ventricle. This study is the first to 

present an alternative to Lugol’s iodine to reveal the 

native anatomy of the heart including organization of the 

muscle fibers in a non-invasive way based on CE-CT.  

Materials, methods and results: A mouse 

heart was extracted after death, was fixed overnight and 

stained in 3.5% (wt/v) Hf-WD POM/PBS solution for 

10 days at room temperature. It was scanned with a 

voxel size of 2.4 µm. It was rinsed for 10 days in PBS at 

room temperature and then stained in homemade 

isotonic Lugol’s iodine for 4 days at room temperature. 

Then, it was scanned again with the same parameters as 

previously, and it was prepared for histology. 

The anatomical features of the heart, such as the atria 

and ventricles, the heart valves and the main vessels 

could be distinguished on both CE-CT datasets allowing 

the verification of the heart integrity (Fig.1). Both stains 

allowed segmenting the heart valves from the rest of the 

heart, enabling assessment of alterations in valve 

configuration or shape (Fig.1A and 1Ee). Nevertheless, 

after staining with Lugol’s iodine the thickness of the 

ventricle wall was strongly reduced and the volume of 

the chambers was increased, indicating an important 

shrinkage of the tissue. Hf-WD POM respects better the 

native anatomy of the heart, thus providing a new insight 

into the native properties of the heart. The muscle fibre 

bundles can be distinguished after Lugol’s iodine 

staining, but not with Hf-WD POM. For this reason, a 

new contrasting method was developed that allowed to 

evaluate the orientation of the muscle fibres in the 

ventricle in a non-invasive way. 

 
Fig.1: Typical CE-CT images of a mouse heart after Hf-

WD POM staining (A-D and K) and isotonic Lugol’s 

iodine staining (F-J and L). A and F are 3D renderings 

with the heart valves in orange, B-E and G-J are 

orthogonal slices. K and L are a zoom on the heart 

valves after Hf-WD POM and isotonic Lugol’s iodine 

staining respectively. Scale bars are 1mm for A-J, 

0.3mm for K-L and 0.2mm for M-N. 

Conclusion : We applied Hf-WD POM staining for 

the first time on mouse hearts to perform CE-CT, and 

compared it to the standard Lugol’s iodine staining. We 

demonstrated that Hf-WD POM respects better the 

native anatomy of the heart and, combined with a new 

non-invasive contrasting method, it allows the 

distinction of the anatomical features. 
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Introduction  
The arteriovenous fistula (AVF), a surgically made 
vasculature that connects the artery and vein, is essential 
for patients requiring hemodialysis, yet has frequent 
problems. The formation of intimal hyperplasia (IH), 
resulting in a narrowing of the blood vessel (stenosis) is 
most commonly seen, requiring surgical intervention of 
either stent deployment or balloon angioplasty to 
salvage the AVF. Complex blood flow in an AVF is a 
major factor attributed to AVF failure. Pressure drop 
within an AVF associates with the overall resistance and 
flow instabilities especially around the anastomotic 
region of the AVF. Hydraulic resistance shows 
promising correlation as a possible indicator for 
problematic AVFs, outlined here by comparing patient 
trends for pre and post-surgical intervention.  
 
Methods  
The radial-cephalic AVF of a 74 year old patient was 
obtained with an in-house portable scanning system, at 
two different times [1]. The first scan (pre-intervention) 
was obtained 4.5 months post-creation, and the second 
scan (post-intervention) was obtained 6 months post-
creation and 43 days after intervention. Flow profiles, 
which serve as the boundary condition for the CFD 
model, was measured at each vessel. Once patient scans 
were processed with  Simpleware SCANIP 
segmentation software (Synopsys Inc., CA, USA), 
meshes were generated using Ansys ICEM (Ansys 
ICEM CFD, Release 18.1) before performing CFD 
simulations using FLUENT software (Fluent, Inc. 
Lebanon, NH) (Table 1) [2]. Resistance, R (Eq. 1) was 
calculated after the fourth cycle of each simulation. 

R = ∆𝑃/𝑄	 (1) 
 

∆𝑃 = Pressure drop from the anastomosis to 75mm of 
the vessel; 𝑄 = flow rate of respective vessel  
 

Parameters Description  
Governing 
Equation  

Reynolds-averaged Navier Stokes 
equation 

Element type Polyhedral volume mesh, 
12 prism layers (~8 million cells)  

Blood density 1060 kg/m³ 
Blood viscosity Non-Newtonian: Carreau model  

Boundary 
conditions 

PA and DA: Velocity inlets 
PV: Zero-pressure outlet 

Timesteps 0.001s 
Table 1: Summary for the numerical simulation 

Results and Discussion  
A juxta-anastomotic stent was deployed 15 days after 
the first scan as the AVF had insufficient flow. R 
decreases at both vessels post intervention, with an 
average of 24% decrease at the PA and 98% decrease at 
the PV (Figure 1). Variation in R along the vessel at 
1mm intervals enabled  the identification of the stenosis 
region (Figure 2). The narrowed segment of PV located 
at about 30mm from the anastomosis coincides with the 
maximum R change value of 8mmHg/l/min (Figure 2).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
Based on our patient database, we see a promising trend 
for CFD-derived resistance for AVF failure prediction. 
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Figure 2: Changes of R at 1mm interval along the PV pre- 
and post-intervention scans  
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Introduction 
Mitral valve regurgitation (MR) is a disorder of 
improper valve closure. MR is the most common 
valvular disease, with estimated five million incidence 
worldwide, but it has limited available treatments [1,2]. 
MR can be classified as primary or secondary. Primary 
MR (PMR) is caused by valve prolapse due to 
degenerative abnormalities of the valve. Secondary MR, 
is caused by left ventricular dysfunction [3]. Available 
treatments include medical management, surgical repair 
or replacement, and percutaneous repair [4]. The 
surgical repair, which is the gold standard treatment, 
includes annuloplasty sawing of a ring that reduces the 
annular perimeter in open-heart surgery, but it is 
prohibited for inoperable patients [5]. Therefore, there is 
a need for alternative minimally invasive treatments 
such as indirect mitral annuloplasty (IMA) [6]. This 
study aims to numerically represent PMR and to model 
annuloplasty surgery and IMA repair in beating heart.  
   
Methods 
We used the living heart human model (LHHM; 
Simulia, Dassault Systèmes), an electro-mechanically 
coupled heart simulator of the entire heart with the 
electrophysiology and fibrous architecture of the 
myocardium [7]. We changed the anatomy to model the 
MR. By using virtual thermal expansion, we enlarged 
the tissue of the leaflets and extended the chordae. The 
annulus was enlarged by applying pressure to inflate the 
left atrium. We examined two types of annuloplasty 
treatments, surgery and IMA. For the surgical model, we 
built flexible band (open ring) and tied it to the 
pathological annulus. To model the IMA we built a 
generic device from two anchors and a bridge between 
them. The IMA device was implanted in the coronary 
sinus, and by changing the distance between the 
anchors, the mitral annulus was reduced. All the 
anatomic changes and the implantations were done in 
70% diastolic position. It was followed by models of the 
beating heart and the closed systolic position was 
identified. To quantify the blood leakage, we used 
simplified smoothed particle hydrodynamics (SPH) [8]. 
We considered only the flow in the left side of the heart, 
seeded particles in the ventricle, and modeled the 
ventricular volume reduction by a piston motion. 
   
Results 
In the PMR model the chordae were extended by 30%, 
the tissue enlarged by 24% and the annulus perimeter by 
10%. A leakage and a leaflet prolapse were found in the 
70% systolic position of the PMR, as expected. In the 

surgery we reduced the annulus by 33% and in the IMA 
we reduced the distance between the anchors by 23 mm. 
The top row of Figure 1 presents the peak systolic 
position of the mitral valve with and without repairs. 
The leakage percentage is defined as the number of the 
particles in the atrium (Figure 1, bottom row) relative to 
the total number of particles that left the ventricle, 
including those that left to the aorta. The mitral valve 
was completely closed post-surgery, while the IMA only 
reduced the leakage.  
   Post-implementation 
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Figure 1: Mitral valve configurations in systolic 
position (top) and blood leakage illustration with 
percentage of particles in the atrium (bottom) 
 
Discussion 
In this research we presented PMR numerical model by 
changing the anatomy of the valve. We modeled two 
types of treatments. In the surgical treatment we showed 
that the leakage was negligible without shortening the 
chordae or leaflets resection. With the generic IMA 
device there was a slight leakage. Since this device is 
aimed for secondary MR, it was expected that the mitral 
valve could not get completely closed in PMR. We are 
currently also modelling surgical and IMA treatments of 
secondary MR to test if IMA can perform as expected. 
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Introduction 

The Femoropopliteal Artery (FPA) is a vascular region 

subjected to a broad spectrum of complex solicitations, 

mainly determined by the leg movement [1]. The FPA 

is often affected by atherosclerotic plaque development, 

presumably favored by the biomechanics of surrounding 

tissues. Although abnormal hemodynamics in FPA 

appears to be an important factor in driving plaque 

development, until now, it has been investigated only in 

few studies, in which the leg was modeled in either fixed 

straight [2] or bent configurations [3]. Hence, the current 

work investigates the impact that the leg movement and 

the different configurations assumed by the lower limb 

have on the hemodynamics of femoropopliteal arteries.  

 

Methods 

An idealized model of FPA, featured by human-based 

dimensions, was created to perform moving-boundary 

Computational Fluid Dynamics (CFD) analyses (Fig. 1) 

using the ICFD solver (LS-DYNA, LSTC, USA). The 

vessel geometry, divided into three parts (Superficial 

Femoral Artery, SFA; Popliteal Artery, PA; Tibial 

Artery, TA), was subjected to three movements, namely 

(1) knee flection, (2) hip rotation, and (3) complete gait 

cycle. The gait configurations of the leg and, thus, the 

spatial displacement were implemented using sensor-

based coordinates. A flat velocity profile, based on a 

typical femoral artery triphasic waveform with a period 

of 1 s, was applied at the inlet, while zero-pressure and 

no-slip conditions were applied at the outlet and the 

wall, respectively. The moving-boundary models were 

compared with corresponding cases with fixed walls to 

evaluate the impact of leg movement on hemodynamics. 

The results were analyzed by computing hemodynamic 

descriptors derived from Wall Shear Stress (WSS) (e.g., 

Time Averaged WSS (TAWSS)).  

 

Results 

Figure 1 shows a comparison in terms of velocity at 

cardiac systole and TAWSS between the fixed and the 

moving configuration in one configuration of the 

complete gait cycle. When comparing the fixed- and 

moving-boundary analyses, the main differences were 

found in the PA and TA portions. In the hip rotation 

model, the hemodynamics descriptors were constant 

along the whole model. In the knee flection movement, 

the SFA region presented the same results as the fixed-

boundary configuration. Instead, the PA and TA regions 

were highly affected by movement (differences in 

TAWSS up to ~24 % in the PA region). Compared to 

the reference walking configurations at different angles, 

changes in the flow-rate amplitude had the highest 

impact on hemodynamics. Similarly, TAWSS was 

highly affected by the bending period (~15%) [4]. 

 
Figure 1: A) Idealized model of an FPA, subjected to 

rotations around the hip, knee, and ankle reference 

points (HRP, KRP, and ARP). B) Comparison of 

velocity at the systole in the fixed and moving models. 

C) Comparison of TAWSS, plotted in a bent leg 

configuration, between the fixed and moving models.  

 

Discussion 

The current numerical approach highlights the 

importance of accounting for leg movement to analyze 

FPA hemodynamics, especially in the PA and TA 

portions. Indeed, the hemodynamics in the arterial 

portions under the knee is widely affected by leg 

movement and should be studied in a moving-boundary 

configuration.  
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Introduction 

Ascending thoracic aortic aneurysm (ATAA) is a life-

threatening cardiovascular disease, consisting in the 

focal dilatation of the proximal aorta, due to structural 

alteration of the arterial wall [1]. Surgical valve-sparing 

reconstruction (VSR) is a well-established procedure, 

recommended by consensus guidelines when the ATAA 

diameter exceeds 50 mm [2], however, the risk of post-

surgical complications persists in the non-grafted area. 

This has been suggested to be related to the alteration in 

the hemodynamics observed, especially in descending 

aorta (DAo) [3]. 

Herein, we present a patient specific fluid-structure 

interaction (FSI) protocol, based on 4D phase contrast 

magnetic resonance imaging (PC-MRI/4D flow) data to 

comprehensively investigate the pre- and post-VSR 

surgery conditions. We assessed i) the impact of the 

numerical modeling technique comparing FSI results 

against computational fluid dynamics (CFD) and in-vivo 

4D flow-measured data; ii) the impact of the surgery in 

aortic hemodynamics and biomechanics, focusing on 

the shear stress experienced by DAo and the variation in 

aortic wall distensibility. 

 

Methods 

Pre- and post-VSR cardiac MR scans (3TGE SIGNA™) 

were segmented in MeVisLab 2.7.1 (MeVis Medical 

Solutions, Munich, DE) and refined in Meshmixer 

(Autodesk Inc, San Rafael, USA). The aortic wall was 

obtained extruding the fluid domain in normal direction 

by 2 mm. Patient specific three-dimensional inlet 

velocity profile extracted from 4D flow data and 

pressure-outlet three-elements Windkessel model 

(3WKM) were assigned as boundary conditions (Fig.1). 

FSI and CFD simulations were run in ANSYS 17.2 

(ANSYS Inc, Canonsburg, USA). 

 

 
Figure 1: 3D inlet velocity profile at different instants of 

cardiac cycle applied at patient-specific pre-VSR model. 

Results 

The velocity pattern computed with our FSI model well 

matched the 4D flow measurements at systolic peak, 

while CFD overestimated velocity, especially in DAo. 

The disagreement between CFD and 4D flow was less 

pronounced in the post-VSR model (Fig.2b). In general, 

after VSR an increase in wall shear stress and a decrease 

in the oscillatory shear index were assessed. DAo 

distensibility resulted 43% higher after surgery.  

 

 
Figure 2: Systolic peak streamlines from 4D flow (a) 

and velocity contours on four planes along the aorta 

obtained from 4D flow, FSI and CFD results (b). 

 

Discussion 

Our FSI protocol was able to reliably reproduce aortic 

hemodynamics pre- and post-VSR and deepen the shear 

stress state experienced by DAo after surgery. Velocity 

comparisons showed that CFD is an oversimplified 

approach and FSI is necessary for a reliable model of the 

aortic hemodynamic and biomechanics. 
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Introduction 

Aortic valve stenosis (AVS) is a cardiovascular disease 

which limits the function of the aortic valve, producing 

highly complex flow features which may induce laminar 

to turbulence transition [1]. Disturbed near wall flows 

are known to promote inflammation and may increase 

particle transit times, both of which correlate to arterial 

wall disease [2]. Most computational studies assume 

laminar flow meaning the effects of transitional and 

turbulence features are not well understood. This work 

conducts large-eddy simulations (LES) of a patient-

specific aorta with severe aortic stenosis to investigate 

the effects of turbulence on hemodynamic parameters, 

especially wall shear stress (WSS) which is examined 

by considering both mean and turbulent contributions.  

 

Methods 

Large-eddy simulations are a numerical method capable 

of modelling laminar, transitional and turbulent flows. 

4D flow MRI from a patient with severe aortic stenosis 

was used to generate the patient-specific aortic 

geometry and boundary conditions. At the model inlet 

time-varying 3D velocity profiles were imposed and the 

pressure based 3-element Windkessel model was 

applied at the arch branch outlets and the descending 

thoracic aorta outlet. The structured mesh consists of 7.4 

million elements. The LES methodology was previously 

validated against experimental data [3] and results were 

validated against the patient’s 4D MRI data using 

statistical correlation methods. Presented results were 

phase-averaged over 30 cardiac cycles, ensuring 

convergence of turbulence parameters. Wall shear stress 

was decomposed into phase-averaged (mean, <WSS>) 

and turbulent (WSS’) components as follows: 

 

𝑊𝑆𝑆 = 〈𝑊𝑆𝑆〉 +𝑊𝑆𝑆′   (1) 

𝑊𝑆𝑆′ = √(𝑊𝑆𝑆 − 〈𝑊𝑆𝑆〉)2  (2) 

 

Results 

Disturbances are present throughout the cardiac cycle, 

which are more pronounced at peak systole and during 

systolic deceleration. Figure 1a shows the mean and 

turbulent WSS components at three time points. Regions 

of elevated WSS are observed in the ascending aorta, 

with peak values occurring at peak systole. Figure 1b 

shows the mean, turbulent and total wall shear stresses 

spatially averaged over the ascending aorta plotted over 

a cardiac cycle. 

 
Figure 1. a) mean WSS (top row) and turbulent WSS 

(bottom) at peak systole (T1), max deceleration (T2) and 

end systole (T3). b) WSS components spatially averaged 

over the ascending aorta, plotted over a cardiac cycle. 

 

Discussion 

At peak systole both mean and turbulent kinetic energies 

are high, with turbulent WSS contributing 35% to the 

total WSS. During systolic deceleration mean kinetic 

energies are low with mean WSS decreasing rapidly. 

Turbulent WSS is relatively constant throughout 

deceleration owing to the additional time it takes for 

turbulence features to dissipate. Neglecting turbulence 

effects would underpredict the time-averaged total WSS 

by 40%, demonstrating that turbulence in AVS can be 

of considerable magnitude and duration to significantly 

impact near-wall hemodynamic parameters. Further 

turbulence-based results will be presented at the 

conference including kinetic energies and irreversible 

energy losses which quantify turbulence production 

against left ventricular load in AVS. 
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Introduction 

Regions of the aortic arch affected by an aneurysm or 

dissection may require surgical intervention using 

vascular stent-grafts, which require a means of re-

perfusing the supra-aortic branch vessels. For long-term 

success, the chosen graft configuration must promote 

physiological perfusion distribution and in-stent 

haemodynamics. For example, abnormal wall shear 

stresses can induce thrombosis and graft limb occlusion, 

and post-dissection aneurysm formation [1]. It is clear, 

therefore, that enhanced understanding of perfusion in 

patient-specific cases is critical to improving clinical 

practice and patient outcomes. The aim of this study was 

to determine appropriate boundary conditions (BCs) for 

a computational fluid dynamics (CFD) model which 

enable the prediction of perfusion distribution and 

arterial haemodynamics in patient-specific cases.  

 

Methods 

A healthy patient-specific aortic arch geometry was 

reconstructed via a novel 4-dimensional magnetic 

resonance imaging (4D-MRI) approach. Additionally, a 

diseased geometry incorporating a dissection was 

reconstructed from CT images. To generate patient-

specific BCs, the arterial geometry was reduced to a 

one-dimensional (1D) model. Thereafter, the terminal 

branches were coupled to zero-dimensional (0D) 3-

element Windkessel models (3EWM), which are 

representative of downstream vasculature [2]. In this 

0D-1D numerical framework, the 3EWM parameters 

were changed iteratively to generate branch flow 

waveforms which minimized the error between 

computed and in-vivo data. These BCs were coupled to 

terminal branches of the 3D models, and velocity profile 

extracted from 4D Flow-MRI at the ascending aorta was 

prescribed at the inlet of the CFD domain. Thus, blood 

flow was investigated in a fully patient-specific 0D-3D 

numerical framework. By tailoring the 3EWM 

parameters thereafter, simulation of a range of healthy 

and pathological distal vascular conditions was possible. 

 

Results 

From 4D Flow-MRI and CFD simulations, clinically 

relevant haemodynamic parameters including branch 

flow rate, time averaged wall shear stress (TAWSS) and 

oscillatory shear index (OSI) were extracted (Figure 1). 

Results indicate the 3EWM BCs significantly effect 

branch perfusion, TAWSS, and OSI distribution.  

Discussion & Conclusions 

The proposed methodology permits prediction of blood 

flow throughout the thoracic aorta. This capability can 

in future be used for estimation of post-surgical 

peripheral organ perfusion, to minimize the long-term 

risk of neurologic and cardiac events. Generation of 

patient-specific 3EWM BCs is a vital component in the 

generation of a CFD model for such clinical 

applications. This study clearly shows one should not 

extract arbitrary 3EWM parameters from literature but 

must generate each BC on a case-by-case basis prior to 

0D-3D coupling. It should also be noted that 0D-1D is 

sufficient to estimate flow throughout the geometry, but 

0D-3D coupling is required to extract parameters such 

as TAWSS and OSI. Moreover, it was evident that the 

combination of 4D Flow-MRI, CT, and CFD grants 

unparalleled visualization and quantification of arterial 

blood flow.  In future work, multiple stent-graft 

configurations will be included within the CFD model 

to estimate post-surgical haemodynamics. 

 

Figures  

 
 

Figure 1: A) Velocity streamlines of a healthy thoracic 

aorta obtained via 4D Flow-MRI. The aortic geometry 

was reconstructed to create a 3D computational fluid 

dynamics model, coupled with 0D, patient-specific 

3EWM BCs to quantify B) TAWSS and C) OSI 
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Introduction 

Atrial fibrillation (AF) is one of the most common types 

of arrhythmia. Although it can appear concomitantly 

with other diseases like hypertension and heart failure, 

it is also considered an independent risk factor for 

stroke. It is known that AF increases the risk of 

developing thrombus within the left atrial appendage 

(LAA), a protuberance in the left atrium (LA). The study 

of AF effects is very complex since, in addition to 

appearing in conjunction with other diseases, the 

concomitant incidence of electro-physiological 

disorder, structural remodeling and flow changes occur. 

One interesting approach to study the isolated influence 

of each of the AF effects is mathematical modelling: the 

combination of lumped modelling and computational 

fluid dynamics (CFD) has been proved as a very 

interesting technique to explore the effects of AF [1], 

where different scales are present.  In this work, a 

lumped model covering the pulmonary veins, the left 

heart and systemic circulation will be employed, in 

conjunction with a patient-specific healthy atrium model 

obtained from 4D CT. The main consequences of AF 

will be studied, employing the outputs obtained from the 

lumped model as boundary conditions for the CFD 

simulations. The changes on hemodynamics indices 

within the LAA will be studied.  

 

Methods 

Atrial CT images of a healthy patient without a prior 

history of stroke or AF obtained during sinus rhythm 

have been employed. The images were reconstructed for 

a total of 10 cardiac phases, allowing us to extract the 

atrial wall motion in healthy conditions. The Coherent 

Point Drift (CPD) algorithm has been employed for this 

purpose.  

The lumped parameter model is based in the one 

proposed by Casas [2], being in this case simplified to 

cover only the main arteries and veins accordingly to the 

needs of the present work. It is based in the well-

stablished time-varying elastance model and consists of 

four main compartments: the pulmonary venous system, 

the left atrium, the left ventricle and the systemic 

circulation.  

Non-linear optimization was used to adjust the literature 

values to patient-specific values by minimizing the sum 

squared error between the volume variation waveforms 

calculated from the segmented geometries and those 

generated by the model. This was done using the 

Levenberg-Marquadt algorithm, which is an iterative, 

nonlinear least-squares optimization method.  

Four main consequences of AF have been considered for 

the parametrical study: lack of atrial kick (AK), left 

atrial remodeling (LAR), left ventricular systolic 

dysfunction (LVSD) and high frequency fibrillation 

(HFF) [1].  

A tetrahedral volumetric mesh has been created with the 

commercial software ANSYS Fluent, employing the 

output of the lumped-model as boundary conditions to 

perform a parametric study.  

 

 
 

Figure 1: Blood age calculated within the LA and LAA 

obtained by employing the output of the lumped model 

as boundary conditions of the CFD model. 

 

Conclusion 

In this work, a framework to study the effects of AF in 

the LAA hemodynamics is proposed. The combined use 

of lumped parameter models and CFD simulations 

allows to capture the AF impact both on the 

cardiovascular system and on the flow patterns within 

the LA and LAA. It also opens the door to study 

separately the main effects that AF produces on 

hemodynamics indices within the LAA, both with rigid 

and flexible models. This could provide important 

insights to understand the mechanism of the disease, 

becoming computational modelling and simulation a 

crucial tool to improve both diagnose and treatment of 

AF. 
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Introduction 
Biomechanical studies of the cardiovascular system 
require a patient specific geometry. However, patient-
specific models are generated from gated medical 
images in which the vascular tissue is under pressure, 
that is, the imaged tissue is in a prestressed state. 
Therefore, identification of the zero-pressure geometry 
would allow for a more accurate estimate of the device 
performance or risk assessment. A number of iterative 
methodologies have been developed to solve this 
problem [1,2]. More recently, a direct methodology 
based on inverse elastostatics (IE) applicable to 
anisotropic tissue has been proposed [3]. This work 
implements the IE approach presented in [3] 
incorporating exact linearization of the governing 
equations to improve numerical efficiency. The 
accuracy and convergence properties of the 
implementation are demonstrated in a 1element-cube 
and in an idealized arterial tube.   
 
Methods 
In the classical elastostatic problem, the motion 𝝓(𝑿) 
maps any particle with a known position 𝑿 in the 
reference configuration ℬ! to the position 𝒙 = 𝝓(𝑿) in 
the deformed configuration ℬ, such that 𝒙 = 𝑿 + 𝒖, 
with 𝒖 the displacement. The motion 𝝓(𝑿) is computed 
as the solution of the following equilibrium problem 

∫ 𝝈: 𝛿𝜺𝑑𝑉" = ∫ 𝛿𝒖 ∙ 𝒃𝑑𝑆" + ∫ 𝛿𝒖 ∙ 𝒕5𝑑𝑆#" ,
𝝈 ∙ 𝒏 = 𝒕5													𝑜𝑛	𝜕𝑉$ ,
𝝓(𝑥) = 𝝓=(𝑥)				𝑜𝑛	𝜕𝑉%,

      (1) 

where 𝜕𝑉$ and 𝜕𝑉% are partitions of the boundary 
surface, 𝜕𝑉 = 𝜕𝑉$ ∪ 𝜕𝑉%, where surface traction and 
displacements are applied, 𝒃 are the body forces, and 𝝈 
is the Cauchy stress tensor that depends on the 
deformation gradient 𝑭 = 𝜕𝝓(𝑿)/𝜕𝑿, i.e. 𝝈 = 𝝈(𝑭).  
On the contrary, in inverse elasticity the position 𝒙 is 
known and we want to compute 𝑿. This problem can be 
solved by a simple re-parametrization of problem (1) in 
terms of the inverse motion 𝑿 = 𝝋(𝒙) and the inverse 
deformation gradient, 𝒇 = 𝜕𝝋(𝒙)/𝜕𝒙 = 𝑭&', for which 
𝝈 = 𝝈(𝒇&')[4]. In this work, the principle of virtual 
work is solved by means of the Newton-Rapson method 
where exact linearization of the first integral is carried 
out, considering that 𝑉 is a known domain, instead of 
using a finite difference approximation as in [3]. The 
methodology, implemented in Matlab R2019a, was 
validated by comparing its results with results from 
Abaqus finite element solver.  
 

Results 
The algorithm has been tested in (fig. a) a 1 element 
parallelepiped and (fig. b) an idealized arterial tube 
discretized with 40 hexahedral elements. Both the 
models were loaded with a uniform lateral Cauchy 
traction of 10 kPa. The material was assumed as neo-
hookean isotropic with initial shear modulus 𝜇 = 25 
kPa and Poisson’s ratio of 0.48. The IE approach 
converged in both the geometries quadratically (fig. c). 
Results from the implemented IE algorithm are 
compared with results from the commercial software in 
terms of final unloaded geometry configuration 
mismatching (fig. d-e).   

 
Discussion 
The importance of considering the pre-stress state for 
patient specific simulations has been demonstrated in a 
number of applications. In [1,2] it is demonstrated that 
no considering the in-vivo stress state leads to an 
underestimation of the risk in abdominal aortic 
aneurysms (AAA). Compared to previous work, the 
methodology implemented in this work avoids the 
systematic derivation of the Eulerian equations as 
proposed in [5] which significantly facilitates the 
implementation. On the contrary, our work extends the 
work in [3] by incorporating exact linearization of the 
governing equations increasing efficiency and accuracy 
of the algorithm. 
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Introduction 

Abnormal functioning of the aortic valve contributes to 

improper cardiovascular and a significant load on the 

heart muscle. Often the only and effective solution is an 

artificial aortic valve transplant. The simulation of blood 

flow through an artificial aortic heart valve using the 

finite element method (FEM) is the main subject of the 

research. The studies aim to verify the performance of 

mechanical aortic valves of two types, i.e., bileaflet 

(BIL) and trileaflet (TRI) valves (Figure 1). The 

construction of the BIL valve is based on commercially 

used aortic valves. 

 

Methods 

The numerical model of the system consisted of the left 

ventricle, valve, and aortic fragment. We analysed the 

blood flow at four positions of the valves’ leaflets 

defined through an angle concerning the vertical plane 

(passing through the symmetry axis of the valve) 60◦ 

(fully closed valve), 40◦, 20◦, and 0◦ (fully opened 

valve).  

The blood flow was defined in a way reflecting the 

actual, pulsatile nature of the flow. The correlation of 

the flow velocity and the time opening of the leaflets 

was determined utilising the Doppler ultrasound 

examination in an adult human being [1]. Blood flow 

through the valve includes both the movement of the 

fluid and the movement of the valve leaflets. The 

dynamics of blood circulation were determined using 

ANSYS 2019 R2 software. The use of three modules 

made it possible to analyze flow characteristics and 

determine the influence of structural response on cyclic 

fluid movement. 

 
Figure 1: Geometrical models of a) bileaflet and b) 

trileaflet valves. 

 

Results 

The performance of the considered valves was assessed 

through reduced stress in the valves resulting from the 

interaction of the flowing blood and the leaflets, shear 

stress in the aorta wall, and an effective orifice area. 

Mounting of the leaflets in the valve ring was also 

analysed. The obtained results give new insights into the 

strength performance of the design of the leaflet fixation 

in the annular rings. 

Stress distribution in the leaflets of the BIL and TRI 

valves was calculated as well as the flow through it was 

characterised. Figure 2 shows the blood velocity 

distributions during flow through the valve. Besides, the 

flow velocity profile was analyzed to verify symmetry 

of the flow. 

 
Figure 2: The flow velocity through the valve, with the 

angle of the opening of the discs, BIL: a) 20◦, b) 40◦, 

TRI: c) 20◦, d) 40◦. 

 

Discussion 

The blood flow velocity is higher in the case of the TRI 

valve, which results from Bernoulli’s law. Interestingly, 

the lower values of blood flow velocity through the 

partially and fully opened BIL valve correspond to those 

for the natural trileaflet aortic valve [2]. The maximal 

stress concentrations were observed in the hinges. 

Similar results were also obtained by other investigators 

[3]. 

The shear stress affects the behavior of blood cells 

during flow. Regions of high shear stress can cause a 

thrombotic response, specifically through haemolysis 

and shear-induced platelet activation. From the obtained 

results, we conclude that none of the considered 

mechanical valves will cause haemolysis.  

The paper presents an easy-to-implement methodology 

of flow modelling and defines liquid-structure 

interaction. Haemodynamic analysis of an artificial 

aortic valve is a crucial element of the study and 

improvement of its construction. 
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Introduction 

Endovascular aneurysm repair (EVAR) is a minimally 

invasive procedure emerging as the primary technique 

to treat patients with intermediate and high operative 

risks [1]. During the intervention, one or more stent 

grafts are guided to the aneurysm site using real-time 2D 

fluoroscopy imaging. In recent workflows, preoperative 

images are aligned with intraoperative fluoroscopy to 

get a 3D patient-specific vascular roadmap and reduce 

the need for contrast agent and radiation dose [2]. 

However, the insertion of stiff endovascular tools during 

the intervention may deform the vessel anatomies, 

degrading the image fusion accuracy [3]. Recently, 

several studies have focused on finite element analysis 

(FEA) to estimate the intraoperative tool-tissue 

interactions [4, 5]. However, computational methods 

have high cost in terms of computational requirements, 

which prevents the inclusion of FEA in the clinical 

workflow. In the last few years, some studies have 

proposed deep neural networks as FEA surrogate to 

address the need for real-time predictions [6, 7].   

In this study, we investigate the feasibility of using deep 

learning to predict the arterial straightening induced by 

stiff guidewires during EVAR. The intraoperative aortic 

configuration predicted by the deep learning model can 

be registered to the fluoroscopic images allowing 

coherent navigation and overcoming the limitations of 

FEA in terms of computational times. 

 

Methods 

Computed Tomography Angiography (CTAs) of 40 

patients affected by abdominal aortic aneurysms have 

been provided by IRCCS San Martino University 

Hospital (Genoa, Italy). The patient-specific anatomies 

have been extracted from the CTAs following [8]. To 

reduce the complexity of the problem, each mesh has 

been represented with centerline and radius. Given the 

limited set of 3D aortic models, a Statistical Shape 

Model was built to increase the dataset: from 40 patient-

specific anatomies, a set of 4349 virtual geometries has 

been generated. These models have been submitted to a 

FEA simulation in order to estimate the intraoperative 

straightening caused by stiff guidewires. Finally, a 

Convolutional Neural Network has been designed to 

model the non-linear relationships between the 

preoperative aortic configurations and the 

corresponding intraoperative state provided by FEA. A 

grid-search strategy has been adopted to tune the model 

hyper-parameters and find the optimal hyper-parameters 

configuration. 

 
Figure 1: Flowchart of the proposed method. 

 

Results 

The performance of the deep learning model has been 

evaluated in terms of the mean distance between the 

predicted intraoperative configuration and the ground 

truth obtained with FEA. The distance has been 

computed separately for centerline points and the 

associated radius.   

A centerline error of 0.29 ± 0.04 mm, 1.65 ± 0.94 mm, 

and 1.69 ± 1.06 mm has been computed for the training, 

validation, and test set, respectively. A mean radius 

error of 0.0011 ± 0.0007 mm, 0.0054 ± 0.0083 mm, and 

0.0050 ± 0.0062 mm has been obtained for the above 

mentioned sets. The trained method takes around 0.053± 

0.028 ms to run a prediction on a single model. 

 

Discussion 

A convolutional neural network has been proposed to 

predict the intraoperative aortic deformations caused by 

tools-tissue interaction. The proposed approach shows 

high accuracy on the training data and generalizes quite 

well on the validation and test data. The promising 

preliminary results suggest the ability of the network to 

estimate the intraoperative aortic deformations. 

Moreover, the deep learning model enables fast 

prediction in the inference phase, making this surrogate 

model suitable for clinical workflows. 
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Introduction 

Mitral stenosis (MS) is a frequent congenital condition 

characterized by structural defects of the valve leaflets 

leading to dangerous complications such as pulmonary 

hypertension and pulmonary edema [1]. In pediatric 

patients, the standard treatment consists in the 

replacement of the pathologic valve with mechanical 

and bioprosthetic devices or with pulmonary autograft; 

however, re-replacement is inevitable due to patient 

somatic grow [2]. Hence, the surgical implant of an 

oversized stent-mounted Melody™ valve (Medtronic, 

Minneapolis USA), which can be percutaneously 

expanded after surgery, was proposed [3]. Even though 

this procedure seems to be promising in the treatment of 

young patients, implant durability can be hampered by 

prosthetic leaflet damage [4]. We exploited finite 

element (FE) analysis to assess, at off label device 

implantation, the biomechanical impact of both device 

shrinking and LV in vivo motion on the prosthetic 

leaflets. 

Methods 

The FE model consisted in two main parts: the left 

ventricle (LV) and the Melody™ valve (Figure 1). LV 

endocardial surface geometry, of a normal patient, and 

motion were yielded by off-line processing of 3D 

ultrasound data of a normal subject through TomTec 

(TomTec Imaging System) and subsequently downsized 

to achieve LV characteristics of a pediatric patient. The 

Melody™ valve model included each relevant 

component: bovine jugular vein, i.e., wall and valve 

leaflets, and the CP-Stent™ [5]. LV motion was 

imposed through nodal time-dependent kinematic 

constraints. Leaflet strains and stresses at peak pressure 

were comparted vs. those yielded by two auxiliary 

models, where the valve was implanted in two static 

cylinders with 22mm diameter, i.e., the nominal 

working dimension of the valve, and 15mm diameter, 

i.e., the size of the annulus in the LV model. All 

simulations were performed in ABAQUS/Explicit 

(SIMULIA, Dassault Systèmes)  

 

Figure 1: FE model of the Melody™ valve implanted in 

the LV

Results 

When the valve diameter was shrunk to 15mm, two 

effects were evident: a massive increase in leaflet shear 

strains and relevant pinwheeling of the free margin, the 

latter being further exacerbated when the implant in the 

dynamic LV was simulated (Figure 2). Both effects are 

consistent with the typical locations of observed leaflet 

damages. 

 

Figure 2: Contour maps and box-plots of shear strain 

distribution on Melody leaflets in the different tested 

scenarios; in vivo appearance of localized rupture on 

the implanted device [6]. 

Discussion 

Our FE framework proved able to couple a realistic 

numerical model of the Melody™ valve with the 

kinematics of the LV during the cardiac cycle, 

elucidating the effect of the procedure on the implanted 

device. Our results suggest that valve undersizing 

dominates over annular dynamics in inducing 

biomechanically driven leaflet damage. If further tested 

and validated, this approach may support the 

improvement of the surgical procedure. 
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Introduction 
Four-dimensional Flow Magnetic Resonance Imaging 
(4D-Flow MRI) is a medical imaging technique that 
measures time-resolved, three-dimensional and three-
component fluid velocity fields in-vivo. As its spatial 
and temporal resolution are limited, some clinically 
relevant flow features cannot be accurately measured 
[1]. Computational Fluid Dynamics (CFD) can simulate 
the flow with higher resolution than MRI. However, 
accuracy and patient-specificity are challenging to 
achieve and of critical importance. CFD informed by 
MRI data can effectively enhance the resolution of MRI 
images, providing haemodynamic data with higher 
accuracy and consistency than an individual data source 
could provide. Despite the widespread use of rigid-wall 
simulations, arterial wall compliance has been shown to 
affect accuracy in aortic CFD simulations. Compliance 
is typically modelled using Fluid-Structure Interaction 
(FSI), a costly technique that cannot be personalised 
directly as the structural properties of the aortic wall 
cannot be measured in-vivo. In recent work to inform an 
aortic FSI model using 4D-Flow MRI data, wall 
movement was not accurately simulated [2]. This work 
presents a novel CFD methodology to produce patient-
specific compliant aortic flow simulations using 
multimodal MRI data alone, based on a previously 
developed Moving Boundary Method (MBM) to 
circumvent the limitations of FSI [3]. 
 
Methods 
This work was ethically approved by the Institutional 
Review Board of the Chinese PLA General Hospital 
(S201703601). Black Blood MR Angiography 
(BBMRA), 2D Cine-MRI and 4D-Flow MRI sequences 
of the thoracic aorta of a healthy volunteer were 
acquired, in addition to heart rate and non-invasive 
brachial blood pressure measurements. A data fusion 
process was employed to address discrepancies in MRI 
data. The fluid domain was then segmented from 
BBMRA images, and 2D-Cine MRI images were used 
to calibrate wall movement. 4D-Flow MRI data 
provided an inlet flow rate waveform and facilitated the 
calibration of patient-specific three-element Windkessel 
outlet boundary conditions. The unsteady Reynolds-
Averaged Navier-Stokes equations were solved using 
ANSYS CFX 19.0 (ANSYS Inc.) using the k-ω SST 
turbulence closure model and a Carreau-Yasuda non-
Newtonian viscosity model. CFD results were validated 
against 2D Cine-MRI and 4D-Flow MRI data, and 
pressure measurements. 

Results 
CFD predicted systolic and diastolic pressures within 
1% of target values, and mean outlet flow rates within 
2%. Flow rate waveforms matched 4D-Flow MRI with 
a mean percentage error of 6-8% throughout the aorta. 
Wall movement, quantified as luminal cross-sectional 
area, closely matched 2D-Cine MRI waveforms, with a 
mean percentage error of 0.4-2%. Excellent agreement 
was observed in velocity distributions between 4D-Flow 
MRI and CFD. The close agreement between CFD and 
MRI is shown in Fig. 1. Due to its limited spatial 
resolution, 4D-Flow MRI could not accurately resolve 
the fluid boundary layer, with a mean thickness of ~5 
mm, more than six times the expected thickness of 0.75 
mm that was captured by CFD.  
 

 
Figure 1: Cross-sectional area comparison between 
CFD and 2D Cine-MRI (L), and comparison of velocity 
magnitude contours from 4D-Flow MRI and (R), at a 
plane in the descending thoracic aorta. 
 
Discussion 
Excellent agreement was observed between CFD and 
MRI, highlighting the effectiveness and accuracy of this 
novel workflow and its robustness to inconsistencies in 
MRI data. This technique offers clear benefits in 
computational efficiency and patient-specificity over 
MRI-based rigid or FSI simulation techniques and could 
be generalized to simulate other types of cardiovascular 
flows. 
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Introduction 

The treatment of congenital heart defects, such as the 

univentricular heart, represents a major challenge in 

cardiovascular research. The univentricular heart 

(UVH) occurs with a frequency of 0.04 - 0.5% in 

newborns [1] and is treated using a Fontan procedure. 

Although quality of life and life expectancy is greatly 

improved by this treatment, the possibility of death or 

cardiac transplantation in a 20-year-old patient is 

between 13-18% [2, 3]. A deeper understanding of 

physiology and function in UVH is necessary, to 

improve future treatments and therapies. Computational 

Fluid Dynamics (CFD) models of blood flow in the 

single right ventricle, is an option to investigate the 

hemodynamics in patient-specific geometries. 

Particularly, the intriguing interaction between the 

complex three-dimensional ventricular movement and 

the developing flow features can be analyzed with this 

technique. 

CFD simulation of the pathological single right ventricle 

in contrast to the healthy left ventricle is the research 

object of the present work. The aim is the numerical 

comparison of the intraventricular flow within the 

ventricles.  

 

Methods 

Patient-specific measurements of ventricles from three-

dimensional real-time echocardiographic images served 

as the basis for the simulations with five single right 

ventricle (SRV) patients and two subjects with healthy 

left hearts (LV). Interpolation of these data reproduced 

the shape and continuous motion of the heart during a 

cardiac cycle. This motion was implemented into a CFD 

model with a moving mesh methodology. For 

comparison of the ventricles, the vortex formation as 

well as the occurring turbulent kinetic energy (TKE) and 

washout were evaluated. Vortex formation was assessed 

using the dimensionless vortex formation time (VFT). 

 

Results 

The results show significantly lower values for the VFT 

and the TKE in SRV patients than for the LV patients. 

Furthermore, diastolic vortex structures exhibit 

tremendous differences between the two groups, most 

strikingly the vortex formation does not propagate 

towards the apex in SRV patients (Figure 1). These 

findings were confirmed by a significantly lower 

washout in SRV patients. 

 

 
Figure 1: Turbulent kinetic Energy (J/kg) and vortex 

structure formation with Q-value 6000 (1/s) for subject #3 

(SRV) and subject #7 (LV) during diastole 

 

Discussion 

Flow simulation within the moving ventricle provides 

the possibility of more detailed analysis of the 

ventricular function. Simulation results show altered 

vortex formation and reduced washout of SRV in 

comparison to healthy LV. These flow features seem to 

provide important information on ventricular function 

and might be useful as a surrogate marker for the 

planning and treatment of Fontan patients. 
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Introduction 

Heart disease is the leading killer worldwide, 

responsible for about 30% of all deaths each year. The 

incidence of heart failure, such as after a heart attack, 

has remained persistently high due to the maladaptive 

growth and remodeling (G&R). Mathematical 

modelling of cardiac growth has potential for providing 

effective, reliable, and consistent risk-stratification to 

patients. Volumetric growth has been widely used in 

modelling cardiac G&R, while it has limitations to link 

with the pathological adaptation of different 

constituents. To overcome this, we adopt the 

constrained mixture theory framework for modelling 

cardiac G&R by treating myocyte and collagen 

separately in a beating human heart under various 

physiological and pathological conditions. The updated 

reference framework [1] is further adapted for 

simplifying the numerical implementation. 

 

Methods 

According to [2], the homogenized constrain mixture 

theorem assumes all constituents share the same total 

deformation gradient tensor (𝑭) from one configuration 

to another grown configuration, that is  

 𝑭=𝑭e
𝑖 𝑭r

𝑖 𝑭g
𝑖 ,              (1) 

where i is the ith constituent, 𝑭g
𝑖  is the growth tensor 

which can be either stress-driven or strain-driven or 

both, 𝑭r
𝑖  is the remodeling tensor to ensure geometrical 

compatibility after G&R (no-overlap, no gap, etc.), and 

𝑭e
𝑖  is the elastic deformation tensor to ensure the 

constraint requirements. Growth tensors for collagen 

fibre (𝑭g
c) and myofiber (𝑭g

m) are expressed as 

𝑭g
𝑖 =𝜗f

𝑘
 𝐟0⨂𝐟0+𝜗s

𝑘  𝐬0⨂𝐬0+𝐧0⨂𝐧0,   k=m,c     (2) 

where 𝐟0, 𝐬0, and 𝐧0 are fibre, sheet, and sheet normal 

directions at reference configuration, 𝜗f
𝑘  and 𝜗s

𝑘  are 

orientational growth multipliers, governed by specific 

growth laws [3], in specific 

�̇�=
1

𝜏
[

𝜗max−𝜗

𝜗max−1
]

𝛾

〈𝜅𝑒 − 𝜅crit〉,             (3) 

where 𝜅crit  is the threshold value, and 𝜅 =  𝜆  is for 

eccentric growth driven by stretch, and  𝜅 =  𝑝  is for 

concentric growth driven by stress, in which stretch 𝜆 

and stress 𝑝  are mechanical clues from cardiac 

dynamics. 𝜅, 𝛾, and 𝜗max are constant parameters. We 

can further consider a special case, if assuming no 

growth in collagen, then collagen has to remodel itself 

to provide support for grown myocytes, that is 𝜗f
c=𝜗s

c=1 

and  

𝑭r
c=𝜗f

m
 𝐟0⨂𝐟0+𝜗s

m 𝐬0⨂𝐬0+
1

𝜗f
m𝜗s

m 𝐧0⨂𝐧0.      (4) 

𝑭r
c can be either elastic or inelastic (no force induced). 

Results 

Figure 1 shows the two cases by considering myocyte 

G&R with only remodeled collagen network as in Eq. 

(4), one is strain driven (eccentric growth) and the other 

one is stress driven (concentric growth). With time, the 

growth rates are slowed down because of the 

physiological limitations and reduced strain/stress levels 

towards a more balanced biomechanical homeostasis. It 

can be found that heart wall remodeling mainly occurs 

in the endocardium.  

In eccentric growth only with growth along myofibres, 

if the collagen network is treated to be inelastic 

remodeling, then it will allow the myocardial mass to be 

increased by 24% but softer after remodeling because of 

less collagen volume fraction. In contrast, if  𝑭r
c  is 

elastic, then there is only 8% increment in myocardial 

mass which can be partially explained by the limitation 

of the very stiff pre-stretched collagen network. On the 

contrary, in concentric growth with only cross-fibre 

growth, myocardium volume increases by 39% with 

elastic collagen remodelling, larger than the case with 

the inelastic collagen remodelling (34%). 

 
Figure 1: Simulated G&R in a human left ventricle 

 

Conclusion 

We have developed a constraint mixture based cardiac 

G&R framework which can provide critical information 

in terms of different biological constituents’ adaptation 

under pathological conditions. The interplays of these 

individual G&R processes in myocytes and collagen 

have the potential to shed light on the biomechanical 

mechanism which is responsible for the transition from 

the compensation stage (myocyte G&R mainly) to the 

decompensation stage (excessive collagen G&R), and 

eventually guide us to predict the onset of heart failure. 
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Introduction 
The arteriovenous fistula (AVF) is the principal vascular 
access to perform hemodialysis. Its maintenance is very 
challenging, since it could fail as a consequence of 
intimal hyperplasia (IH), leading to stenosis. The aim of 
this work is twofold: (i) to perform a computational 
study for the comparison of blood flow in different 
geometric configurations of AVF and (ii) to assess the 
amount disturbed flow by means of quantifying the 
transition to turbulence developed as a consequence of 
sudden change of direction of the flow.  
 
Methods 
We reconstructed realistic three-dimensional (3D) 
geometries of two patients with a side-to-end AVF, by 
echo-color Doppler (ECD) performed at the EOC-Ente 
Ospedaliero Cantonale, Lugano, Switzerland. Starting 
from these two geometries, we built other three virtual 
AVF configurations obtained by varying the incidence 
angle. In particular, we consider one smaller and one 
larger angle with respect to the real one, and a fourth 
angle greater than 90 degrees to investigate also a 
smooth loop anastomosis technique. 
Computational meshes were then built, with a 
characteristic mesh size equal to 0.05 cm.  
We considered the approximation by Finite Elements of 
the incompressible Navier–Stokes equations assuming 
blood as an incompressible and Newtonian fluid. Large 
eddy simulations (LES) models were introduced to 
capture the transition to turbulence experienced at the 
anastomosis. Boundary conditions were obtained from 
echo-color Doppler (ECD) measurements.  
 
Results and Discussion 
To assess and compare the disturbed flow, we 
considered hemodynamic quantities such as the velocity 
field, the pressure distribution, and quantities derived 
from WSS such as OSI. To quantify the transition to 
turbulence, we computed the turbulent kinetic energy 
and the standard deviation of the velocity field among 
different heartbeats in order to assess the variation of the 
solution.  
Results on the velocity field show a very disturbed flow 
for all the configurations at the anastomosis, see Figure 
1. We found also that increasing the angle of incidence 
of the fistula, if this is less than 90 degrees, the area with 
high values of OSI, which should be more prone to 
hyperplasia development, decreases. Moreover, regions 
with high OSI, are greater and progressively shift 
toward the anastomosis area and the proximal vein 

segment with the decrease of the inner angle of 
anastomosis. 
  

 
Figure 1: Velocity for the different angle configurations 
at mid-deceleration. The arrows depict the dominant 
direction of flow.  
 
Regarding turbulence, we notice that the presence of 
transitional effects in the fistula is significant at the 
anastomosis, for any angle of incidence. Indeed, we 
found large values of the standard deviation of the 
velocity field (about 40% of the velocity magnitude). 
This means that high fluctuations of blood flow are 
present at the anastomosis and are responsible for the 
transition to turbulence. 
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Introduction 
Aortic diseases, such as aneurysms, dissections, and 
coarctations, are calling for biomechanical assessment 
of their onset and developments. In particular, detailed 
comprehension of local hemodynamic change, of the 
effects of vascular walls modification on the flow 
pattern, of the gradual adaptation of the global system 
as a result of surgery, is possible with computational 
fluid dynamic (CFD) simulations. Proper boundary 
conditions and turbulent flow modeling should be 
considered in CFD simulations to get reliable results. 
As for the treatment of boundary conditions, the main 
problem is the occurrence of backflow numerical 
instabilities when prescribing Neumann conditions. 
Moreover, blood flow in aorta is difficult to simulate 
and assess due to large Reynolds number at the systolic 
peak, and complex geometry for aortic diseases [1]. 
Both these factors may trigger a disturbed or even 
turbulent flow. In this scenario, Direct Numerical 
Simulations (DNS) to solve the small significant scales 
of the flow may require high computational costs, not 
compatible with a large number of patients, like in a 
Computer-Aided Clinical Trial. The Reynolds-
Averaged Navier-Stokes (RANS) models are not the 
ideal choice to adopt [2] for the range of Reynolds 
number of this problem. We are focusing on Large 
Eddy Simulation (LES) models, which are proved to be 
more suitable on describing the disturbed flow [3], and, 
in particular, on the Smagorinsky-Lilly model. This 
work aims to prove numerically that the Smagorinsky-
Lilly model is able to both treat flow disturbances and 
suppress the occurence of the backflow instability with 
a proper selection of the Smagorinsky-Lilly constant, 
CS.  
 
Methods 
We consider three geometries of patient-specific aorta 
with aneurysm in the vicinity of aortic arch, retrieved 
from the iCardioCloud Project [4]. We use Netgen [5] 
for generating the meshes. We perform transient 
simulations using the commercial software ANSYS 
(ANSYS Academic Research [Fluent], release 19.2). 
We prescribe the no-slip condition on the wall of the 
domain, three-elements Windkessel model [6] at the 
outlets, and patient-specific flow, as extracted from 
PC-MRI of each patient, at the inlet. Simulations run 
for six heart-beats to reach periodicity with a constant 
time-step set to 0.001 s. We perform both a qualitative 
and quantitative analysis comparing the results 
obtained from the LES model with those given by the 
DNS, running with the software ANSYS Fluent. 

Results  
We compute the velocity streamlines, the vectors of 
velocity magnitude and the velocity profiles at the 
outlets, the time-averaged wall shear stress (TAWSS), 
the oscillatory shear index (OSI), the local normalized 
helicity, and the helicity intensity index (h2 index), 
defined as in Morbiducci et al. [7]. Figure 1 shows the 
comparison of OSI results in patient 1 computed from 
the DNS and the LES model. In particular, we use 
three meshes to perform LES simulations, ranging 
from 169124 (coarse mesh) to 1962122 (fine mesh) 
elements. 

 
 
Figure 1: OSI in patient 1 computed from DNS and 
LES model. Three different meshes (i.e. coarse, 
medium, and fine) have been involved in the LES 
results.  
 
Discussion 
Our preliminary results prove that the Smagorinsky-
Lilly model well controls both flow disturbances and 
the numerical backflow instability, by tuning the value 
of CS. In particular, the latter value is dependent on the 
mesh size, the Reynolds number, and the shape of the 
filter of the LES model. In this first study we 
empirically estimate the value of CS; however, a future 
development consists in finding the relation which 
links the models parameters of the LES together with 
the mesh size and the Reynolds number.  
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Introduction   

Aortic stenosis develops from the build-up of calcium 

deposits on the aortic valve. Often, treatment requires 

intervention via non-invasive transcatheter aortic valve 

replacement (TAVR). Intermediate-risk patients have a 

2% chance of a stroke occurring post-TAVR, which can 

be caused by catheter delivery forces damaging the 

vessel or atherosclerotic plaques during intervention [1, 

2]. During catheter design and development, the 

delivery forces are evaluated using in-vitro Delrin 

benchtop anatomies. However, these in-vitro models are 

unable to predict plaque rupture and stroke risk. The 

objective of this research is to develop a patient-specific 

framework to predict the risk of a cerebrovascular 

accident occurring post-TAVR. A sub-objective of this 

research is to implement a finite element (FE) analysis 

on both an idealized aorta geometry and patient-specific 

anatomies to investigate the variance between in-vitro 

testing of catheters and in-vivo mechanical conditions.  

Methods 
A FE model (Fig. 1A) simulating catheter tracking in a 

3D idealized deformable aortic arch model was 

developed using the commercial FE Abaqus/Explicit 

solver (DS SIMULIA). This model is created as an in-

vivo comparison to an in-vitro (benchtop) model in the 

laboratory. All materials were assumed to be linear 

elastic and isotropic in terms of finite deformation stress 

and strain measures. A Poisson’s Ratio (PR) of 0.3 was 

assigned to the catheter and aorta models. The model’s 

moduli were varied from 10 MPa to 2,300 MPa (Delrin). 

The catheter had a regionally varying modulus (250-950 

MPa). An 8-node hexahedral, reduced integration, 

hourglass control mesh was implemented for all 

components. The aorta was fixed in the y-direction. A 

140mm displacement (z-direction) was applied to the 

catheter base to simulate tracking around the arch. 

Surface-to-surface contact was implemented between 

catheter and aorta wall with a coefficient of friction of 

0.15 and employing ‘hard’ contact behaviour. In Fig. 

1C, 3D geometries of the aortic arch were created from 

patient CT scans pre-TAVR (MIMICs, Materialise). 

Catheter tracking forces in patient-specific anatomies 

are currently being examined.  

Results 
Reaction force (RF) predictions were compared to in-

vitro RF data obtained in the laboratory (Fig. 1B). The 

RF data predicted in the deformable (10 MPa) model 

aligns well with RF data obtained in the lab. Peak forces 

differ between the computational model (35 N at 75 mm 

of tracking) and the in-vitro test data (20 N at initial 

contact, 10 mm). It was predicted at lower moduli (10-

50 MPa), there was an increase in maximum deflection 

(0.75-2.5 mm) and a decrease in maximum von Mises 

stress (1.4–1.6 MPa) in the arch when compared to 

higher moduli (1000 – 2300 MPa) where the maximum 

deflections and von Mises stresses ranged between 0.04 

– 0.045mm and 1.8 – 1.85 MPa, respectively.  

 
Figure 1: (A) FE catheter model tracking in an idealized 

aortic arch; (B) RF predictions for the deformable 

model (green) against in-vitro data (red), and (C) 

Reconstructed patient-specific aortic arch. 
 

Discussion 
This study examined and compared catheter tracking 

forces obtained from computational predictions 

simulating in-vivo mechanical conditions to in-vitro test 

data. The higher peak forces experienced in the 

deformable model could be contributed to the simplicity 

of the material model employed. Despite the higher peak 

forces, the reaction force predictions align closely to the 

in-vitro data. As such, these preliminary predictions 

suggest that in-vitro testing provides a reasonable 

estimate of the forces experienced during in-vivo 

tracking. The predictions reported here reveal that 

varying the aortic wall stiffness results in greater 

maximum deflection at lower moduli and greater 

maximum von Mises stress at higher moduli in the aortic 

arch. This mechanical response was expected and 

further validates the predictions obtained in these 

simulations. Further research will incorporate XFEM 

simulations with patient-specific anatomies to predict 

rupture risk leading to an embolic response post-TAVR. 

This current study provides the basis to develop a much-

needed patient-specific framework to predict the risk of 

a cerebrovascular accident occurring post-TAVR.  
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Introduction 

Selecting the correct endovascular treatment approach 

for patients with Peripheral Arterial Disease (PAD) is 

crucial to avoid restenosis in femoro-popliteal (FP) 

arteries. To reduce potential problems associated with 

stent implantation, clinicians are frequently performing 

Percutaneous Transluminal Angioplasty (PTA) in 

arterial segments affected by leg flexion. However, the 

impact of different treatment methods on the flow 

behaviors of FP arteries are poorly understood, as the 

imaging methodologies used in existing works are 

unable to accurately represent the post-treatment arterial 

geometries [1, 2]. The main objective of this study was 

to develop a framework to build personalized models of 

FP arteries based on intra-arterial imaging, which allows 

modeling the arterial dissections that occur following 

PTA. Our hypothesis is that this increased accuracy 

enables a detailed analysis of the hemodynamic 

behaviors of the artery prior to and at different time-

points of endovascular therapy. 

 

Methods 

8 patients diagnosed with PAD were recruited for the 

study. Half of the patients were only treated with PTA, 

while the rest were implanted with Nitinol stents. Before 

and immediately after endovascular treatment, Optical 

Coherence Tomography (OCT) and 2D angiographic 

imaging were utilized to segment the lumen contour and 

the 3D arterial centerline, respectively. A label image 

containing the arterial lumen was generated and warped 

onto the X-ray centerline using a dense displacement 

field computed between the OCT-based and X-ray 

centerlines for all the voxels identified from the OCT 

dataset. The warped label image was used to create a 

surface mesh of the arterial lumen, which was 

transferred to LS-DYNA for Computational Fluid 

Dynamics (CFD) analyses. A volumetric flow profile 

obtained from the ultrasound measurements of 24 

patients was applied at the inlet; while at the outlet, a 

two-parameter (RC) Windkessel model was defined. 

Blood flow was simulated over three cardiac cycles and 

adverse hemodynamic behaviors were evaluated as the 

regions with low time-averaged Wall Shear Stress 

(TAWSS) (< 0.5 Pa) and high TAWSS (> 7 Pa).  

 

Results 

Prior to endovascular therapy, the mean area affected by 

low TAWSS was found to be 0.95 cm2 ± 0.59 cm2. 

Balloon angioplasty was found to significantly increase 

this baseline value, as the affected areas following PTA 

were computed to be 2.10 cm2 ± 1.09 cm2 (p = 0.048).   

In arteries with dissections, 88% of the surfaces 

covering the false lumens exhibited low TAWSS and, 

for three patients, 65% of the affected areas was 

concentrated at these locations. Similarly, the areas 

affected by low TAWSS in stented arteries were 

significantly higher than the pre-PTA configuration 

(3.10 cm2 ± 0.98 cm2, p = 0.013). Compared to PTA, the 

affected areas were more homogenously distributed 

along the length of the stented segments. 

 
 

Figure 1: The development of time-averaged flow 

velocity and distribution of TAWSS in an artery 

following PTA. 

 

Discussion 

While no significant differences were found in adverse 

flow conditions between Nitinol stent implantation and 

a PTA-only approach, the presence of false lumens was 

found to contribute to an increase in the surfaces 

affected by low TAWSS, which can compromise the 

decision to leave-nothing-behind. These observations 

show that the use of OCT-based numerical models has 

the potential to reveal the long-term effects of 

endovascular therapy in FP arteries and inform 

clinicians regarding the optimal treatment approach. 
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Introduction 

Numerical simulations of femoro-popliteal (FP) arteries 

not only aim at understanding the high restenosis rates 

afflicting this arterial vasculature, but are also being 

used to perform virtual testing of different balloon and 

stent designs. The arterial geometries that form the basis 

of these analyses are obtained from different clinical 

imaging modalities and, as such, represent the patient-

specific data in varying level of details [1, 2]. However, 

it is not entirely clear whether models built from more 

complex modalities, which are usually not part of the 

clinical routine, produce improved indications within a 

numerical framework. To determine the necessity of 

using these additional techniques, we have performed 

Computational Fluid Dynamics (CFD) analyses on 

models based only on X-ray angiography or based on a 

combination of angiographic and intra-arterial imaging. 

 

Methods 

12 patients diagnosed with Peripheral Arterial Disease 

were recruited for the study. 8 patients were only treated 

with Percutaneous Transluminal Angioplasty (PTA), 

while the rest were implanted with Nitinol stents. Before 

and immediately after endovascular treatment, Optical 

Coherence Tomography (OCT) and 2D angiographic 

imaging were utilized to segment the lumen contour and 

the 3D arterial centerline, respectively. The 

angiography-based 3D models of the arterial lumen 

were generated from multiple X-ray images using a 

custom-built 2D/3D reconstruction software. For the 

OCT-based models, a label image containing the arterial 

lumen was generated and warped onto the X-ray 

centerline using a dense displacement field computed 

between the OCT-based and X-ray centerlines for all the 

voxels identified from the OCT dataset. This warped 

label image was used to create the surface mesh of the 

arterial lumen. Both models were transferred to LS-

DYNA for CFD analyses. A volumetric flow profile 

obtained from the ultrasound measurements of 24 

patients was applied at the inlet; while at the outlet, a 

two-parameter Windkessel model was defined. Blood 

flow was simulated over three cardiac cycles and 

adverse hemodynamic behaviors were evaluated as the 

regions with low time-averaged Wall Shear Stress 

(TAWSS) (< 0.5 Pa) and high TAWSS (> 7 Pa).  

 

Results 

For the pre- and post-PTA timepoints, the mean 

percentage (%) of the areas affected by low TAWSS 

were similar for both models (X-ray pre-PTA: 16.33% 

± 10.99% & X-ray post-PTA: 22.29% ± 15.94%; OCT 

pre-PTA: 14.99% ± 12.00% & OCT post-PTA: 23.98% 

± 12.60%). For the post-stent group, the models based 

on the X-ray predicted a slightly higher mean % of 

affected areas (37.77% ± 26.29) compared to the OCT-

based models (29.40 ± 7.91). An individual analysis of 

the hemodynamics for each patient did not reveal a clear 

trend regarding the differences between the two imaging 

modalities, with X-ray models underestimating the 

adverse hemodynamics for some cases, and 

overestimating for others based on the corresponding 

flow rates computed at the inlet.   

 
Figure 1: The distribution of TAWSS in X-ray- and 

OCT-based models for different treatment timepoints. 

 

Discussion 

While the mean % of the areas affected by low TAWSS 

were comparable, the distribution of the TAWSS along 

the length of the artery showed that X-ray models could 

not capture the localized flow behaviors, especially 

around the vicinity of the false lumens created by arterial 

dissections. As such, the utilization of OCT as the basis 

of CFD models is important to accurately predict the 

hemodynamic conditions in FP arteries.  
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Introduction 

Transcatheter Aortic Valve Implantation (TAVI) is a 

widely used mini-invasive procedure for the treatment 

of calcified aortic valve stenosis. TAVI has already 

proved effective in patients at higher risk for surgery; 

nonetheless, periprocedural complications may occur, 

such as ParaValvular Leakage (PVL) and conduction 

disturbances like the Left Bundle Branch Block (LBBB) 

[1]. Patient-specific Finite Element Analysis (FEA) can 

reliably reproduce TAVI procedures and support the 

prediction of peri-procedural complications. However, 

FEA is too time-consuming to be included in the 

decision-making process. Here we search for a trade-off 

between time-efficiency and reliability, and we assess 

the impact of modeling simplifications aimed to 

speeding up simulations. 

 

Methods 

The numerical model consisted in a simplified version 

of self-expandable 26mm CoreValve (Medtronic Inc., 

USA) modelled with beam elements, and a the patient-

specific anatomy based on pre-operative CT imaging.  

Via segmentation in ITK-SNAP (www.itksnap.org) and 

in-house tools, the aortic root (AR) was reproduced, 

including calcification spots and aortic valve (AV) 

leaflets. CoreValve crimping, insertion and deployment 

into the AR were simulated in Abaqus/Explicit 

(Dassault Systèmes, France) using five model variants: 

in variant A, all tissues are modeled as linear elastic; the 

complexity of their mechanical response is gradually 

increased in models B-E (Table 1). 

 

Models 
Elasto-plastic 

calcifications 

Hyperelastic 

AV leaflets 

AR wall  

pre-stress [2] 

B 

C 

D 

E 

✔ 

- 

- 

✔ 

- 

✔ 

- 

✔ 

- 

- 

✔ 

✔ 

Table 1: Mechanical features associated to each model. 

 

Results and discussion 

For all model variants, the simulated configuration of 

the deployed stent well agreed with in vivo post-

operative CT data, reporting a maximum error below 2 

mm, i.e., no more than twice CT image resolution 

(Figure 1a). Contact pressure (peak value and CPI, 

evaluated in the target zone between non-coronary sinus 

and right sinus [3]) and gaps between stent and AR were 

used to estimate the risk of conduction abnormalities 

onset and PVL, respectively. Computed values were 

minimally affected by model complexity and agreed 

with follow-up data, which reported the absence of 

LBBB and trace of PVL (Figure 1b-c). Nonetheless, 

modeling strategies differently impacted on FEA 

computational cost, which markedly increased when 

including AV hyper-elastic leaflets (model C, +23% vs. 

model B) and aortic wall pre-stress (model D, +14% vs. 

model C), respectively (Table 2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Comparison between post-operative data and 

FE models predictions. 

 

Models 

A B C D E 

516 

(-) 

550 

(+7%) 

675 

(+31%) 

771 

(+49%) 

756 

(+47%) 

Table 2: Computational time expressed in minutes (Intel 

Core i7-3770 Processor, 16 CPUs). 

 

Conclusions 

This work suggests that the use of more sophisticated 

constitutive models for AR native tissues does not have 

a major impact on FEA-based predictions on stent-AR 

wall interaction in patient-specific geometries. Yet, such 

constitutive models increase the computational cost by 

up to 45%. This evidence will be further tested on a 

reasonably large cohort of TAVI candidates. 
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Introduction 
In endovascular stenting, self-expanding Nitinol stents 

must be over-sized compared to the vessel diameter to 

ensure adequate levels of lumen gain and apposition to the 

arterial wall. However, there is a risk of damage into the 

vessel wall that might trigger undesired clinical outcomes 

(e.g. restenosis) [1]. While the common practice is to 

deploy a stent that is 1-mm larger than the lumen diameter, 

stent sizing is not always driven by objective criteria but 

relies on the intuition of clinicians and is influenced by the 

patient-specific anatomy [2]. Given the controversial 

outcomes of mis-sizing, a combined experimental-

computational investigation is conducted to assess the 

effects of oversizing of a commercial self-expanding 

Nitinol stent for femoral applications. 

Materials and Methods 
Experimental: Axial tension and radial compression tests 

performed at 37°C were carried out on the Zilver Flex 

(Cook Medical, USA) to determine its mechanical 

properties. In vitro tests of stent deployments in straight 

silicon vessel were performed and numerically modelled to 

assess the interaction among the device and the vessel wall 

to ensure the robustness of the computational model.  

Computational: Finite element analysis (FEA) of the 

deployment of the self-expanding Nitinol stent into a 

patient-specific vessel was performed with 

Abaqus/Explicit 6.14 (SIMULIA, Dassault Systèmes). The 

stent was modelled in different sizes (6.0x60mm, 

7.0x70mm and 9.0x60mm) and assigned the VUMAT 

super-elastic material model, whose parameters were 

calibrated through the experiments above mentioned. Two 

patient-specific human superficial femoral arteries (SFAs), 

namely patient A and B [4], featured with a low-curvature 

and high-curvature respectively, were modelled. The non-

linear behaviour of SFA was described with an isotropic 

hyperelastic constitutive law [3]. In both scenarios, a FEA 

of crimping and deployment was performed. A comparison 

of the impact of stent sizes was provided. 

Results 
The configuration of the device deployed into the patients 

A and B is shown in Figure 1 and the summary of key 

parameters are in Table 1.  

Table 1. Key parameters of deployment structural analysis are compared 
for different stent sizes in both scenarios. 

 Patient A Patient B 

 6x60mm 7x60mm 9x60mm 6x60mm 7x60mm 9x60mm 

LG, % 56.5% 63.0% 62.4% 11.3% 24.1% 23.3% 

dMAL, 
mm 

0.63 0.22 0.37 3.03 0.94 0.59 

The lumen gain (LG) defined as the increase in the lumen 

area with respect to the initial cross-section was similar 

regardless of the stent size in patient A. Contrastingly, in 

patient B, LG showed a two-fold increase between the 

6.0x60mm and 7.0x60mm/9.0x60mm devices. For 

malapposition, the maximum distance (dMAL) between the 

stent strut and the arterial wall was reported for the 

6x60mm size (0.63mm and 3.03mm in A and B); a 

consistent improvement was found for 7.0mm and 9.0mm 

sizes in both patients, although, a critical malapposition 

(≫0.2mm) was still present in B regardless stent diameter. 

Additionally, the distribution of maximum principal stress 

(SMax) in the arterial wall showed lower values induced 

by the 6.0x60mm, while higher but substantially similar 

values were reported for 7.0x60mm and 9.0x60mm stents. 

 
Figure 1. (a) Configuration of stent deployed in patient A and B; (b) 
boxplot of maximum principal stress values; (c) cut views of the 

malapposition detachment induced in the most representative rings. 

Discussion 
In this study, a computational patient-specific analysis to 

predict the effects of stent oversizing was performed. The 

relation between the key parameters (luminal gain, mal-

apposition detachment, maximum principal stress) with 

stent diameter showed varying behaviour in both scenarios. 

For patient A, higher oversizing ratios caused increased 

arterial stresses, with low additional lumen gain. For 

patient B, as the oversizing increase, a substantial lumen 

gain was observed associated with lower malapposition 

detachment and only modest increases in arterial stress. 

Results suggest that the choice of oversizing is case-

specific; thus, in silico tools might provide a clinical 

support to select the best practice. Next, experimental 

deployment in 3D-printed patient-specific vessels will be 

performed to confirm the computational outcomes.   
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Introduction 

Thoracic endovascular aortic repair (TEVAR) is a well-

established treatment for aortic arch disease, despite a 

non-negligible rate of post-operative clinical failure [1]. 

Accordingly, pre-TEVAR planning is crucial to identify 

adequate proximal landing zones (PLZ) for endograft 

deployment according to arch-specific features [2], as in 

the “bovine” aortic arch variant (CILCA), i.e., with a 

common origin of the innominate and left carotid artery. 

CILCA is highly prevalent among TEVAR candidates 

being recognized as a risk factor for the development of 

thoracic aortic disease [3]. 

A systematic geometry-based TEVAR planning is 

lacking; current practice largely relies on manual, highly 

operator-dependent and time-consuming operations. We 

propose a fully automated framework for TEVAR 

planning, with systematic and comprehensive 

assessment of aortic arch features, relevant to PLZ 

identification. 

 

Methods 

Aortic arch anatomies of standard (n=23) and CILCA 

(n=18) configurations were retrieved from previously 

segmented computed tomography (CT) scans. The 

workflow automatically provides aortic arch centerline 

and computational operations for global and regional 

analysis of aortic arch features (Fig. 1).  

Figure 1: Automatic workflow for TEVAR planning. 
 

PLZs were systematically classified according to the 

Modified Arch Landing Areas Nomenclature 

(MALAN) [4]. The analysis also included bifurcation  
angles and a simplified appraisal to estimate 

hemodynamic displacement forces (DFs) [5].  

  

Results 

All the datasets were successfully analyzed, with no 

significant differences (P>0.62) between standard and 

CILCA arch in global metrics. Mean diameters 

decreased from proximal to distal PLZs (P<0.001) but 

were higher in the standard arch (P=0.03). Aortic 

tapering, i.e., the reduction of aortic cross-section along 

PLZs, was more marked in CILCA (P=0.02), which also 

reported greater radius of curvature in all PLZs 

(P=0.04). No difference was observed in terms of 

tortuosity (Fig. 2). 

Figure 2: Mean diameter, tapering and radius of 

curvatures in PLZs of standard and CILCA arch. 

 

PLZ 3 revealed a remarkably higher DF with respect to 

PLZ 2 (Fig. 3), in particular in CILCA configuration.    

Figure 3: DFs [N] in a standard (a) and CILCA (b) 

arch. 

 

Discussion 

We developed and successfully tested a fully automated 

and clinical-friendly tool for TEVAR pre-procedural 

planning and aortic arch analysis, which provides 

repeatable and objective measurements that would be 

manually unfeasible. Analysis of a single dataset is 

compatible with the TEVAR decision-making process, 

requiring 2 to 3 minutes on a laptop with 32 GB RAM.
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Introduction 

In recent years, different computational techniques have 

been adopted for blood flow simulations in both large 

and small vessels. In this context, the Fluid-Structure 

Interaction (FSI) remains the most reliable technique, 

nevertheless drawbacks and limitations are still present, 

like the computational cost which is non negligible. 

Additionally, intrinsic material non linearities and 

anisotropies, which are key features of vessels, make the 

calculation even more onerous. For this reason, the 

isotropic linear elastic material approximation is usually 

assumed for the aortic vessel [1]. However, this process 

is often inaccurate and totally neglects the anisotropic 

and hyperelastic behavior of the vessel. Finally, patient 

specific data should be used to have a more realistic 

simulation of the structure. 

This work aim is the development of a computational 

framework for the implementation of the Small On 

Large [2] linearization approach for an ascending 

thoracic aortic aneurysm (aTAA) model. Patient 

specific geometry and material properties, obtained 

from ex-vivo samples, were included. A two-way FSI 

simulation with heterogeneous material properties was 

performed.  

 

Materials and Methods 

A patient specific geometry of an aTAA case was 

reconstructed from CT data. Tissue samples were 

characterized through biaxial tests. The data were fitted 

to a state of the art hyperelastic anisotropic model 

accounting for collagen fiber dispersion [3]. The model 

was implemented in the ANSYS software, which was 

used for all the computations. The 0-pressure 

configuration was obtained starting from the diastolic 

phase through a reverse displacement algorithm [4]. 

Then, the simulation was split in two phases: a first large 

deformation (LD) and a second small deformation (SD) 

phase. The LD phase was defined as the passage from 

the 0-pressure to the diastolic configuration with a static 

simulation by using the implemented hyperelastic 

material model. Subsequently, the SD phase was 

defined as the passage from the diastolic to the systolic 

configuration through a two-way FSI simulation in 

which the stiffness map (𝐶0), calculated at the first step, 

was imposed. The tangential stiffness matrix was 

modified at each mesh element to maintain the local 

tissue anisotropy. Results are presented in terms of 

stiffness (𝐶𝜃𝜃𝜃𝜃
0 , 𝐶𝑧𝑧𝑧𝑧

0 ) values from the LD step. 

Additionally, circumferential (𝜎𝜃𝜃) and longitudinal 

(𝜎𝑧𝑧) stresses from the final SD two-way FSI step were 

reported.  

 

Results 

The presented workflow of aTAA analysis was 

successfully implemented. The maps of circumferential 

and longitudinal local stiffness calculated from the LD 

step are reported in Figure 1 a-b. The 𝜎𝜃𝜃 and 𝜎𝑧𝑧  at the 

systolic pressure peak from the SD FSI step are 

presented as well in Figure 1 c-d. 

 
Figure 1: Results for the aTAA simulation: local 

stiffness maps for the circumferential (a) and 

longitudinal (b) direction. Stress value maps for the two-

way FSI step in terms of 𝜎𝜃𝜃 (c) and 𝜎𝑧𝑧 (d) at peak 

systolic pressure. 

 

The results demonstrate the significance of anisotropy. 

The tissue appears to be significantly stiffer along the 

circumferential direction, inside the inner curvature of 

the aTAA. The same trend emerges from the stress 

distribution from the SD FSI step. This shows that 

significant heterogeneities of tangent stiffness are 

expected, even if a homogeneous hyperelastic material 

model is assumed in the aTAA analysis. 

 

Discussion 

A workflow for the computational analysis of a patient-

specific aTAA case with Small On Large linearization 

to obtain a two-way FSI analysis with heterogeneous 

local stiffness is presented. The results revealed regional 

variations and anisotropy of tangent stiffness properties, 

with a significant stiffening in the inner aTAA section. 
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Introduction 

Computational fluid dynamics (CFD) simulations of 

TBAD have been developed to study dissection 

hemodynamics and gain mechanistic understandings of 

critical anatomical features that have been linked to 

various disease progressions. For these simulations to 

provide useful insights, results must be physiologically 

accurate. Model parameters including geometry, and 

inlet and outlet boundary conditions should be derived 

from patient-specific data where possible; the use of 3D 

inlet velocity profiles (IVPs) [1] and 3-element 

Windkessel (3EWK) outlet models [2] have been shown 

to produce the most physiologically accurate results in 

TBAD simulations. This study aimed to evaluate and 

validate patient-specific simulations of TBAD through 

qualitative and quantitative comparisons with in vivo 

data acquired using 4D flow magnetic resonance 

imaging (MRI). 

 

Methods 

Five TBAD patients (P1-P5) were included in this study. 

For all patients, diagnostic CT scans, 4D flow MRI and 

Doppler-wire (DW) pressure measurements were 

available. DW pressures were taken at the start of each 

interventional treatment before the stent-graft was 

deployed. Patient-specific geometries were segmented 

from diagnostic CT scans, and all geometric models 

extended from the ascending aorta to the aortic 

bifurcation and included all major side branches. For 

each patient, 3D IVPs were derived from 4D flow MRI 

data using an in-house MATLAB code [3]. 3-element 

Windkessel models were tuned for each model outlet, 

based on average flows derived from MRI flow data and 

DW pressure measurements. Blood was simulated as a 

non-Newtonian fluid using the Quemada model. All 

models were meshed in ICEM (v19.2), simulated in 

Ansys CFX (v15.0) and post processed in Ansys 

EnSight (v10.2). 4D flow MRI data were processed 

using in-house MATLAB codes to output velocity 

fields, which were analyzed in EnSight and used as a 

gold standard for comparison with CFD results.   

 

Results 

Figure 1 shows the peak systolic velocity patterns 

obtained from CFD and 4D MRI for 2 selected cases, 

and good qualitative agreements were achieved for all 

patients. Comparisons of peak systolic maximum 

velocities through the primary entry tear are reported in 

Table 1. It can be seen that CFD tends to underpredict 

the maximum velocity compared to 4D-MRI, in line 

with previous findings [1,2], with a maximum 

difference of 0.29 m/s. Attempts were also made to 

compare DW measurements with CFD predicted 

pressures. It was found that average pressures, evaluated 

in the true and false lumen at multiple locations 

throughout the dissection in each patient, differed by 

less than 13%. Quantitative differences between CFD 

results and in vivo measurements are expected, 

considering the rigid wall assumption in the CFD model, 

and the 4D-MRI and CT scans were not performed on 

the same day the DW measurements were taken.  

 
Figure 1: Peak systolic velocity fields. For each patient, 

4D-MRI results are shown on the left, alongside the 

CFD results on the right. 

 

 Maximum Velocity [m/s] 

 P1 P2 P3 P4 P5 

4D-MRI 1.8 1.2 0.9 1.7 1.2 

CFD 1.6 0.9 0.6 1.6 1.1 

Table 1: 4D-MRI derived and CFD simulated maximum 

peak systolic velocity within the primary entry tear. 

 

Discussion 

This study presents a workflow for patient-specific 

TBAD simulations, incorporating the maximum amount 

of anatomical and flow data that can be acquired in vivo. 

Validations against in vivo measurements demonstrate 

good overall agreement. Future work includes 

incorporating fluid-structure interaction (FSI) models, 

which will allow us to make a thorough comparison 

between rigid CFD, FSI and in vivo data. 
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Introduction 

Several studies have suggested that mass transfer and 

transport (e.g., of high plasma levels of low-density 

lipoproteins, LDL) are involved in the atherosclerosis 

process [1]. In the last decade, computational fluid 

dynamics has been largely adopted to elucidate how 

flow disturbances, mass transport and atherogenesis are 

linked in human arteries [2]. However, modelling mass 

transfer in cardiovascular flows requires high 

computational costs [3]. To overcome this limitation, a 

marked interest has recently emerged on the 

Lagrangian-based features of the wall shear stress 

(WSS) topological skeleton (TS), able to provide a 

template for near-wall transport [4]. Briefly, the WSS 

TS is composed by fixed points, points where WSS 

vanishes, and stable/unstable manifolds, identifying 

WSS expansion/contraction regions. Here, a recently 

proposed Eulerian-based method for WSS TS analysis 

[5] is used to provide a reliable template of near-wall 

mass transport in patient-specific computational 

hemodynamic models of three distinct vascular regions. 

The capability of the proposed approach to depict an 

affordable picture of the near-wall mass transport is 

tested against LDL polarization distributions simulated 

solving the coupled Navier-Stokes (NS) and advection-

diffusion (AD) equations. 

 

Methods 

The 3D geometries of a human thoracic aorta, a carotid 

bifurcation, and a right coronary artery were 

reconstructed from medical images. The finite volume 

method was applied to solve the coupled NS and AD 

equations on high-quality mesh-grids [3]. Subject-

specific flow measurements were prescribed as 

boundary conditions. LDL boundary conditions, in 

particular blood-to-wall transfer were modelled as 

proposed elsewhere [3]. A recently proposed Eulerian-

based WSS TS analysis [5] was here considered. Based 

on theory and according to [5], the divergence of the 

WSS unit vector field 𝝉𝑢, defined as: 

 𝐷𝐼𝑉𝑊 = ∇ ⋅ (
𝝉

∥𝝉∥𝟐
) = ∇ · 𝝉𝑢 (1) 

represents a template of the WSS vector field manifolds, 

identifying WSS expansion/contraction regions. The 

Poincarè index and the Jacobian analysis were then used 

to identify and classify fixed points [5]. In addition, the 

canonical descriptors of flow disturbances, i.e., TAWSS, 

OSI, and RRT, were evaluated. The surface areas (SAs) 

exposed to high local LDL uptake (LDL90), WSS 

contraction regions (DIV10), and disturbed 

hemodynamics (TAWSS10, OSI90, RRT90) were 

identified, and their co-localization was quantified [3]. 

 

Results 

𝐷𝐼𝑉𝑊 and LDL luminal distributions are provided in 

Fig. 1. WSS contraction/expansion regions are coloured 

in blue/red (negative/positive 𝐷𝐼𝑉𝑊, Fig. 1A). A marked 

co-occurrence of WSS contraction regions and LDL 

concentration polarization on the vessels wall clearly 

emerges. These observations are confirmed by 

quantitative analysis (Fig. 1C), reporting that WSS 

contraction regions co-localize with high LDL 

concentration regions at least the 40% more than 

canonical WSS-based descriptors. 
 

 
Figure 1: A) Cycle-average WSS TS. B) LDL wall 

concentration. C) SAs co-localization. 
 

Discussion 

Our findings clearly indicate that the Eulerian-based 

method for analysing the WSS TS [5] provides an 

effective template of WSS manifolds, which in turn co-

localize with LDL polarization areas at the luminal 

surface. This means that the DIV10-based approach: (1) 

identifies high LDL polarization areas at the luminal 

surface better than canonical WSS-based descriptors; 

(2) reduces computational costs and methodological 

complexity with respect to classical mass transport 

simulations. 
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Introduction 

The understanding of the behaviour of prosthetic 

devices is a key step to improve surgical outcomes of 

patient-specific valves implantation. In clinical 

environment, numerical simulation represents a 

powerful tool to evaluate the features of the blood flow 

and the performances of a prosthetic device [1]; in 

particular, a fluid-structure interaction (FSI) analysis 
could allow to refine the design of valvular prostheses 

and to assess the onset of the haemolytic/thrombotic 

process. Despite all the advances in numerical 

simulation, its application in a clinical environment is 

limited due to the computational cost and the fidelity of 

the results. Recently, the use of advanced mesh 

morphing technique has been demonstrated to be a 

useful tool to reduce time, avoiding uncertainties of the 

material behaviour [2]. 

The purpose of this work is to present a novel numerical 

approach for the study of prosthetic aortic valves able to 
reduce computational time preserving high fidelity. 

 

Methods 

A parametric model of prosthetic aortic valve is realised 

using the software SpaceClaim. One-way FSI 

simulations are performed in Ansys Workbench 

environment first using remeshing and then with a 

meshless technique. A Young’s modulus of 3 MPa and 

a Poisson’s ratio of 0.4 are assigned to the valve; blood 

is set as incompressible, viscous-laminar with a 

viscosity of 4 cP. For the structural simulations, time-

varying ventricular and aortic pressures are applied to 
the leaflets of the prosthesis. The Radial Basis Functions 

(RBF) mesh morphing technique is chosen for the 

meshless approach. To set the synchronous deformation 

of the blood domain with the leaflet deformation at each 

time step, the RBF-Morph software [3] is employed. For 

the fluid domain, velocity inlet (Figure 1(a)) and 

pressure outlet time-varying boundary conditions are 

used. The results of the analysed methods are then 

compared in terms of flow velocities and solution time. 

 

Results 

Five different valvular states are shown in Figure 1(a). 

The von Mises stress distributions at the systolic peak 
and when the valve is completely closed are reported in 

Figure 1(b). The maximum value detected, located near 

the junction between the cusps and the circular ring of 

the open valve, is 1.06 MPa. Concerning the comparison 

of the FSI analyses, Figure 2 depicts the flow velocity 

values reached along a selected longitudinal section 

plane at the systolic peak of cardiac cycle. 

 

 
Figure 1: Five different valvular configurations during 

the opening phase (a) and von Mises equivalent stress 

distributions for the open and closed valve (b). 

 

Maximum and mean velocities detected with remeshing 

methods are respectively 1.41 m/s and 0.76 m/s while 

using meshless approach are 1.48 m/s (difference of 

4.96%) and 0.77 m/s (difference of 1.32%). 

The solution time required using morphing is 16 time 

less than that of the remeshing algorithm. 

 

 
Figure 2: Comparison between remeshing and morphing. 

 

Discussions 

The combination of a parametric valvular model and 

morphing techniques could represent a useful approach 

to test patient-specific devices, tearing down in this way 

the time required to obtain relevant clinical results. 
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Introduction/Motivation 

For those suffering from biventricular heart failure, 

where a heart transplant is not viable, a total artificial 

heart is a feasible alternative. The Realheart®, 

developed by Scandinavian Real Heart, mimics the 

mechanics of the native heart by vertical translation of 

an atrioventricular (AV) plane. Previous numerical 

models of the Realheart® were not flow driven but 

relied on prescribed motion of AV and semilunar (SL) 

valves. This tended to overestimate device output and 

limited the operating conditions that could be simulated. 

This study's objective was to develop a new modelling 

strategy, combining computational fluid dynamics and 

fluid-structure interactions, that generalised the 

pumping mechanics of the Realheart®. Initially, only 

the essential and most challenging features will be 

modelled before proceeding to whole device simulation. 

Methods 

Fluent (Ansys Inc, Canonsburg Pennsylvania, USA, 

Version 2020 R2) was used to model a fluid cylinder 

containing two bileaflet mechanical heart valves aligned 

in series, representing the AV (upstream) and SL 

(downstream) valves (figure 1a). Symmetry conditions 

were imposed such that a 1/4 model was considered. 

Constant pressures of 15 and 70 mmHg were applied on 

the inlet and outlet respectively. A 5 mm diameter 

restriction (figure 1b) represented the resistance of the 

downstream vasculature. The Navier-Stokes equations 

were solved assuming Newtonian rheology. Overset 

meshing allowed for a refined mesh around the 

boundary of the leaflet valves (figure 1c). The 6 degrees 

of freedom solver computed the leaflets' rotation using 

the forces and moments exerted by the fluid. A vertical 

sinusoidal translation of period 0.6 s and amplitude 12.5 

mm was applied to the AV overset zone, achieving both 

rotational and translational motion of the AV valve. A 

custom variable time-stepping scheme was used to 

reduce computation time but maintain accurate capture 

of leaflet motion. 

Results 

Variable time stepping was only slightly less accurate 

than a small, fixed time step, but at 25% of the 

computation time required (table 1). The SL valve 

opened at 0.15 s as fluid was pushed through the domain 

by the AV valve, and closed again at 0.43 s, due to 

backflow through the outlet (figure 2). Instability and 

fluttering in SL valve motion was seen upon opening, 

due to high pressures caused by downward AV motion.  

At the point that the SL valve fully opened, fluid 

followed the motion of the leaflets, and was drawn from 

the edge of the fluid cylinder towards the centre to form 

a faster flowing central region (figure 1 d). 

Time Step Size 1e-3s Variable 5e-3s 1e-2s 

Error (%) - 5.5 21.0 41.0 

Time Steps 600 150 120 60 

Table 1 A measure of accuracy and computation time 

for a 2D, single translating and rotating valve test case. 

Error defined as percentage difference between leaflet 

angles at period end for each case compared to 1e-3 s. 

Conclusions 

A modelling strategy has been successfully developed 

that defines AV plane translation and AV/SL valve 

rotation, producing pumping characteristics similar to 

that of the Realheart®. Further work will replace the 

constriction with a Windkessel model to capture 

physiological conditions and improve modelling 

flexibility. Additional studies will be used to understand 

the interplay between stroke parameters, and efficiency 

and valve leakage. 

a) c) 

Figure 1 (a) Computational domain: inlet (green), 

outlet (red), two valves (blue), fluid domain (light grey). 

(b) 2D view of 5 mm diameter restriction placed 

upstream of outlet. (c) Overset meshing: background 

fluid (red), overset leaflet region (blue). (d) Velocity 

magnitude (m/s) contour plot of SL valve at 0.2 s. 

Figure 2 Outlet mass flow rate and valve angles. 0o is 

open, 50o is closed. Positive mass flow rate is out of the 

domain. 

b) 

outlet 

 

d) 
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Introduction 

Patient-specific numerical models represent a promising 

tool for clinical planning of cardiovascular procedures. 

While the patient’s anatomy of interest can be accurately 

reconstructed from imaging, the in-vivo patient-specific 

mechanical characterization of vessels still represents 

the major uncertainty [1]. In this work we present a 

novel formulation for the non-invasive estimation of 

material properties in terms of Young’s modulus (E), 

starting from Phase Contrast Magnetic Resonance 

Imaging (PC MRI). The flow-area (QA) method was 

used to infer the E value starting from a standard 

formula. The equation was tested in a controlled in-

silico environment and opportunely modified according 

to the simulations’ results. The formulation was then 

tested in-vitro using PC MRI of a 3D printed model.  

 

Methods 

The QA method is used in clinics to estimate the pulse 

wave velocity (PWV) using PC MRI or echo data. A 

literature equation [2] was used to compute the E value 

from PWV: 

 

 E = ρ PWV2 [3 (1+A0 / WCSA)] (1) 

 

where ρ is the density of blood, A0 is the cross-sectional 

area of vessel’s internal lumen and WCSA is the wall 

cross-sectional area. Eq. (1) was tested in-silico using 

fluid-structure interaction to assess its capability to infer 

the E values (ranging from 0.5 to 8 MPa) of different 

implemented vessels’ models, including pipe models 

and patient-specific anatomies, subjected to a cardiac-

like pulsatile regime. Given the non-linearity between 

the E input and the E from Eq. (1), a corrective factor 

was included, namely K, defined as: 

 

  K = RAC γ (2) 

 

where RAC was the relative area change along the 

cardiac cycle and γ was a parameter depending on the 

vessel geometry, flow and pressure. In order to fully 

parametrize γ, several FSI simulations were run in two 

main pressure conditions (typical aortic and pulmonary 

pressure, i.e. 80-120 and 10-20 mmHg), by varying 

vessel diameter (1-5 cm) and flow peak (100-500 ml/s). 

The huge amount of simulations was handled making 

the entire process semi-automatic, from the set-up of the 

single simulation to its post-processing. The new 

equation including K was blindly tested in-vitro, on a 

vessel phantom 3D printed with a deformable material 

(i.e. Tango+) [3]. The phantom was inserted in an ad-

hoc mock-loop circuit under pulsatile conditions. PC 

MRI of the phantom was acquired and processed to get 

the E value of Tango+, which was compared to the 

tensile tests of the material. 

 

Results 

Figure 1 shows the results from a patient-specific aorta 

simulation, with comparison, for five different cross-

sections of the vessel, between E values as computed 

from non-corrected and corrected formula, in respect to 

the assigned E reference. The effectiveness of the 

proposed correction factor K was also demonstrated in-

vitro, resulting in a percentage error of 2% between the 

image-based inferred E value (EK = 0.51±0.04 MPa) and 

the tensile tests assessment of Tango+ (ET = 0.50±0.02 

MPa), in respect with the 62% difference resulted from 

the standard Eq. (1) (E1 = 0.22±0.03 MPa). 

 
Figure 1: E values as computed from non-corrected (red 

asterisks) and corrected (green diamonds) formulation. 

 

Discussion 

A novel parametric equation requiring only imaging 

information was here presented. This study relied on the 

correction of a known literature equation, which was 

tested and quantified in-silico, then verified in-vitro. A 

further refinement of the described methodology can 

potentially lead to a novel tool to quantify the in-vivo 

mechanical properties of large vessels in a non-invasive 

way based on solely PC MRI data. 
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Introduction 

Thoracic Endovascular Aortic Repair (TEVAR) is a 

minimally invasive technique to treat thoracic aortic 

pathologies like aneurysms and dissections. A stent-

graft is crimped and deployed into the diseased aorta to 

restore the correct blood fluid-dynamics. Despite its 

increasing use, some device-related (device migration, 

endoleaks) and fluid-dynamic (compliance mismatch) 

complications can occur [1]. From a modeling 

perspective, the best numerical approach to reproduce 

the procedure is the fluid-structure interaction (FSI) 

modelling [2]. This work presents a numerical workflow 

to virtually implant the stent-graft and to reproduce the 

pre- and post-TEVAR hemodynamics in an idealized 

aorta through fully coupled FSI simulations. 
 

Methods 

In the first part of the study, the explicit Finite Element 

solver LS-DYNA (ANSYS) is employed to carry out the 

device deployment. A commercial stent-graft model 

(fig.1a) is virtually crimped, morphed and deployed into 

an idealized aorta with physiological anatomy (fig.2a) 

[3]. The stent and the graft are made of nickel-titanium 

alloy and polyethylene, respectively; the aorta is 

modeled with an isotropic hyperelastic material.  

In the second part, strongly coupled, 2-way and 

boundary fitted FSI simulations are performed with the 

implicit ICFD solver in LS-DYNA (ANSYS). A 

physiological velocity waveform is imposed on the 

ascending aorta as inlet boundary condition [4]. 3-

elements Windkessel circuits are assigned to each outlet 

(three supra-aortic branches and descending aorta) to 

account for the downstream resistances [5].  
 

 
 

Figure 1: (a) stent-graft model; (b) pre-TEVAR FSI 

domain; (c) post-TEVAR FSI domain. 

The developed FSI simulations are used to model both 

the pre-TEVAR (fig.1b) and post-TEVAR scenario 

(fig.1c). 

 

Results 

The pre-TEVAR velocity contour at the systolic peak is 

depicted in fig.2b. The pressure curves are characterized 

by a diastolic exponential decay and a time delay 

moving along the aorta. In the post-TEVAR, the systolic 

velocity field (fig.2c) reaches higher values because of 

the device with presence of endoleaks between the aortic 

wall and the stent-graft. Moreover stress field on the 

stent-graft is shown in fig. 2c. 
 

 
 

Figure 2: (a) deployment steps; (b) pre-TEVAR and (c) 

post-TEVAR FSI analysis at systolic peak. 
 

Discussion 

The development of a strong FSI tool amenable to model 

coupled structures and fluid can be useful to improve the 

TEVAR procedure, to design and optimize new devices 

and to help in clinical decisions and intervention 

planning. The presence of the Windkessel boundary 

conditions and the completeness of the simulations 

make the model versatile and customizable for future 

patient-specific in silico analyses. 
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Introduction 

Modeling the presence of a stent deployed in a stenotic 

carotid artery is essential to estimate the post-treatment 

hemodynamics through computational fluid dynamic 

(CFD) simulations, but the creation of a suitable 

computational grid conforming to the complex shape of 

the endovascular device is often time-consuming and 

error-prone [1]. We present a framework for the CFD 

analysis of the post-stenting carotid hemodynamics 

exploiting the “immersed method” to model the 

presence of the device in the blood flow field [2]. The 

framework is validated towards simple numerical 

benchmarks and then applied in a proof-of-concept 

study comparing the hemodynamics in a patient-specific 

carotid artery treated with four different commercial 

stents. 

 

Materials and Methods 

The framework involves two steps (Figure 1). The first 

is the semi-automatic generation of an unstructured grid 

of the carotid domain locally refined around the surface 

of the immersed stent. The inputs are the STL of the 

carotid lumen and of the deployed stent: the former 

represents the boundary of the blood domain; the last 

indicates where to perform the local mesh refinement by 

centering at each vertex overlapping spheres prescribing 

the local size of the tetrahedra [3]. The second step 

involves the transient CFD simulation exploiting the 

“immersed solid method” implemented in Ansys CFX 

(ANSYS Academic Research [CFX], release 2020 R1).  

First, mesh size and simulation parameters were 

calibrated by comparing velocity and wall shear stress 

(WSS) fields with those obtained in body-fitted meshes 

using an idealized model of stent strut immersed in a 

cylindrical artery. Then, we tested the hemodynamic 

impact of four different stent designs (closed, open and 

hybrid cells) implanted in a stenosed carotid bifurcation 

(24% NASCET method). We prescribed transient 

parabolic velocity profile at the common carotid artery 

(CCA), 65% of the inflow at the internal carotid artery 

(ICA) outlet, a traction-free condition at the external 

carotid artery (ECA) outlet, a no-slip condition at the 

wall [4]. Blood was modelled as incompressible 

Newtonian fluid with density of 1 g/cm3 and a dynamic 

viscosity of 0.04 P. Following time-step sensitivity 

analysis, we chose a time-step size of 2 ms, and results 

were collected during the second cardiac cycle to 

describe flow pattern, ICA and ECA resistances, and 

WSS distribution in each investigated model. 

 

Results 

A good solution accuracy was achieved with element 

size of 25 µm around the stent strut, 0.03 cm in the 

unrefined region, and a growth with rate of 1.2 between 

the two zones. The application of the framework on the 

patient-specific geometry  showed that stenting did not 

significantly alter carotid bulk flow dynamics, increased 

ECA resistance (particularly closed-cell stent designs), 

and induced the formation of low time-averaged WSS 

areas at the carotid sinus and near the stent struts without 

clear association with stent design. 

 
Figure 1: Local mesh refinement and CFD simulation of 

a stented carotid bifurcation. a) The immersed stent 

guides the generation of an unstructured grid refined 

around its surface to achieve a good local accuracy of 

the solution; b) the “immersed solid approach” is used 

to compute the velocity field, showing effectiveness to 

capture the flow disturbances induced by the thin stent 

struts. The stent is superimposed to the model only for 

visualization. 

 

Discussion 

This study presents a novel pipeline that facilitates the 

set-up and execution of the CFD simulation modelling 

the endovascular device immersed in the blood domain. 

Preliminary results from a proof-of-concept study 

showed the applicability of the framework to rapidly 

evaluate the hemodynamic impact of different stent 

implants, overcoming the difficulties associated with the 

generation of body-conforming grids. Future studies 

involving more complex modelling assumptions as well 

as the validation of the performance of the method on a 

more numerous cohort of datasets are demanded to 

withdraw robust and clinically relevant results. 
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Introduction 

Cerebral aneurysm is a quite common disease that 

occurs in an average of 1 person per 50. The main 

danger of cerebral aneurysms lies in the possibility of 

their rupture and cerebral hemorrhage. Currently, the 

endovascular treatment is frequently used among 

neurosurgeons. In particular, flow-diverter device 

deployment has proven itself well as a method of 

occluding cerebral aneurysms. Notwithstanding, up to 

10% of all endovascular interventions for the treatment 

of cerebral aneurysms result in recanalization and 

reoperation or abnormal endothelialisation of the flow-
redirecting device. At this moment, many studies are 

devoted specifically to determining the risk of rupture of 

aneurysms, while much less attention is paid to finding 

the causes of a flow-diverter device deployment. The 

aim of our study is to find the criteria which is able to 

show the possible risks of stent deployment in 

preoperative modelling in the patient-specific cases. 

 

Methods 

The 4 real patient-specific 3-D geometry of the cerebral 

vessels was reconstructed using DICOM-images set. 

The ANSYS-CFX package was used for the numerical 
calculation in obtained configuration. Recently, we have 

compared Newtonian and Non-Newtonian Casson fluid 

models and found out, that using non-Newtonian fluid 

in 3-D modelling makes sense only with low velocities 

[1]. For this reason, we supposed fluid to be Newtonian 

in the area of a vessel and to be Casson model fluid in 

the aneurysm dome and its neck.  

The flow-diverter device was modeled in 3 different 

ways: as a layer of porous medium and the tube of 

porous medium with isotropic and non-isotropic tensor 

of energy dissipation Fig.1 [2]. 

 
 

Figure 1: Schematic representation of approaches to 

stent deployment in Patients. Scenario A: the stent is a 

porous plug in the neck of the aneurysm; Scenario B: 

the stent is a porous tube along the vessel wall (the 

model is not isotropic); Scenario C: the stent is a porous 

tube along the vessel wall (isotropic model) 

 

Results 

The wall shear stress (WSS) values were obtained after 

numerical calculations in configurations before and after 

surgery with different flow-diverter device models in all 

4 patient-specific cases. All obtained data was analyzed 

and results presented at Fig.2. 

 

 
Figure 2: Outcome forecasting 

 

Discussion 

This study shows that a successful operation to install a 

flow-diverting device leads to an increase in WSS 

values in the aneurysm neck area, regardless of the 

geometric implementation of the stent. In addition, we 

suppose, that WSS can be an appropriate criterion for 

forecasting the surgery outcomes.  
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Introduction 

Myocardial infarction (MI) is the necrosis of the 

myocardium due to inadequate blood supply. Current 

treatments of MI aim to restore blood flow but fail to 

mend the scarred tissue[1]. Localised drug delivery 

devices, such as the Therepi implantable reservoir [2], 

can rejuvenate the necrotic tissue by delivering the 

desired concentration of the regenerative therapy to the 

target site.  

Currently, devices such as Therepi are attached via 

sutures [2]; however, sutures are fraught with 

limitations (Fig. 1a). Alternative adhesion mechanisms 

such as parasitic-like swellable microneedle (MN) tips 

[3], could provide both device fixation and drug 

transportation (Fig. 1b). These MNs have the ability to 

mechanically interlock with tissue due to their swellable 

tips and have shown their capabilities in transdermal 

applications [3].  

Here, Finite Element (FE) analysis is used to investigate 

the shape of the swelling tips of these MN’s. These 

analyses are then used to determine the optimal MN 

geometry and material to enhance swelling, and 

subsequently improve their interlocking abilities.  

 

Methods 

An axisymmetric FE model (element type CAX4) of a 

single MN was simulated using Abaqus 2017. The MN 

consisted of a rectangular backing (with modulus 𝐸𝑏) 

attached to a cone (with modulus 𝐸𝑐) at the axis of 

symmetry and coated with a swellable hyperelastic 

hydrogel layer (with modulus 𝐸ℎ). A uniform layer of 

this hydrogel material was attached to the backing, to act 

as a reinforcement and counteract the curvature of the 

backing as the MN swells (Fig. 1c). To capture the 

swelling process, an analogous thermal pre-strain was 

applied to the MN and the periphery of the backing was 

constrained in the vertical direction. To optimize the 

MN design for swelling, the material and geometric 

parameters of the MN, backing, and reinforcement layer 

were varied 

 

Results 

Fig. 1d. illustrates the influence the expansion 

coefficient 𝛼ℎ, has on the swollen profile of the MN; 

representing different amount of swelling which can be 

calibrated to experimental data (not shown). Fig 1e. 

emphasises the importance of the reinforcement layer in 

dictating the curvature of the backing. In the absence of 

the reinforcement layer (i), the backing has a concave 

curvature which could decrease the MNs adhesion 

performance, whereas when the reinforcement layer is 

thicker than the hydrogel layer which coats the MN (iii), 

the backing has a convex profile which would favour 

conformability to the tissue topography.   

  
Fig. 1. a. Therepi reservoir sutured to the heart [2], 

b. Fabricated MN array [3], c. Schematic of MN 

swelling FE model, d. MN swelling profiles for 

different values of 𝛼ℎ e. Material contour plot of MN 

when (i) there is no reinforcement layer, (ii) the 

reinforcement layer and MN hydrogel layer are 

equal thickness and (iii) the reinforcement layer is 

twice as thick as the MN hydrogel layer.  
 

Discussion 

The introduction of the backing layer prevents the 

needles from curling away from the tissue; in an array 

of needles, such curling led to unwanted detachment of 

a prototype device in an animal study. The simulations 

here are guiding future iterations of this device. This 

study also includes modelling of the mechanical 

interlocking, including an anisotropic material 

definition of the myocardium.   
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Introduction 

In this work we address an unresolved problem in the 
numerical modeling of cardiac electromechanics, that is 

the onset of numerical oscillations due to the 

dependence of force generation models on the fibers 

shortening velocity [1,2]. A way to avoid numerical 
oscillations is to use monolithic schemes for the solution 

of the coupled problem of active-passive mechanics. 

However, staggered strategies, which foresee the 

sequential solution of the models of force generation and 

of tissue mechanics, are preferable, due to their reduced 
computational cost and low implementation effort. In 

light of this motivation, in this work we propose a new 

numerical scheme, that is numerically stable and 

accurate, yet within a fully partitioned (i.e. segregated) 
framework. A detailed deriva tion of the scheme and 

proofs of its stability properties can be found in [3]. 

 

Methods 

To derive our stabilized scheme, we move from 

energetic considerations on the coupling, at the 
microscale, between active and passive mechanics 

models. We show that instabilities are linked to the 

mismatch between macroscopic and microscopic 

strains, inconsistently expressed in Lagrangian and 

Eulerian coordinates, respectively. Hence, we formulate 
a novel scheme, in which all the variables are framed in 

a coherent fully Lagrangian reference system. By 

considering a model problem of active mechanics we 

prove that the proposed scheme is unconditionally 
absolutely stable (i.e. it is stable for any time step size), 

yet within a fully staggered framework.  

 

Results 

 
Figure 1: Left ventricle computational domain (left) and 

distribution of muscle fibers (right). 

 

We apply the proposed method to several force 

generation models available in the literature, namely the 
Niederer-Hunter-Smith model [4], the model of Land 

and coworkers [5] and the mean-field model that we 

proposed in [5]. We show, by means of several 

numerical tests, that the proposed stabilization term 

successfully removes the nonphysical numerical 

oscillations characterizing the non-stabilized segregated 

scheme solution. This is verified in two different test 
cases, namely an isotonic twitch and a test case where a 

contracted fiber shortens as a consequence of a gradual 

decrease of the external load, similarly to what happens 

in the ejection phase of the heart cycle. We show that 
the new scheme preserves the first order convergence 

with respect to Δt of the non-stabilized staggered 

scheme. The numerical error is only slightly larger than 

the error obtained with the monolithic scheme and it 

tends to zero with the same ra te. Finally, we successfully 
apply the proposed scheme in the context of a three-

dimensional multiscale electromechanical simulation of 

the left ventricle. 

 

 
Figure 2: Results of multiscale cardiac electromechanis 

simulations obtained with the classical staggered 

scheme (blue lines) and our proposed stabilized-

staggered scheme (red lines). The three lines refer to the 

minimum, average and maximum value over the 

computational domain. 
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Introduction 

Hypertrophic Cardiomyopathy (HCM) is a pathological 

condition characterized by an abnormal thickening of 

the myocardium (>15mm), with a prevalence of the 

0.2÷0.6% and a mortality rate of 1% in the western 

world [1]. When it affects the medio-basal portion of the 

septum, it takes the name of Hypertrophic Obstructive 

Cardiomyopathy (HOCM) because it induces a flow 

obstruction in the Left Ventricle Outflow Tract (LVOT), 

which represents a latent risk that may compromise the 

cardiac function and possibly lead to cardiac death. In 

particularly severe cases, this condition may be 

worsened by the concurrence of a Systolic Anterior 

Motion (SAM) of the mitral valve. In the present talk, 

we are going to present computational results comparing 

the hemodynamics of different HCM patients, with the 

aim of quantifying the effects of this pathology on the 

flow and provide clinical indication that may help 

diagnosis and the design of surgical treatment. 

 

Methods 

A novel reconstruction procedure [2, 3] was devised to 

reconstruct the patient-specific geometry and 

displacements of the domain boundary and of the mitral 

leaflets from standard cine-MRI acquisitions. Based on 

such geometric and functional data, a CFD analysis of 

the systolic blood flow in the left ventricle and 

ascending aorta was carried out on HCM/HOCM 

patients, comparing the hemodynamic effects of their 

different geometry and contraction.  The blood flow was 

modeled by incompressible Navier-Stokes equations, 

discretized by the Finite Element Method; the 

displacement of the endocardium and the aorta was 

accounted for via an Arbitrary Lagrangian-Eulerian 

approach, while a resistive method [2, 4] was adopted to 

immerse the moving valve in the fluid domain. All 

simulations were performed using the lifex library [5]. 

 

Results 

The computational pipeline, encompassing image-based 

reconstruction and CFD simulations, was applied to 3 

HCM patients enrolled at L. Sacco Hospital in Milan, 

one of which also presented SAM. For each patient, 

blood velocity and pressure distributions were 

computed, as well as the wall shear stress in significant 

regions of the ventricular and aortic wall. In order to 

assess the vortex structures in the ascending aorta, 

vorticity was also analyzed. Based on the pressure 

distribution on the septum, we could identify the region 

of most severe obstruction, thus helping in the design of 

the possible surgical treatment by septal myectomy. 

 

Discussion 

We present a patient-specific computational 

hemodynamics analysis of the effects of HCM/HOCM 

and possibly associated SAM of the mitral valve. The 

results show the diversity of the condition for different 

patients and allow to quantitatively assess the LVOT 

obstruction. An effective clinical indication is proposed, 

helping diagnosis and identifying the most suitable 

region for surgical treatment. 
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Introduction 

Numerical modelling of heart valves requires two-way 

fluid-structure interaction (FSI) to capture the complex 

coupling between the leaflets and the blood. Three FSI 

methods are presented in this work; (1) Smooth Particle 

Hydrodynamics (SPH), a particle based meshless 

Lagrangian method; (2)  Coupled Eulerian Lagrangian 

(CEL), an immersed boundary (IB) FSI method where 

the Lagrangian structure moves on top of the Eulerian 

fluid mesh; and (3) Combined finite volume particle 

method (FVPM) with the finite element method (FEM), 

a partitioned FSI scheme with a meshless computational 

fluid dynamics (CFD) solver and a mesh based finite 

element (FE) solver. The methods are evaluated for their 

suitability in FSI modelling of heart valves and are 

compared against an experimental thin elastomer leaflet 

deforming under fluid flow. 

 

Methods 

A 500 mm long flow channel was built with a cross 

section of 20 mm x 40 mm and filled with water. A thin 

leaflet (20mm x 30mm x 1.45mm), made of a silicone 

elastomer (Dragon Skin 10, Smooth-On), was attached 

300 mm downstream from the inlet to ensure fully 

developed flow. The inlet flow rate was set to 4 L/min 

and the real-time deformation of the leaflet was 

captured. The material property of the elastomer was 

characterized under a uniaxial tensile test, following the 

ASTM D412 standard.  

Three individual FSI simulations were modelled with 

the dimensions of the experimental flow chamber and 

thin elastomer leaflet. The leaflet was modelled as Neo-

Hookean and a flow rate of 4L/min was prescribed at the 

inlet.  

In the SPH-FE model, the structural domain uses 

traditional FEM while the fluid domain is discretised 

into meshfree particles. Each particle properties are 

interpolated from its surrounding particles.  The SPH 

model was built using Abaqus/Explicit 2017 (Dassault 

Systèmes, Vélizy-Villacoublay, France). To represent 

the inlet flow rate of 4 L/min, a block (20mm x 40mm x 

100mm) of fluid particles was created and pushed by a 

rigid plate moving at 70 mm/s. 

The CEL model in Abaqus/Explicit 2017 (Dassault 

Systèmes, Vélizy-Villacoublay, France) was used, 

whereby the structure was modelled as Lagrangian 

while the fluid domain is discretised as a fixed Eulerian 

mesh. The Lagrangian structure is free to deform above 

the fluid, while the presence of the structure in the fluid 

mesh is included by an external force in the Navier 

Stokes equations. The volume of fluid function for the 

fluid mesh is defined as the fraction of solid structure 

present in the fluid cells and is updated throughout the 

simulation. 

The FVPM-FE method combines FVPM with FEBio 

[1], a FE based solid solver. The fluid domain is 

discretised by a set of overlapping FVPM particles and 

the solid domain is discretised by finite elements. The 

fluid and solid domains are solved separately by their 

respective solvers. Coupling is achieved by passing data 

between the solvers at the fluid-solid interface. The fluid 

domain boundaries align exactly with the FEBio 

element surfaces so data can be passed exactly between 

the solvers. 

 

Results 

The experimental setup is shown in Figure 1a. The 

deformation of the experimental leaflet in its steady-

state condition is compared with the results of the SPH, 

CEL, and FVPM-FEBio FSI model in Figure 1b. 

 

  
(a) (b) 

Figure 1: (a) Experimental rig with arrow indicating the 

direction of flow. (b) Steady-state condition of the 

experimental leaflet compared with the results of the 

SPH, CEL, and FVPM-FEBio FSI models. 

 

Discussion 

The three FSI methods were capable of modelling the 

non-linear elastic deformation of the experimental 

leaflet in fluid. FVPM-FEBio closely matched the 

experimental results, while both the CEL and SPH 

models slightly overpredicted. This demonstrates the 

methods’ ability in the FSI modelling of large 

deformations of elastic solids in channel flow. This lays 

the foundation for more complex FSI modelling 

exhibited in large scale 3D heart valve simulations.  

 

References 
1. Maas S. A., Ellis B. J., Ateshian G. A., Weiss J. A. Febio:  

finite elements for biomechanics. Journal of biomechanical 

engineering. 134, 2012. 

180



 26th Congress of the European Society of Biomechanics, July 11-14, 2021, Milan, Italy 

PREDICTING DISSECTION RISK IN ASCENDING AORTIC ANEURYSM 
USING PATIENT-SPECIFIC IMAGE-BASED CFD 

Selene Pirola(1), M Yousuf Salmasi(1), Sumesh Sasidharan(1), Serena Fisichella(1,2), Omar Jarral(1), 

Alberto Redaelli(2), Declan O’Regan(1), Thanos Athanasiou(1), James Moore Jr(1), Xiao Y Xu(1) 

 
Imperial College London, UK; Politecnico di Milano, Italy 

 

Introduction 

Aortic dissection (AD) is one of the main complications 

of thoracic aortic aneurysm (TAA) and carries a 

mortality rate of 50% within the first 48 hours if 

untreated. There is an unmet clinical need in the 

management of TAA due to a lack of understanding of 

the mechanisms leading to dissection. The current 

method of risk stratification relies on size criteria. This 

is clearly inadequate as the incidence of AD in TAA 

below the size threshold is being increasingly reported 

[1]. Our study aims to understand the underlying 

pathogenic factors associated with aortic medial 

degeneration in order to develop better risk prediction 

criteria. In this work, we integrated imaging, 

computational and experimental biomechanics to study 

aneurysm dissection in a patient-specific fashion. 

 

Methods 

Pre-operative magnetic resonance imaging (MRI) and 

4D flow data of 10 patients with TAA were collected. 

Exclusion criteria were: connective tissue disease (i.e. 

Marfans), bicuspid aortic valve and redo-aortic surgery. 

Central aortic pressure was measured prior to the scan. 

MRI data were used to reconstruct the patients’ aortic 

geometry, while 4D flow images and pressure 

measurements were used to extract patient-specific 

boundary conditions for computational fluid dynamic 

(CFD) analysis, as previously described [2]. All patients 

underwent surgery for replacement of the aortic root and 

ascending aorta. Aortic specimens (Fig. 1a) were 

collected immediately after surgical excision. These 

specimens were cut into several subsections, which were 

taken across the whole surface of the aorta in both 

longitudinal and circumferential directions. For each 

subsection, tissue thickness was measured using bench 

top micrometer (~0.1µm accuracy). Samples were then 

tested with uniaxial tensile testing (after 

preconditioning) and controlled peel testing, in both 

longitudinal and circumferential directions. Region 

specific tensile strength (TS), peeling force and 

dissection energy function (DEF) were evaluated. 

Computational results were processed in Ansys 

EnSight: the aneurysmal region was unwrapped from 

the outer wall and each patient aorta was segmented to 

match the regions used for thickness measurement and 

mechanical testing (Fig. 1b). 

 

Results 

In all patients, jet impingement on the outer aortic wall 

was observed. Local wall shear stress (WSS) 

distribution was asymmetric, with high values observed 

in the impingement region: maximum TAWSS was 4.85 

± 2.07 Pa at the outer curvature, 2.67 ± 0.81 Pa at the 

inner curvature. To assess the influence of WSS on 

tissue thickness and mechanical properties, linear 

regression analysis was performed, revealing a 

statistically significant negative relationship between 

the maximum TAWSS and tissue thickness (p=0.022, 

N=107) and DEF (p=0.048). Higher levels of TAWSS 

were also associated with an increase in TS (p=0.048, 

N=62).  

 
Figure 1: a) Patient tissue sample collected after 

excision; b) Peak systolic WSS distribution in the 

ascending aorta. The ascending aorta has been unfolded 

from the outer wall (dashed line) and subdivided into 

subsections (yellow lines) in accordance to the 

experimental procedure. 

 

Discussion 

Our results point to a potential link between high WSS 

and aortic wall degeneration and dissection. Regions of 

high WSS were thinner and required a lower energy to 

dissect, suggesting a disrupted aortic medial integrity 

and increased risk of dissection. Conversely, these 

regions also showed tissue stiffening, suggesting a 

reduced risk of rupture. Aortic samples have also been 

histologically tested to evaluate microstructural density 

of elastin, collagen and smooth muscle cell content. 

Further statistical analyses assessing the link between 

WSS and medial degeneration are currently ongoing. 

Larger sample sizes and the incorporation of patient-

specific finite element modelling will form the basis of 

future work. 
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Introduction 

Before an innovative device can be placed on the 

market, preliminary trials are required to assess its 

safety and efficacy, including numerical simulations. To 

this purpose, in silico models are intended to corroborate 

experimental data, both providing additional local 

information not differently acquirable or extending the 

investigation towards complex scenarios not replicable 

in vitro. Note that accurate validation is fundamental to 

establish the model's reliability in supporting decisions. 

However, only qualitative indications about the 

procedure to be followed have been provided, and, 

starting from these guidelines, for each device, it is 

necessary to implement an ad hoc protocol in light of the 

intended use and the possible impact of the model.  

The present work focuses on the ID Venous System, an 

innovative device proposed by ID NEST MEDICAL to 

treat venous compression disorders that involve 

bifurcations, such as the May-Thurner syndrome 

(Figure 1.a). The system consists of two components, a 

laser-cut stent, ID Cav, and a braided stent, ID Branch, 

which can be combined through a compliant connection 

[1]. This newly proposed solution allows preventing 

migration, acting locally on the pathological region, 

thereby preserving the surrounding healthy tissues.  

This project outlines the process followed to implement 

and validate the ID Venous System virtual twin. The 

mechanical behavior of the device was investigated both 

numerically and experimentally. Thus, the model 

accuracy was assessed following the standard ASME 

V&V40 [2]. Finally, the reliable prediction of the 

implant in a realistic geometry was achieved (Figure 

1.b). 

 

Methods 

The geometries were reconstructed in Solidworks 

(Dassault Systèmes, Vélizy-Villacoublay, France) and 

meshed, after a sensitivity analysis, with beam elements. 

Tensile tests on wire samples were carried out to 

calibrate the Nitinol materials parameters. Thus, the 

model, implemented in Abaqus 2018 (Dassault 

Systèmes, Vélizy-Villacoublay, France), was validated 

based on the comparison with eight experimental tests. 

Namely, the validation process runs through increasing 

complexity scenarios involving both the individual 

components or the assembled system configuration and 

reflecting the real use of the device in order to assess the 

impact of each numerical uncertainty individually. 

Finally, the deployment in a realistic geometry was 

performed and numerically replicated to ensure the 

implant procedure feasibility. 

 

Results 

The computational and experimental results were 

compared in terms of force-displacement curves and 

deformed configurations. The differences between in 

vitro and in silico tests lay below 10%, as required to 

ensure the proper accuracy in the intended context of 

use.  

Therefore, the deployment in an idealized geometry 

mimicking the anatomical relevant area allowed 

assessing the implant procedure feasibility without the 

risk of rupture or plasticity of the components. 

 

 

 

 
 

Figure 1: a- representation of May-Thurner syndrome; 

b- experimental and numerical deployment of the ID 

Venous System in a realistic geometry. The numerical 

result is reported with the von Mises stress colored map. 

 

 

Discussion 

The similarity between numerical and experimental data 

ensures the model reliability, which, in association with 

the experimentally acquired information, enables the 

identification of the strengths and weaknesses of the 

proposed device. Further improvements to the system 

are currently under investigation, concerning both the 

design and the delivery procedure. 
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Introduction
An aneurysm is a localized dilatation of a blood vessel
(Figure  1).  It  is  of  interest  to  study  the  aneurysm
formation  in  the  cardiac  veins  as  it  may  lead  to  a
variation  on  the  blood  flow  pattern  and  on  the
structural  characteristics  of  the  vein  tissue.  The
formation of aneurysms is a fluid-structure interaction
phenomenon. A non-linear static analysis, in which the
final  equilibrium  state  is  resolved  by  fluid  and
structural numerical simulations, will be performed.

Figure 1: Great cardiac vein aneurysm [1].

Methods
Open-source tools are used to model the fluid-structure
interaction  problem  due  to  their  accessibility,
flexibility and high performance. The blood flow and
the  forces  exerted  on  the  vein  internal  wall  are
calculated through OpenFOAM using the finite volume
method. The deformation of the vein as a consequence
of the blood flow increase is computed in CodeAster
solver,  which  employs  the  finite  element  method.
Mfront is a code generator based on C++ that is used to
define the vein material constitutive model.
The  Ogden  isotropic  hyperelastic  material  model  is
used  in  this  case  to  describe  the  incompressible
behavior of the vein tissue. The isochoric strain energy
density function is expressed in the form of a  series
given in  terms of  the principal  stretches  (λ1 , λ2 , λ3)

and 2 N  material constants (μ , α) [2]:

W i
=∑

p=1

N μ p

α p
( λ1

α p+ λ2
α p+ λ3

α p −3 ) (1)

The vein tissue compressible behavior is described by a
simplified  volumetric  strain  energy  density  function
expressed in terms of the bulk modulus (K ) and the
determinant of the deformation gradient (J), [3]:

W v
=

1
2

K ( J −1 )
2

(2)

The  fluid-structure  interaction  phenomenon  is
linearized  and  modeled  as  an  iterative  process.  A
variation in the blood flow rate will deviate the vein
from its equilibrium state. The pressure and wall shear

stresses increase on the internal part of the vein tissue
will  deform the vein geometry.  A deformed mesh is
obtained  from  the  structure  simulation.  The  new
geometry of the vein in turn modifies the blood flow
and the forces exerted on the vein walls.
The iterative process is stopped when the forces on the
wall  and  the  geometry  deformation  reach  a  given
convergence criteria.
Python  programming  language  is  used  to  code  the
scripts  that  successfully  integrate  OpenFOAM,
CodeAster and Mfront.

Results
The  fluid-structure  interaction  framework  coded  in
Python  automates  part  of  the  pre-processing,  the
simulations  and  part  of  the  post-processing  of  the
computational  fluid  dynamics  and  computational
mechanics simulations.
As shown in Figure 2, the fluid-structure interaction is
an iterative process  that may eventually reach a new
equilibrium state.

Figure 2: top-left vein: equilibrium state; top-center:
flow increase; top-right and bottom: vein deformation
and flow pattern for different iterations.

Discussion
More  complex  material  and  fluid  models  can  be
integrated  in  order  to  consider  the  microscopic
properties  of  the  veins  and  blood,  such  as  the  vein
anisotropy due to the presence  of collagen fibers  [4]
and the non-Newtonian behavior of the blood.
The fluid-structure interaction framework proposed can
be  used  to  study  other  fluid-structure  interaction
phenomena in biomechanics.
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Introduction 

Hepatocellular carcinoma is a primary malignancy of 

the liver predominantly occurring in patients with 

underlying chronic liver disease and cirrhosis. Selective 

internal radiation therapy (SIRT) has emerged as an 

effective and safe treatment for patients with 

unresectable and chemorefractory liver tumors [1-3]. 

Specifically, such treatment consists in inter-arterial 

administering of radioactive microspheres, typically 

Yttirium-90, via catheter directly into the hepatic artery 

[1]. In order to assess if a patient is suitable for SIRT 

and to predict the microsphere distribution, a pre-

treatment assessment is routinely carried out by infusing 

Technentium 99mTc-labelled macroaggregated 

albumin (99mTc-MAA). Based on the pre-treatment 

assessment, potential extra-hepatic uptake can be 

evaluated and the dose to be delivered can be estimated. 

Nevertheless, the reliability of the 99mTc-MAA in 

mimicking the behavior of microspheres is still 

controversial. Indeed, a mismatch between the 99mTc-

MAA distribution in the pre-treatment and the real 

microspheres distribution can occur, causing a 

suboptimal result. A number of factors can play a role in 

determining different outcomes between the pre-

treatment and the treatment itself such as a different 

catheter positioning, the presence of a bifurcation near 

the catheter tip, the different size of the injected particles 

and the injection velocity [4-7]. Starting from these 

considerations, we aim at developing a patient-specific 

CFD model of the hepatic arterial tree to evaluate the 

impact of the aforementioned factors on the outcomes of 

the therapy. A better understanding of the role of such 

factors could help the clinicians in improving the 

treatment outcomes, i.e. an optimal targeting of the 

tumour(s) while preserving healthy tissues. 

 

Methods 

For each patient, medical images of the hepatic arterial 

tree were acquired via CT or CBCT and hemodynamic 

data such as pressure and velocity were collected during 

the pre-treatment assessment at the Centre Eugène 

Marquis, Rennes, France.  

The acquired images were reconstructed by means of 

standard segmentation method to obtain the patient 

specific hepatic arterial tree.  

To investigate the role of the injection setting, a 

parametrical CFD model was developed using ANSYS 

(ANSYS Inc., Canonsburg, PA, USA). Firstly, the 

geometry of the hepatic tree was complemented with a 

cylindrical catheter inserted into the hepatic artery. The 

catheter geometry was parametrized in terms of spatial 

position and inclination. Secondly, polyhedral meshes 

were obtained with appropriate boundary layer. Thirdly, 

a two-phase mixture multiphase method was used to 

model the blood and the microspheres fluid dynamics 

pattern with parametric microspheres volume fraction 

and the injection velocity. Patient specific boundary 

conditions were set according to the acquired 

hemodynamic data. Lastly, a reduced order model 

approach was used. A reliable range of variation was 

defined for each parameter to build up a series of design 

points with different combinations of the parameters. A 

number of simulations are then automatically performed 

to assess the effect of all the parameters of interests on 

the treatment’s performance. 

 

Results and Discussion 

For a given patient specific case, the catheter position 

(within the HA and its inclination) plays a major role in 

determining the microspheres distribution, particularly 

when approaching a bifurcation. The injection velocity 

has a minor role as long as it is comparable with the 

blood velocity. The patient specific framework here 

presented allows to evaluate the impact of a number of 

parameters on the treatment outcomes in terms of 

targeting of the tumor.  
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Introduction 

Computational Fluid Dynamics (CFD) serve as a 

powerful tool to characterize the hemodynamics of 

blood vessels. Complex geometries and boundary 

conditions are just an example of the factors that need to 

be considered to provide accurate and patient's specific 

results. However, the time required to segment 

geometries and the cost associated with CFD make it 

difficult to integrate numerical simulation in a real 

clinical environment. In this scenario the emerging Deep 

Learning (DL) methods offer a new perspective to tackle 

these problematics. This study aims to propose a DL 

framework able to segment aortas and to estimate 

hemodynamic predictors of potential pathological state, 

such as the wall shear stress (WSS). 

 

Methods 

The proposed workflow is schematically reported in Fig. 

1, where the two neural networks (NN) of the pipeline 

are shown. The first is dedicated to the segmentation 

phase (NNseg) and the second one to the WSS compu-

tation (NNwss). 

 
Figure 1: Workflow of the DL pipeline. 

 

The dataset for NNseg consisted of 40 CT scans with 

contrast medium of aortas segmented with 3DSlicer. 25, 

5 and 10 scans were used for training, validation and 

testing, respectively and the dataset was concurrently 

enriched through data augmentation techniques. NNseg 

architecture is based on 2D U-net [1], and its perfor-

mance was assessed by means of the Dice and Jaccard 

coefficients. In order to train NNwss, a large-scale CFD 

dataset was created. The initial 40 aortas of the NNseg 

dataset were meshed and a specific mesh morphing 

(MM) technique approach, based on the use of radial ba-

sis functions (RBFs) [2], was used to obtain a total of 

200 different models. The morphing process was ap-

plied to the ascending and/or descending portion of the 

aorta. Stationary CFD simulations were performed and 

postprocessed by means of ANSYS® Fluent® to obtain 

the WSS values necessary to train NNwss. This network 

relies on graph convolutional layers to predict the WSS 

components on each node of the surface mesh. NNwss 

was implemented with the PyTorch geometric library 

[3] and absolute percentage error with respect to the 

CFD results was computed.  

 

Results 

The performance of NNseg reached a Dice coefficient of 

0.96 and a Jaccard coefficient of 0.93 on the test dataset. 

Our preliminary results for NNwws show that the net-

work has predicted the WSS distribution on the given 

test meshes with an absolute error of 5% per component. 

In Figure 2 the pointwise absolute percentage error is 

shown for a random geometry in the test set.  

 
Figure 2: Absolute percentage error on WSS. 

 

Discussion 

An automated DL pipeline to enhance the clinical 

workflow was successfully implemented. The 

evaluation metrics of NNseg are satisfactory and 

compatible with the ones found in literature. Instead, the 

preliminary results of NNwss show that it is a promising 

surrogate model for CFD simulations, despite the 

limited size of the training dataset. 
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Introduction 

End-stage renal disease (ESRD) patients require renal 

replacement therapy (RRT) to filter wastes and excess 

fluids from blood. The arteriovenous fistula (AVF) is 

considered the most preferential vascular access for 

hemodialysis, the most common RRT. Creating an AVF 

involves surgically constructing an anastomosis 

between a patient’s artery and vein, commonly in the 

arm. Upon fistula creation, high pressure blood from the 

artery (a low capacitance system) flows directly to the 

vein (a high capacitance system). This phenomenon 

causes an increase in the arterial diameter, permitting 

consistently high flow rates in excess of 600mL/min. 

However, in many instances the AVF fails to mature, 

and vascular access dysfunction remains one of the main 

causes of morbidity in haemodialysis patients.  This 

clinical problem highlights the need for predicting 

changes in the haemodynamic environment caused by 

vascular access surgery. Computational fluid dynamics 

(CFD) permits a thorough investigation into 

haemodynamic metrics that are not easily measurable 

in-vivo. We present a methodology for a patient-specific 

haemodynamic CFD study from the ascending aorta to 

the radial artery (proximal to the AVF anastomosis). 

Furthermore, the haemodynamics juxta-anastomosis for 

a radiocephalic AVF is simulated (Fig. 1).    

 

Methods 

Due to historic contrast-enhanced methods for MRI and 

CT contraindicating in advanced kidney disease patients 

[1], ferumoxytol, a superparamagnetic iron oxide 

nanoparticle preparation, is used as a contrast agent. 

Three ferumoxytol-enhanced magnetic resonance 

angiography (FEMRA) datasets were generated for 

assessing the varying regions of the vasculature. All 

scans were performed on a 3.0 T Prisma MRI scanner 

(Magnetom, Siemens Medical Solutions, Erlangan, 

Germany). All patients were imaged in the supine 

position. The segmentations from the three scans were 

then unified into a singular surface mesh using Boolean 

operations. The patient-specific geometry was then 

simulated in STAR-CCM+ under the assumptions of a 

Newtonian fluid with physiologically relevant values 

(for the aorta simulation) and rigid walls. The juxta-

anastomosis simulation used a Carreau-Yasuda non-

Newtonian fluid model due to the smaller diameter 

arteries being considered in the simulation. The three-

element windkessel model was implemented in 

Simcenter Amesim and coupled to the STAR-CCM+ 

pressure outlet conditions. A triphasic waveform was 

applied at the domain inlet.  

 

Results 

The results of the juxta-anastomosis simulation domain 

demonstrate the diversion of significant flow from the 

radial artery to the cephalic vein through the 

anastomosis (Fig. 1). Additionally, the generation of 

helical flow in the vein of the radiocephalic fistula is 

evident. The velocity magnitude throughout the domain 

after the creation of the AVF are also presented (Fig. 2).  

 

Figure 1: Velocity streamline contour plot juxta-

anastomosis at peak systole 

Figure 2: Velocity streamline contour plot from aorta at 

mid-deceleration 

 

Discussion 

FEMRA has been found to produce images comparable 

to traditional CT. Using FEMRA datasets, a patient-

specific CFD study was completed for studying the 

haemodynamics in a 20-year-old ESRD patient. This 

methodology and model will be extended to incorporate 

fluid-structure interaction between the arterial (and 

venous) walls and blood flow.  
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Introduction 
Myocardial perfusion is the delivery of blood to the 
heart muscle, supplied by the coronary circulation. A 
proper heart function strongly relies on this 
phenomenon, since reduced coronary flow rate, due for 
example to atherosclerosis, can lead to ischemic 
cardiopathy and, possibly, to an infarct of the 
myocardium. 
 
Methods 
We present a mathematical and numerical model for 
human cardiac perfusion which accounts for the 
different length scales of the vessels in the coronary tree. 
Precisely, a clear scale separation can be noticed 
between the coronaries laying on the epicardium and the 
smaller vessels penetrating into the tissue [1]. We adopt 
a multi-physics approach in which the epicardial vessels 
are represented with a three-dimensional fluid-dynamics 
description (Navier-Stokes) whereas the intramural 
vessels are modeled by means of a multi-compartment 
porous medium (Darcy’s law) [2]. These two models are 
coupled using interface conditions based on the 
continuity of mass and momentum. Since the heart is 
composed by regions perfused by distinct epicardial 
vessels [3], we partition the myocardial domain in 
perfusion regions. Moreover, in each of these sub-
domains a virtual intramural vascular network is 
generated to estimate the physical parameters of the 
multi-compartment model. The design of the multiscale 
model is displayed in Figure 1. We also propose suitable 
numerical strategies for the solution of the coupled 
problem, which is approximated by means of Finite 
Element Method. Finally, the multi-physics approach 
was used to reproduce myocardial blood flow (MBF) 
maps in nine patients (four healthy and five with 
detected coronary artery disease) [4]. 

 

Results 
The application of the multi-physics model to patient-
specific scenarios shows an excellent agreement 
between the computed MBF and MBF measured from 
clinical data. In all the study population, the relative 
error was always below 8% over all the myocardium, 
with an average-in-space value always below 4%. 
 
Discussion 
The results of this work proved the accuracy and the 
reliability of the proposed multi-physics model in 

reproducing MBF. In this way, we could provide a 
quantification of the MBF, comparable to invasive MBF 
clinical measurements, which could be useful for the 
assessment of the coronary artery disease and for 
guiding revascularization decisions. 
 

 
 
Figure 1: Design of the multiscale model. 
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Background 
Native arteriovenous fistula (AVF) is the preferred 
vascular access for hemodialysis, but it still has high 
rate of failure due to stenosis formation [1]. 
Convincing evidence supports a key role of local 
hemodynamics in vascular remodeling, suggesting that 
disturbed flow conditions may have a key role. Recent 
high-resolution computational fluid dynamics (CFD) 
simulations have revealed turbulent-like flows in AVF 
[2] and we hypothesized that the associated high-
frequency pressure fluctuations could promote high-
frequency AVF wall vibrations. The aim of this study 
is to investigate the feasibility of assessing wall 
vibrations in AVF. 
 
Methods 
We generated the AVF 3D model from non-contrast 
enhanced 3D fast spin echo MR images acquired at 3 
days after radio-cephalic AVF surgery in one patient.  

Figure 1: AVF model and boundary conditions 
 
We imposed 3 different values of the blood flow 
entering the computational domain, corresponding to 
diastolic, average and peak diastolic flow rates 
acquired with US examination (Table 1).   

Table 1: Blood flow boundary conditions 
 
A validated and formally 2nd order accurate fluid 
structure interaction solver was used to solve for wall 
deformation and flow field. The 3D transient problem 
was modeled taking 10k time steps per second in order 
to adequately resolve the high-frequency velocity and 
pressure fluctuations.  
Results 
Figure 2 shows the temporal evolution of the 
deformation in 2 selected location on the AVF vein.  

Figure 2: Deformation magnitude for different flow 
rates at the selected points  
 
Figure 3 shows the time average deformation of the 
vascular wall over the cardiac cycle for the three 
different blood flow rates.  

 
Figure 3: Time average vascular wall deformation.  
 
Discussion 
Our preliminary findings demonstrate the feasibility of 
studying wall vibrations in AVF that could shed light 
on mechanobiological processes. Our preliminary 
results under constant flow conditions show that 
varying the blood flow rate changed both the amplitude 
and frequency of the deformation. Interestingly, the 
magnitude and amplitude of wall vibration 
phenotypically collocate with the formation of 
stenoses. 
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Introduction 

Aortic smooth muscle cells (AoSMCs) usually express 

a contractile phenotype in the aorta and maintain a 

constant basal tone to contribute actively to the wall 

biomechanics [1]. However, under pathological 

conditions as for Ascending Thoracic Aortic Aneurysms 

(ATAA), the contractile phenotype tends to be turned 

down in favor of a synthetic phenotype [1], [2]. This 

may result in alteration of the contractile apparatus, that 

directly affects the wall biomechanics [3], [4]. We 

recently developed an in vitro technique, based on 

Traction Force Microscopy (TFM), that permits to 

quantify the basal tone of AoSMCs [5]. In the present 

study, AoSMCs of healthy and aneurysmal patients 

were tested using the TFM technique to assess 

quantitatively the alteration of AoSMC contractility 

induced by the aneurysm disease [6]. 

 

 
Figure 1: Morphologies of AnevPrim SMC (a,c) and of 

AoPrim SMC (b,d) obtained from the phase contrast 

channel of the microscope and superimposed onto the 

strain maps measured for TFM analyses. 

 

Materials and methods 

Cell lines were cultured from ATAA tissue (AnevPrim) 

collected from 3 patients after informed consent during 

surgical repair. Then, cell lines from 3 sex and age 

matched healthy patients (AoPrim) were provided from 

the biobank of LVTS (INSERM U1148, Paris, France). 

We used fresh cells at passage 4 for seeding 24-well 

plates containing ready-to-use hydrogels of varying 

elastic modulus (4, 8, 12 and 25 kPa), with adhesive 

collagen I coating and embedded fluorescent 

microbeads. We deduced the traction forces using a 

mechanical model based on the Boussinesq solution [5]. 

After measuring traction forces on about 750 cells, we 

derived the maximum likelihood traction force for each 

gel stiffness and compared it between the different cell 

lines.  

 

Results 

Although the range of force generation by AoSMCs 

suggested some heterogeneity, we observed that: 1. the 

traction forces were significantly larger on substrates of 

larger stiffness; 2. traction forces in AnevPrim were 

significantly higher than in AoPrim cells. We modelled 

computationally the dynamic force generation process 

in SMCs using the motor-clutch model and found that it 

accounts well for the stiffness dependent traction forces. 

The existence of larger traction forces in the AnevPrim 

SMCs were related to the larger size of cells in these 

lineages (Fig. 1).  

 

 

Discussion 

Our results revealed that the basal traction forces applied 

by representative populations of human primary aortic 

smooth muscle cells, when cultured onto compliant 

hydrogels of different stiffness, exhibit large 

heterogeneity even for cells coming from the same 

tissue. Despite these heterogeneities, we could conclude 

that phenotype changes occurring in ATAAs, which 

were previously known to reduce the expression of 

elongated and contractile SMCs (rendering SMCs less 

responsive to vasoactive agents), tend also to induce 

stronger SMCs [6]. Future work aims at understanding 

the causes of this alteration process in aortic aneurysms 

using motor-clutch computational models. 
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Introduction 
The mechanical properties of articular cartilage result 
from the ECM network of collagen and the main 
proteoglycan, aggrecan, which in combination provide 
the tensile, shear, and compressive stiffness of the tissue 
[1]. Aggrecan has a linear-shaped protein core with 
connected brunches made by sugar chains producing a 
“bottle-brush” like structure that includes ∼100 
negatively charged chondroitin sulfate 
glycosaminoglycan (CS-GAG) chains attached 
covalently to the core protein. Variations in the structure 
of aggrecan and its GAG constituents are known to exist 
as a function of tissue age and pathological conditions 
such as osteoarthritis. The major challenge is to create 
constructs having biochemical and structural properties 
that are functionally equivalent to aggrecan. In this 
regard, a biomimetic aggrecan was designed mimicking 
the three-dimensional bottlebrush architecture of the 
natural molecule. 
Materials and Methods 
The envisioned molecule is composed by a core protein 
made by a single collagen molecule, and its lysines 
exposed on its surface connect bristles made by CS 
chains (Figure 1). 

 
Figure 1 - Representation of the synthesized molecule. 
Collagen-free amine content assessment. Ninhydrin is 
a highly selective indicator for the detection of amino 
acids with a primary amino group. The free amine 
residues in collagen molecules react with the 2,2-
dihydroxy-1,3-indanedione (ninhydrin assay) to form 
highly chromogenic derivatives, which can be measured 
at 570 nm. 
Biomimetic aggrecan synthesis. Reductive amination 
reaction, sketched in Figure 2, is the procedure adopted 
to obtain the envisioned molecule. 

 

Figure 2 - Scheme of the reductive amination reaction. 
Type 1 Collagen (10 mg) and Chondroitin Sulfate type 
A (600 mg) were mixed in 0.5M Acetic Acid (10 mL), 
pH = 4. The reaction mixture was stirred at 65°C for 2h, 
until the imine formation was completed. The imine in 
AcOH was carefully treated with solid NaBH3CN (3 g) 
and the reaction was left overnight at 65°C with 
continuous stirring. In order to purify the product, the 
precipitated sodium cyanoborohydrate was filtered 
away using a 100 kDa MWCO Amicon® centrifugal 
filter and the solvent evaporated at the rotary evaporator 
and then lyophilized.  
Analytical techniques. Lyophilized CS and 
synthesized molecule samples were reconstituted in 
deuterium oxide (D2O) and then analyzed with 1H-
NMR, HSQC-NMR and DOSY-NMR techniques.  
Imaging techniques. Using atomic force microscopy 
(AFM), it was directly visualized the nanometer scale 
structure of the synthesized molecule deposited on a 
mica substrate.  
Results and Discussion 
Ninhydrin assay on pristine collagen confirms that the 
2,7% of the total amino acids present in the collagen are 
free amine exposed on the surface, available for 
conjugation [2]. 
Synthesis. The synthesized molecule has a percentage 
of functionalization was 48,6%. The success of the 
reaction was confirmed through a solubility assessment. 
Pristine collagen is completely insoluble in water, being 
collagen a largely hydrophobic molecule. After the 
covalent functionalization of chondroitin sulfate, the 
obtained product was easily soluble in water.  
Analytical techniques. Chemical structures of 
synthesized molecule samples and unreacted CS were 
confirmed with 1H NMR. The results suggest that the 
chemical composition of GAG bristles on the final 
synthesized molecules was maintained.  
Imaging techniques. Atomic force microscopy (AFM) 
imaging was performed on the molecule (Figure 3). 

Figure 3 – AFM topography image of the molecule. 
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Introduction 

Ultrashort duration intense pulsed electric field (PEF) 

may represent a unique tool to modulate the function of 

biological systems with potential applications in 

bionanotechnology and biomedical therapies. However, 

a mechanistic understanding of PEF effect on 

biomolecular mechanics is still lacking for the rational 

development of any potential biomedical/ 

bionanotechnological method based on PEF. Earlier, we 

showed [1] via molecular dynamics simulations that 20 

- 100 MV/m nanosecond PEF act on tubulin 

electromechanics: tubulin conformation, secondary 

structure and dipole moment are affected. We used these 

insights in interpreting our findings on nanosecond PEF 

ability to modulate tubulin conformation to control the 

self-assembly of tubulin to microtubules in vitro [2]. 

Here we address the question of how the PEF acts on the 

nanosecond scale on the kinesin protein – the nanomotor 

which “walks” on microtubules. 

 

Method 

We employed classical full-atom molecular dynamics 

simulations of the single kinesin motor domain docked 

on the heterodimer, see Fig. 1, with electric applied of 

100 MV/m in several orientations [3]. 

 

 
 

Figure 1: (a,b) kinesin motor domain docked on a 

tubulin heterodimer - subunit of the microtubule track. 

(c) close-up on kinesin motor domain on α, β-tubulin 

heterodimer. 

 

Results & Discussion 

We found that the magnitude as well as components of 

the kinesin dipole moment are affected.  Furthermore, 

electric field also seems to affect contact surface area 

between kinesin and tubulin, as well as the magnitude of 

fluctuations of functionally important kinesin sites, such 

as switch in the nucleotide binding pocket and motifs 

involved in kinesin-tubulin interactions. 

These findings indicate that external intense 

nanosecond-scale electric field can affect kinesin 

function. Additional new results also indicate that the 

electric field can detach kinesin from the microtubule 

track (Fig. 2) 

 

 

 
Figure 2: Electric field can cause kinesin motor domain 

(red) detachment from microtubules (blue) 

 

Our results contribute to developing novel 

electromagnetic methods for modulating function of 

biomolecular matter at the nanoscale. 
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Fibrosis is associated with most cardiac diseases and a 
hallmark of atrial fibrillation, a highly prevalent 
cardiac arrhythmia. It is characterized by excessive 
accumulation of extracellular matrix produced by 
activated fibroblasts leading to stiffening of the tissue. 
This stiffness change is sensed by cardiac cells and 
contributes to a positive feedback loop, leading to 
enhanced fibrosis [1].   
We use hydrogels with light-tunable stiffness [2] 
combined with advanced biophysical and imaging 
techniques to elucidate how human atrial fibroblasts 
sense and respond to their mechanical environment, to 
derive strategies to slow, limit or reverse fibrosis.  
We show that human atrial fibroblasts adapt to 
different mechanical environments and that these 
adaptations are modulated by cell-cell contact and 
paracrine mediators in mechanically heterogeneous 
environments. We identified the stretch-activated ion 
channel Piezo1 to be upregulated in cardiac fibroblasts 
isolated from atrial fibrillation patients. Up- or 
downregulation of Piezo1 in cell culture revealed that 
Piezo1 contributes to the organization of the actin 
cytoskeleton thereby affecting the mechanical 
properties of cells. This is mediated by a signaling 
pathway tightly connected to β1-integrin, as shown by 
inhibition of focal adhesion kinase and Rho-associated 
kinase. Using hydrogels with different stiffness, we 
additionally identified a critical role for Piezo1 in 
stiffness sensing in human atrial fibroblasts. Therefore, 
we suggest Piezo1 as new molecular target to slow 
down or stop the development of fibrosis. 
Future experiments will take advantage of the ability to 
change hydrogel stiffness by light within seconds and 
target the kinetics of stiffness sensing in cardiac 
fibroblasts and their relevance for fibrosis development 
upon cardiac injury. 
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Introduction 
Omecamtiv mecarbil (OM) is a specific modulator of 

cardiac myosin function [1]. In slow skeletal muscles, 

the slow isoform I of myosin heavy chain (MHC) is 

expressed that is similar to the β-isoform of cardiac 

MHC. We studied the effect of OM on the mechanical 

characteristics of slow fiber contraction (m. soleus) and 

its Ca2+ regulation. 

 

Methods 
The experiments were done according to Directive 

2010/63/EU. The effect of 0.5 μM OM OM (Selleck 

Chemicals LLC) on tension and stiffness of single 

skinned fibers from rabbit soleus muscle was studied 

using the micromechanical equipment with a 

temperature jump (T-jump) device [2]. MHC was 

predominantly isoform I. Effect of OM on the actin-

myosin interaction was studied in an in vitro motility 

assay (IVMA) with thin filaments containing skeletal F-

actin, troponin, and tropomyosin [3]. The Ca2+ 

dependence of filament sliding velocity over myosin in 

IVMA was fit to the Hill equation: 

V = Vmax×(1+10h(pCa-pCa50))-1, 

where V and Vmax are the sliding velocity of thin 

filaments and the maximal velocity at the saturating 

Ca2+concentration, respectively; pCa50 (Ca2+ sensitivity) 

is pCa at which the velocity is half maximal; h is the Hill 

coefficient of cooperativity. 

 

Results 
In the absence of OM, the T-jump from 5°C to 30°C led 

both tension and stiffness of fiber to increase by 2.5-2.8 

times, i.e., force generation was entirely due to the 

formation of cross-bridges (Figure 1). At 5°C, 0.5 μM 

OM increased stiffness by 40% but did not change it at 

30°C. The OM adding did not affect tension at 5°C but 

decreased it significantly at 30°C. 
 

 
 

Figure 1: Effect of 0.5 μM OM on tension and stiffness 

of a single skinned fiber from m. soleus. The change in 

stiffness is framed. 

OM reduced the filament sliding velocity in IVMA in a 

dose-dependent manner. To decrease the filament 

velocity by half, 0.036±0.004 µМ OM was needed. 0.05 

μM OM decreased Vmax and h of the pCa-velocity 

relationship but did not affect the pCa50 (Figure 2 and 

Table 1). 

 

 
 

Figure 2: Effect of 0.05 μM OM on the pCa-velocity 

relationship of myosin from m. soleus in the in vitro 

motility assay. 

 

OM (µМ) V
max

 (µm/s) pCa
50

 h 

0 1.6±0.1    6.60±0.01 2.5±0.1  

0.05 0.7±0.01* 6.63±0.01 2.0±0.1* 

Table 1: The effect of OM on the characteristics of pCa-

velocity relationship. * denotes significant differences of 

the characteristics of pCa-velocity relation with OM 

from that without OM, p < 0.05. 

 

Discussion 
We found that therapeutical concentration of OM (<0.6 

μM) increases the number of myosin heads in the 

attached state, decreases the tension of slow muscle 

fibers at maximal activation, and affects calcium 

regulation of the actin-myosin interaction. Mechanism 

of the OM action on cardiac and slow skeletal muscles 

is similar [4], and so OM might be effective for the 

correction of contractile function of slow skeletal 

muscles in pathologies [5]. 
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Introduction 
In the body, stem cells (SCs) reside in a specialized 
niche, characterized by a unique combination of 
biophysical and biochemical properties. Together, these 
features allow the maintenance of stemness. Recently, 
biomaterials have been used to create 3D scaffolds, 
which mimic the biomechanical characteristics of SCs 
niches. Raimondi and colleagues applied two-photon 
polymerization (2PP) technique to fabricate a 3D micro-
scaffold, called Nichoid [1], in order to promote cellular 
proliferation and maintain stemness capabilities without 
adding any exogenous additive. The Nichoid has the 
ability to maintain stemness in several stem cells types, 
to induce the expression of pluripotency genes and 
potentiate the therapeutic potential of neural SCs [2,3]. 
Adipose-Derived Stem Cells (ADSCs) represent a 
promising source for cell therapies because their 
availability is less invasive compared to the one from 
other organs or tissue. Indeed, the aim of this study was 
to investigate the proliferation and stemness properties 
of human ADSCs expanded in engineered niches with a 
specific configuration to guarantee isotropic stimuli. 
 
Materials and Methods 
Nichoids were fabricated by 2PP using a hybrid organic-
inorganic photoresist. The laser source presented in this 
work is a commercial femtosecond laser with a wave-
length of 1042 nm and 1 MHz repetition rate [4]. 
hADSCs were isolated from lipoaspiarate adipose tissue 
and elective liposuction procedures were performed in 
voluntary patients after having received their informed 
consent. 
The validation of the new cubic pore configuration of 
the scaffold was started by expanding 6x103 hADSCs 
for 7 days. Then, cells expanded inside the cubic 
Nichoid have been characterized by viability assay, Real 
Time PCR and immunofluorescence analysis. 
Furthermore, neural differentiation was also 
investigated (Figure 1). 
 
Results 
The expansion inside the 3D micro-scaffold permits the 
potentiation of stemness features by upregulating the 
expression of pluripotency genes. These observations 
are in line with the nuclear measurements, confirming 
the cubic pore Nichoid’s ability to induce isotropic 
cytoskeletal tension which resulted in a roundish 

nucleus. Furthermore, with this structure of the Nichoid, 
hADSCs can be efficiently detached and collected in 
order to be transplanted. 
 

 
Figure 1: experimental set up of hADSCs expanded 
inside the cubic pore Nichoid  
 
Discussion 
These results represent an incredible improvement 
needed to reach the biological and clinical demands. 
Moreover, this approach can be applied also to fabricate 
any kind of porous Nichoid with different geometries, 
suitable for different stem cells.  In particular, our 
findings represent a great promise for the Nichoid’s 
application in the field of regenerative medicine, in 
particular in neurodegenerative diseases as Parkinson’s 
disease and Spinal Cord Injury. 
 
References 

1. Raimondi et al., Acta Biomat, 4579-4584, 2013 
2. Carelli et al., Nanothno, 5.1: 8, 2021 
3. Rey et al., IJMS, 8: 6775, 2020 
4. Zandrini et al., Sci Rep, 1:9, 2019 

 
Acknowledgements 
European Research Council (ERC projects NICHOID, G.A. 
646990, NICHOIDS, G.A. 754467, and MOAB, G.A. 
825159); European Commission (FET-OPEN project 
IN2SIGHT, G.A. 964481); European Space Agency (ESA 
project NICHOID-ET, G.A. 4000133244/20/NL/GLC);  
National Centre for the Replacement, Refinement and 
Reduction of Animals in Research (NC3Rs projects MOAB, 
G.A. NC/C01903/1 and NC/C019201/1); Italian Ministry of 
University and Research (MIUR-FARE project BEYOND, 
G.A. R16ZNN2R9K); Fondazione Social Venture Giordano 
Dell’Amore, Cariplo Factory, Politecnico di Milano, 
Fondazione Bassetti and Fondazione Triulza (S2P project 
EGGS&BEACON) and Fondazione Romeo ed Enrica 
Invernizzi. 

194



 

 26th Congress of the European Society of Biomechanics, July 11-14, 2021, Milan, Italy 

ORBITAL SHAKING FOR ENHANCING CHONDROGENESIS FOR FACIAL 
CARTILAGE TISSUE ENGINEERING 

Thomas H. Jovic (1,2), Feihu Zhao (3), Iain S. Whitaker (1,2) 
 

1. Reconstructive Surgery and Regenerative Medicine Research Group, Swansea University Medical 
School, Swansea, UK 

2. Welsh Centre for Burns & Plastic Surgery, Morriston Hospital, Swansea, UK 
3. Zienkiewicz Centre for Computational Engineering, College of Engineering, Swansea University, UK 

 

Introduction 

One of the aims of tissue engineering is to regenerate 

tissue in vitro, which will be used for implantation. To 

enhance cellular activity in vitro (e.g. chondrogenesis, 

proliferation and matrix production) in facial cartilage 

tissue engineering (CTE), a suitable biological, physical 

and chemical environment needs to be provided. 

Previous CTE studies of articular cartilage have found 

that mechanical stimulation in terms of hydrostatic 

pressure, fluid-induced shear stress (FSS), and/or 

mechanical strain can affect cellular behaviours such as 

proliferation, differentiation and matrix production. 

However, the effects of different types of mechanical 

stimulation on human nasoseptal chondroprogenitor 

(hNC) chondrogenesis cells remain to be investigated 

with significant implications for facial cartilage 

regeneration. Therefore, this study aims to investigate 

the influence of mechanical stimulation on 

chondrogenesis of hNC cells using a combination of in 

vitro and in silico approaches.  

 

Methods 

The hNC cell isolation and culturing procedure was 

undertaken as previously described [1]. The cells were 

encapsulated within hydrogel constructs, and cultured in 

the chondrogenic medium. In dynamic culturing, an 

orbital shaker was used for applying the mechanical 

stimulation on cells. The cell-laden constructs were 

cultured for 14 days under both static and dynamic 

conditions. The relative gene expressions of aggrecan, 

SOX9 and type 2 collagen were measured for all the 

samples.  

To simulate the mechanical environment within 

cell-laden struts under orbital shaking, a previously 

developed multiphase computational fluid dynamics 

(CFD) model in the study by Melke et al. [2] was used 

in this study. The cell-laden hydrogel domain was 

modelled as porous media, and the medium was 

modelled as incompressible Newtonian fluid (Figure 

1a). The volume of fluid (VOF) technique was used for 

tracking the medium–air interface during shaking.  

 

Results 

It was found that the expressions of aggrecan, SOX9 and 

type 2 collagen were significantly upregulated after 14 

days under the dynamic condition, compared to the 

static condition (Figure 1c). The CFD results showed 

that the maximum FSS and hydrostatic pressure were 

0.02 mPa and 36 Pa respectively, and the maximum 

interstitial fluid velocity was 3 µm/s (Figure 1b).  

 
Fig. 1(a) Boundary and loading conditions of the 

multiphase CFD model for cell-laden constructs in 

orbital shaker; (b) resultant pressure, shear stress and 

fluid velocity within the constructs; (c) relative gene 

expressions of aggrecan (ACAN1), SOX9 and type 2 

collagen (COL2A1). 

 

Discussion and Conclusion 

Using the orbital shaking system appeared to enhance 

the chondrogenesis of hNC cells. However, in silico 

modelling revealed that the resultant mechanical 

stimulation was quite low, comparing to the reported 

ranges for articular CTE (FSS at 10-1 Pa level, 

hydrostatic pressure at kPa – MPa level) [3]. With the 

current results, it was hard to conclude that enhanced 

chondrogenesis of hNC cells was due to the mechanical 

stimulation rather than convection-enhanced nutrient 

delivery. Therefore, future work will focus on 

investigating different levels of mechanical stimulation 

(e.g. FSS and/or hydrostatic pressure) in cell culturing. 

Also, cells from different donors will be studied. 

However, the CFD simulation showed that the 

mechanical stimulation within cell-laden constructs was 

still at low level even under maximum loading of orbital 

shaking system. Therefore, in our future work, we will 

aim to investigate the role of a suitable bioreactor (e.g. 

compression and/or perfusion) for applying different 

levels of mechanical stimulation on hNC cells. 
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Introduction 

Breast cancer is the leading cause of cancer-related 

morbidity and mortality in postmenopausal women, 

even though its prognosis has improved due to advances 

in diagnostic and surgical techniques. However, the side 
effects of anti-cancer chemotherapy remain a major 

source of concern despite the improved efficacy and 

enhanced survival offered by modern treatments. 

Previous studies showed that stem cells can attenuate 

tumor growth of triple negative cancer and 

bronchioloalveolar carcinoma [1,2]. Nevertheless, 

further research is needed to establish the therapeutic 

effect of stem cells on tumor growth. This study 

attempted to bring forward and introduce the novel 

therapeutic opportunities of using culture medium from 

stem cells in ER+ and HER2+ breast cancer cells but 
most importantly juxtaposing the static and dynamic 

culture microenvironment via bioreactor, a condition 

that simulate satisfactorily human homeostasis and in 

vivo models. Moreover, the metastatic potential of post 

treatment cells was determined via wound healing assay. 

 

Methods 

ER+ and HER2+ breast cancer cells were cultured with 

the culture medium of stem cells for testing any 

therapeutic efficiency. Proliferation properties of treated 

cells were examined in collagen coated surfaces 

juxtaposing static and dynamic conditions. Specifically, 

a custom-made bioreactor has been employed to 
simulate the dynamic cell culture by perfusing the 

culture medium directly to the seeded cells in steady 

flow conditions, temperature, and CO2 level (Fig. 1). 

MTT test was used for measuring proliferation cell rate 

in both static and dynamic conditions. Moreover, wound 

healing assay was performed to examine the post 

treatment metastatic potential. 

 

Results 

In case of dynamic flow conditions, the reduction of cell 

proliferation rate was 50.4% regarding ER+ treated cells 

and 17.23% in HER2+ treated cells. In static conditions, 
MTT assay indicated the decreased post treatment 

proliferation rate of 16.7% in ER+ cells and 40% in 

HER2+. Furthermore, the treatment effect of stem cells 

in ER+ and HER2+ collective cell migration was 

evaluated using wound healing assay. A significant 

decrease in ability of cells to migrate was shown in both 

ER+ and HER2+ cells post treatment 58.3% and 33.5 % 

respectively.  

  

 

 
Figure 1: Bioreactor device for dynamic cell culture. 

 

 

Discussion 

Regarding cell proliferation rate of ER+ and HER2+ 
cancer cells in both static and dynamic culture 

conditions, the proliferation rate was significantly 

decreased post treatment. Wound healing assay revealed 

a significant decrease in migratory potential post 

treatment in both ER+ and HER2+ cells, implying a 

limited probability for metastasis. Overall, the reduction 

in cell viability, proliferation rate and healing capacity 

in both static and dynamic conditions was greater in 

ER+ treated cells due to their less aggressive cancer 

phenotype than HER2+ cells. 
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Introduction 
Lamins are the major components of the nuclear 
lamina, a mesh-like structure, which provides 
mechanical support to the nucleus. Mutations in lamin 
A and lamin C cause several heritable diseases, called 
laminopathies. Even if their pathological mechanism 
remains so far elusive, mechanical defects in nuclear 
structure is one of the most plausible hypotheses [1]. In 
this study we mechanically characterize the already 
solved coiled coil 1b domain (CC1b) of lamin A. By 
Steered Molecular Dynamics (SMD) simulations, we 
investigated lamin hierarchical structure from 
monomer to tetramer configuration and we estimated 
viscoelastic features of such configurations. 
 
Materials and methods 
We used the X-ray structure of lamina CC1b domain 
(79-222 residues) [pdbID: 6JLB]. We performed 500ns 
MD simulations to equilibrate the structure using an 
NVT ensemble. CC1b lamin models were extracted 
from three different frames randomly selected in the 
equilibration stable phase.  For each frame, a constant 
force was applied to tetramer, dimer, and monomer 
configuration simulating a Creep test. SMD 
simulations were performed in Generalized Born 
implicit solvent using NAMD software and CHARMM 
force field, at temperature of 310K and time step of 
2fs. Three different force values (48, 70, 138pN) per 
chain were applied to the C-ter domain of chains A and 
B and N-ter domain of chains C and D; the opposite 
terminals have been locked. Kelvin-Voigt model was 
used to extract the Young’s modulus and the viscosity 
parameter of each configuration. 

 
Fig.1: Monomer, dimer, tetramer configurations. The 
force step (on the right) was applied to each chain (A 

Blue, B red, C orange and D grey). Each arrow 
corresponds to the same force value. 

Results 
The in silico mechanical analysis revealed the 
exponential trend typical of viscoelastic materials, 
characterized by both stiffness value (Young modulus) 
and viscosity parameters. For each configuration (i.e. 

M, D, T) we observed the Young’s modulus increasing 
with the force increment (0.23-0.6 GPa) and the 
viscosity decreasing. Considering a specific force value 
(e.g., 48pN), the Young’s modulus is almost constant 
among the hierarchical configurations (about 0.23GPa) 
suggesting that lamin stiffness is mainly affected by the 
intra-chain H-bonds, which remain almost constant for 
all the configurations. Instead, the viscosity increases 
from the M to the D and T configuration (from 3.6 to 
9.4 10-4 Pa*s), likely due to the different number of the 
intra-dimer and inter-dimer H-bonds, respectively. 
Applying a force of 48 pN/chain, the viscosity term 
does not change from D to T arrangement (9.4 10-4 
Pa*s), suggesting that for very low force values the 
inter-dimer H-bonds do not affect the whole structure 
behaviour.  
 
Discussion 
From our SMD analysis we observed that the monomer 
filament guarantees lamin stiffness via intra-chain H-
bonds. The intra-dimers bonds are instead responsible 
of the viscous behavior but their effect decreases with 
the force increment. In case of quite high force values 
(138pN), only the existence of a tetramer with inter-
dimer bonds maintains the sufficient damping effect 
able to protect the nuclear structure.  
The here implemented SMD approach can be 
replicated on single-point mutated lamin domain [1] to 
investigate plausible mechanical failure behind the 
origin of laminopathies. 
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Introduction 
Molecular docking plays a major role to investigate 
interactions between protein targets and ligands as well 
as to discover new drug candidates for unmet 
therapeutics needs (virtual screening). We have recently 
developed Deep Docking (DD), a deep learning 
program which enables structure-based virtual 
screening of billions of molecules by predicting docking 
outputs, resulting in 100-fold acceleration compared to 
standard docking [1]. As proof of principle, we have 
used DD to screen 1.36 billion of compounds against the 
active site of SARS-CoV-2 main protease (Mpro), a key 
drug target for COVID-19, identifying novel inhibitors 
with validated antiviral activity. Our results illustrate the 
advantages of using machine learning approaches to 
accelerate structure-based drug discovery. 
 
Methods 
The structure of Mpro bound to N3 inhibitor (PDB 
6LU7) [2] was prepared using Schrödinger’s prepwizard 
tool. 1.36 billion molecules were obtained from ZINC15 
database [3]. Virtual screening was performed with DD 
using the Morgan fingerprints (1024 bits, radius 2) as 
neural network features, scores as labels, and a recall 
value of 0.75. Compounds selected for model training at 
each iteration were prepared using Openeye suite [4] 
and docked to Mpro using Glide SP [5]. Eleven DD 
iterations were run. Predicted top hits from the final 
iteration were prepared and docked to the active site, and 
top 107 compounds were purchased and evaluated for 
their inhibitory activity with a Mpro assay using a 
FRET-based peptide substrate. 
 
Results 
The SARS-CoV-2 Mpro proteolytically processes viral 
polyproteins to initiate the replication of the virus, thus 
blocking its active site is a promising strategy to develop 
antivirals for COVID-19. The docking site was defined 
by structurally evaluating viral Mpros that are closely 
related to SARS-CoV-2, bound to various substrates and 
ligands, and included five subpockets responsible for 
key interactions. Using DD, we were able to reduce the 
number of ZINC15 compounds from 1.36 billion to 14 
million, a 100-fold reduction, by docking less than 1% 
of the database (Figure 1). Deep learning accelerated 
screening took only 4 days, while standard docking 
using the same resources would have taken 295 days. 
We then docked the top 3 million molecules based on 
their likelihood to be top scoring, to Mpro. Finally, we 
selected top ranked compounds whose docking poses 
recapitulate main Mpro-substrate interactions and 
consequently were likely to inhibit its proteolytic 

activity. Out of 107 tested molecules, 16 compounds 
were confirmed as Mpro inhibitors with IC50 values 
ranging from 8 to 251 μM. Notably, none of these 
compounds could be found within to the widely used 
ZINC15 drug-like in-stock set of about 6.87 million 
compounds, and therefore could be identified only by 
screening the entire ZINC15 database. 
 

 
 
Figure 1. Deep learning accelerated virtual screening 
of 1.36 billion ZINC15 molecules against the active site 
of SARS-CoV-2 Mpro. 
 
Discussion 
We have developed DD, a machine learning framework 
that enables routine virtual screening of chemical 
libraries of billions of compounds. Using DD, we 
identified SARS-CoV-2 Mpro inhibitors that showed 
antiviral activity, paving the path towards accelerated 
discovery of drug candidates for COVID-19 and future 
pandemics. With the rapid expansion of chemical 
libraries beyond 10 billion of molecules, we envision 
that DD will play a pivotal role in the future of drug 
discovery. 
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Introduction 
Osteoarthritis (OA) is a debilitating joint disease, 
characterised by articular cartilage (AC) degradation 
and local inflammation. Through mechanotransduction 
(MT) processes, mechanical loads induce changes in the 
gene expressions of AC chondrocytes (CC). Cascades of 
complex molecular interactions are triggered, 
converting physical stimuli into cellular responses that 
favor chondroprotection or cartilage destruction. 
Systematic representations of those interactions can 
positively inform early strategies for OA management. 
To this end, a novel network model of CC activity is 
proposed. It incorporates important mechanosensors 
(MS) and the associated downstream signalling 
cascades. 

Methods 
Key mechanoregulatory molecular interactions in OA 
were represented (Figure 1) based on a corpus of 52 
journal articles. Then, an interactome was developed, 
consisting of a set of 108 nodes, i.e., cellular receptors, 
second messengers, transcription factors and proteins, 
related to each other through a specific topology of 
activating and inhibiting links. These were converted 
into a semi-quantitative mathematical model through a 
system of differential equations1. System solving with 
different perturbations and initial conditions leads to 
steady stable states (SSS) that represent patrons of cell 
expression through systematic descriptions of CC MT 
molecular mechanisms. To simulate a healthy state of a 
CC, the network was first stimulated with physio-
osmotic according to Phan et al.2 We further assessed 
whether it could predict expected SSS under 
inflammation and undue loads such as static 
compression (ST) or fluid shear stress (FS) when 
integrin α5β1, PTCH1/2, Wnt or CD40 become 
activated. 

 
Figure 1. Schematic representation of CC MT 

Results and Discussion 
Under physio-osmotic conditions, i.e., activation of the 
TRPV4 and integrin α5β2 MS, the network model 
evolved towards a basal anabolic SSS (Figure 2, blue). 
Low levels of MMP expression were achieved, as well 
as high expression levels of anabolic markers for a 
healthy CC, such as structural proteins (Collagen and 
Aggrecan) and growth factors (BMP2 or IGF1). 
Additional pro-inflammatory perturbations led to a 
significantly different (t-tests, α=0.05) CC activity, with 
a catabolic shift of node activations (Figure 2, orange). 
Pro-inflammatory mediators were fully expressed, as 
well as degrading enzymes (MMPs and ADAMTs), and 
markers of hypertrophy (MMP3, BMP2). 
Regarding the transcription factors, healthy CC markers, 
Sox9, FOXO and CITED 2 were activated in the basal 
SSS, whereas NF-kB, Runx2 or AP1, characteristic of a 
osteoarthritic CC, were activated by the simulated 
inflammation. When undue MS were activated in ST or 
FS the SSS also revealed a catabolic shift (Figure 2, 
yellow), revealing the potential to reflect load-induced 
chondroprotection or cartilage destruction. 

 
Figure 2. SSS for: the baseline under physio-osmotic 
conditions (in blue); the pro-inflammatory stimuli 
(orange); the ST or FS mechanical loads (yellow). 

A regulatory network that maps intracellular signaling 
pathways of a chondrocyte from AC was successfully 
developed. The model could predict expected MT and 
inflammation effects on a CC, revealing the potential of 
exploitation in OA. 
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Introduction 

Extensive experimental evidence characterising cell 

cytoskeletal morphology suggests that stress fibres 

(SFs) are highly aligned and elongated. Such alignment 

appears to be independent of the cell spread shape, with 

isotropically or irregularly spread cells exhibiting 

preferential SF alignment (e.g. Fig. 1d [1]). Recent 

computational models of cell spreading implement a 

deterministic framework for prediction of SF 

distributions [2,3]. However, such deterministic 

frameworks are not capable of predicting the nematic 

ordering of highly aligned SFs within the cell. Nematic 

ordering of populations of high aspect ratio cells, spread 

on narrow adhesive strips, has recently been 

investigated [4]. However, subcellular nematic ordering 

of the actin cytoskeleton has not previously been 

investigated. Here, we propose a thermodynamically 

based framework for cytoskeletal distributions. We use 

nested sampling to determine minimum free energy 

conditions, and demonstrate that nematic ordering of 

SFs is driven by entropy maximisation.   
 

Methods 

The volumetric Gibbs free energy of any cytoskeletal 

distribution is found as: 

�̂�𝑇𝑜𝑡 = �̂�𝐹𝐴 + �̂�𝐶𝑜𝑙 + �̂�𝑃 − 𝑇�̂�𝑁𝑒𝑚 ,              (1)  

where �̂�𝐹𝐴 represents free energy associated with 

forming focal adhesions on the cell surface, �̂�𝐶𝑜𝑙  

represents free energy associated with cell surface 

collagen recruitment, �̂�𝑃 acts as a penalising term, and 

�̂�𝑁𝑒𝑚 is entropy associated with nematic ordering of 

sarcomeres within SFs. Free energy associated with the 

formation of focal adhesions is calculated as, 
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Where 𝐶𝐿 is concentration of recruited low affinity 

surface integrins, 𝑏 is cell thickness, 𝜇𝐿 is enthalpy of 

low affinity integrins, 𝐴𝐶 is cell spread area,  𝐴𝜂𝑖 is 

contact area of SF “𝑖” with the cell surface, and 𝜃𝐿 is a 

ratio of recruited low affinity integrins to binding 

locations, whose computation is influenced by McEvoy 

et al. [2] focal adhesion constitutive models, 
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Here 𝐶𝐻 is concentration of high affinity integrins, 

found through a mass balance equation, 𝜃𝐻 is a ratio of 

recruited high affinity integrins to binding locations, μH 

is enthalpy of high affinity integrins, Φ is strain energy, 

and FΔ is work energy, associated with ligand stretch. 

Free energy associated with collagen recruitment is 

computed as; �̂�𝐶𝑜𝑙 =
1
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represents the active contractile stress of a SF,  𝜅𝐶𝑜𝑙  is 

elastic collagen stiffness, and 𝐶𝐶𝑜𝑙  is the concentration 

of collagen fibrils. The nematic entropic contribution of 

sarcomere distributions are then calculated: 

�̂�𝑁𝑒𝑚 =
1
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1
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Where 𝑛𝑖 refers to the number of sarcomeres recruited 

in series, and  𝜂𝑖 refers to the number of sarcomeres 

recruited in parallel, within a SF. We implemented this 

model within a predefined cellular geometry, within 

which SFs generate. SF morphology is characterised 

using probability distributions which enforce preferable 

SF length, sarcomere concentration in parallel, and 

orientational alignment. Our random sampling schema 

predict minimum free energy/ maximum likelihood 

conditions for a range of cytoskeletal distributions. 
 

Results 

Results shown in Fig. 1 display the maximum likelihood 

SF alignment state, as computed through random 

sampling. In a circular cell spread, nematic entropy 

increases as SF length and alignment increases.  

                  
Figure 1: The relationship between SF alignment and 

energy for a spread cell, (a) maximum likelihood 

cytoskeletal fibre distribution, (b) Actin cytoskeleton 

self-organisation into linear arrays (Tee et al [1]), (c) 

minimum likelihood cytoskeletal fibre distribution. 
 

Conclusions 

Our developed framework suggests that high alignment 

of SFs, as observed experimentally [1], is driven by 

entropy maximisation, resulting in nematic cytoskeleton 

ordering. Results suggest that this phenomena is 

relatively independent of cell spreading, as observed 

experimentally [4]. Further advances plan for this model 

to be implemented within a nested sampling schema, to 

iteratively determine cytoskeletal distributions of 

increasing likelihoods. The results of this study have 

significant implications for control of cell spreading and 

contractility when seeded on tissue engineered 

substrates/ ECMs. 
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Introduction
In  a  recent  contribution  [1],  we  introduced  a  one-
dimensional hybrid cellular automata (HCA) approach
considering  a  free  resistance  variable  to  model  and
simulate cell-cell coupling in 1D cardiac strands.  We
conducted  an  extended  computational  analysis  via
GPU-accelerated Monte Carlo Simulation highlighting
bifurcation  phenomena  according  to  conductance
statistical features. We extend such an HCA approach
to  2D  domains  to  investigate  the  complex  cardiac
properties  in  realistic  spatiotemporal  scenarios  in  the
present  contribution.  In  particular,  parameters
heterogeneity  is  studied  according  to  the  recent
literature on the subject [2-6].

Methods
We  start  from  the  1D  structures  presented  in  [1],
introducing  a  second  spatial  dimension.  Specifically,
additional neighbors are introduced to create a virtual
2D uni-directional monolayer of cardiac cells. Figure 1
shows  a  simplified  representative  example  of  the
desired structures. Generalizing the 1D coupling shown
in Equation 1, we consider Equation 2 in a simplified
Von Neumann neighborhood:

(ui-1 – ui) * Rv (1)
(ui

j-1 + uj
i-1

 – 2ui
j) * Rv (2)

Here,  j refers to the row index, i to the column index,
and  Rv  is  the  free  resistance  variable.  The  one-
directionality  of  the model  allows us  to simplify the
overall connection such that only the cells in rows >1
comprise an additional neighbor. 

Figure  1:  1D  cable
structure (top left); 1D ring structure (top right); 2D
plane  structure  (bottom  left);  2D  circular  structure
(bottom right).

We test our assumed HCA connectivity by means of
standard  C  codes.  Specifically,  conduction  velocity
(CV) validation is provided in terms of planar waves

and target patterns over a wide range of numerical and
constitutive parameters. We selected resistance values
of 0.5,  1.7,  and  2.0 in  multiple grids  of  size  5x750,
5x1000, 10x1000, 10x2000 & 20x 2000 cells.

Results
Our analysis shows that the excitation wave propagates
successfully in all scenarios for grids < 10x2000 cells.
In  low resistance  cases  (Rv = 0.5),  no CV could be
recovered  in  bigger  grids.  The CV computation also
failed for the plane structure in the 20x2000 grid with a
resistance value of 1.7. The circular design proved self-
sustainability as we could compute a CV for the bigger
grids with the higher resistance values. Besides, we did
not observe any significant deviation between circular
and  planar  structures  while  observing  comparable
results with the 1D structure behavior.

Discussion
The estimation of cardiac conductivity in an extended
spatiotemporal framework is a well-known open issue
in the literature [6,7]. By adopting an HCA approach
with  a  free  resistance  variable  to  describe  cell-cell
coupling,  we  can  get  fine  control  of  the  underlying
spatiotemporal  dynamics.  In  such  a  scenario,  we
foresee  using  advanced  strategies  of  fast  simulation
and  analyses,  e.g.,  machine  learning  approaches  or
optimization  algorithms  that  map  the  free  resistance
variable to a specific conduction velocity. We plan to
improve  our  numerical  model  by  using  GPU-based
implementation, thus combining our current approach
with  hardware  accelerators,  such  as  FPGAs  that  are
becoming  more  and  more  employed  to  handle
extensive computational problems.
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Introduction 

Osteogenesis imperfecta is a group of genetic disorders 

that ultimately leads to weak bones and therefore is 

known as the brittle bone disease. Although familiar as 

such, it mainly originates by mutations at the molecular 

level of collagens. Hence, the entire range of a body’s 
collagenous tissues is affected. Here, we mechanically 

assess single collagen fibrils (CF) of an osteogenesis 

imperfecta mouse model (oim/oim) by performing 

tensile tests with a novel nano-tensile testing instrument 

and nanoindentation with an atomic force microscope 

(AFM). CFs of the studied mouse model are assembled 

by homotrimeric collagen molecules, caused by 

substitution of the 2(I) chain by a third 1(I) chain.    

 

Methods 

CF were extracted from a tail tendon of each a wild‐type 

B6C3Fe‐a/aCol1a2+/+ (WT) and a homozygous 

B6C3Fe‐a/aCol1a2oim/oim mouse (severe OI model), both 

14 weeks old. After drying, CF were prepared for tensile 

testing by attaching a magnetic bead with epoxy resin. 

Each prepared CF was then imaged in contact mode at 

ambient conditions with the AFM to measure dry 

diameter and assess the existence of d-banding. 

Subsequently, CFs were hydrated with phosphate 

buffered saline solution (PBS) and AFM 

nanoindentation was performed. By that, indentation 

modulus, hydrated diameter and swelling are measured. 

Finally, tensile tests are conducted by lifting one end of 

the CF by applying a magnetic field. This end is picked 

up with a two-photon-polymerization printed 

microgripper that is attached onto a fiber-optic 

cantilever based force probe (Optics11, Netherlands). 

CFs are then pulled to fracture using a levered z-piezo 

stage (Physik Instrumente, Germany) at 5 %/s strain 
rate.   

 

 
 

Figure 1: a) AFM measurements on single CF that are 

prepared for tensile testing. b) Sketch of the force probe 

equipped with microgripper.  

 

Results 

Qualitatively, oim/oim CFs exhibit a second phase of 

stiffening during tensile tests (see figure 2). This leads 

to about 8-fold higher tensile strength in oim/oim CFs. 

Additionally, the peak tensile modulus within the initial 
10% strain regime is higher in the oim/oim compared to 

WT CFs (2.6±0.7 GPa vs. 0.9±0.5 GPa). Concurrently, 

oim/oim CFs swell less when being hydrated in PBS 

(1.9±0.1 vs 2.1±0.2).  

 
Figure 2: Exemplary stress-strain diagram of a WT and 

an oim/oim CF and resulting tensile strength at failure 

of all tested CFs. 

 

Discussion 

The overall observation of stronger CFs in oim/oim 
comes as a surprise as fascicles of such mice seem to 

have lower ultimate strength [1]. Furthermore, 

molecular dynamics simulations (MD) suggest lower 

stiffness and less dense packing of oim/oim CFs [2]. 

However, MD does not consider increased levels of 

advanced glycation end product cross-links in oim/oim 

[3], which can explain the results reported here. 

Previously reported in vitro cross-linking of CFs 

resulted in similar mechanical properties [4]. 

Furthermore, lower swelling potentially impacts 

stiffness in the initial strain regime by higher molecular 

interaction [5]. 

Just recently, force controlled tensile loading and 

therefore direct viscoelasticity testing was implemented 

in the novel tensile testing instrument. This is achieved 

by an error-corrected two-degree-of-freedom controller. 

As of writing, experimental results of this method are 
being analyzed.   
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Introduction 
Collagen fibrils (CFs) provide mechanical competence 
to many biological tissues. The mechanical properties of 
CFs are in part specified by inter-molecular covalent 
cross-links; besides biologically steered cross-linking 
further cross-links result from reaction of collagen with 
sugars, forming Advanced Glycation Endproducts 
(AGEs). Such AGEs play a role pathologies e.g. 
diabetes and ageing [1]. In the presented study, we 
model AGEs formation through incubation of CFs with 
methylglyoxal (MGO). We performed in-situ atomic 
force microscopy (AFM) experiments to evaluate 
nanostiffness and amplitude-modulated kelvin force 
microscopy (AM-KFM) [2] to assess the presence of 
MGO mediated cross-links, by measuring surface 
potentials before and after MGO treatment. 
 
Methods 
CFs (source: tail tendons of 6-month old mouse) were 
placed on microscope slides [3]. Samples were 
equilibrated for 2 hours in 34°C phosphate buffered 
saline solution (PBS). After drying in a desiccator (24 
hours), AFM and AM-KFM was performed on 
individual CFs. AM-KFM was performed in ambient 
conditions at a lift height of 0 nm (Dimension FastScan 
AFM; Bruker) using the same AFM cantilever for all 
measurements (OMCL-AC200TN, 9 N/m, 150 kHz). 
AFM force-indentation tests on a NanoWizard Ultra 
Speed A (Bruker-JPK) were conducted at the same 
region of the previously tested CFs, but in aqueous 
solution (Force Volume Maps @ 1 nN applied force). 
The indentation modulus was determined via the Oliver-
Pharr method [3]. Finally, samples were submerged into 
a glycation buffer (0.01M PBS, 5mM EDTA and 20 mM 
MGO adjusted to 7.4pH) for 4 hours at 34°C. After 
extensive washing, the previously described protocol 
was repeated in reversed order on the same collagen 
fibrils. 
 
Results 
4h treatment with MGO across all treated CFs led to an 
increase in indentation modulus +0.44(0.36) MPa at 
almost constant CF height when tested in PBS, while dry 
CF diameter increased by 30(9) %. Coincidentally, CF 
surface potential decreased by 21(9) mV. The control 
group experienced either insignificant or opposite 
changes in these properties (See Fig. 1). 
 
 

 

 
Figure 1: shows the statistical analysis of CF changes 
in indentation modulus (top) and surface potential 
(bottom) before and after glycation for both the control 
(left) and the MGO (right) group (N=10, each). 
 
Discussion 
The combination of methods allowed to directly link 
changes in nanomechanics and cross-linking due to 
glycation at the individual CF level. Reduction of 
surface potential of CFs due to crosslinking is in line 
with literature [2], though we used a different but also 
physiologic cross-linker in this study. Additionally, the 
presented results show stiffening of CFs related to cross-
linking via a direct before-after indentation test on the 
same CFs. To further evaluate cross-linking, standard 
analytical chemistry and tensile tests will be employed 
and compared to the presented results. Importantly, the 
application of KFM allows chemo-physical 
characterization at the same length scale, i.e. at the scale 
of individual collagen fibrils, which is not possible 
through standard analytical chemistry tools. 
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Introduction 
Type 1 diabetes mellitus (T1D) is a leading cause of 

cardiovascular diseases. Cardiomyocyte contractile 

function and excitation-contraction coupling in different 

heart regions are poorly understood. We studied the 

effect of T1D on the contractile function of the left and 

right ventricular free walls (LV, RV), and 

interventricular septum (IS) using single 

cardiomyocytes and isolated sarcomere proteins. 

 

Methods 
The experiments were performed according to Directive 

2010/63/EU. We used the alloxan-induced T1D in male 

Wistar rats (12 weeks of age) [1]. Single myocytes from 

the LV, RV, and IS were isolated by the modified 

Langendorff method [2]. Cytosolic Ca2+ transient and 

sarcomere shortening during mechanically unloaded 

contractions were studied at 36-37°C. 

The actin-myosin interaction was studied in an in vitro 

motility assay using myosin and native thin filaments 

(NTF) extracted from the LV, RV, and IS [2]. The Ca2+ 

dependence of the NTF sliding velocity over myosin 

was fitted by the Hill equation. Protein phosphorylation 

was analyzed using a 12% SDS-PAGE with Pro-Q 

Diamond phosphoprotein and SYPRO Ruby staining 

(Thermo Fisher Scientific, USA). 

 

Results 
In the healthy rats, the end-diastolic sarcomere length 

(EDSL) was similar between the regions. T1D 

decreased EDSL (Table 1). In control rats, the 

amplitudes of cytosolic Ca2+ transient and sarcomere 

shortening were not different between the LV, RV, and 

IS. In T1D, the Ca2+ transient amplitude decreased but 

the shortening amplitude increased significantly in the 

RV.  

The characteristic LV IS RV 

EDSL ↓ ↓ ↓ 

Ca2+ amplitude   ↓ 

shortening amplitude   ↑ 

time to peak of Ca2+ transient  ↑ ↑ 

time to 50% decay of Ca2+ 

transient 
 ↓  

time to peak of sarcomere 

shortening 
  ↑ 

time to 50% relaxation  ↓  

Table 1: The T1D effect on the contractile 

characteristics of single cardiomyocytes. 

In the control rats, the time to peak of sarcomere 

shortening was significantly greater in LV myocytes 

compared to RV cells. T1D prolonged significantly the 

time to peak of the Ca2+ transient in the IS and RV, and 

the time to peak of sarcomere shortening in the RV.  

T1D decreased the time to 50% decay of Ca2+ transient 

and the time to 50% relaxation in the IS only. 

T1D decreased the maximal sliding velocity of NTF 

over myosin by 25-30% and the Ca2+ sensitivity of the 

pCa-velocity relation by 0.2-0.3 pCa (Figure 1). T1D 

greater affected the actin-myosin interaction in the LV 

compared with other regions. 

 
 

Figure 1: The T1D effect on the pCa-velocity 

relationship for the LV obtained in the in vitro motility 

assay. 

T1D affected phosphorylation of sarcomere proteins 

from the heart regions differently. Phosphorylation of 

the regulatory light chain of myosin decreased in the LV 

but increased in the RV. Phosphorylation of 

tropomyosin increased in all heart regions studied. 

Phosphorylation of troponin T decreased in the RV and 

IS. Phosphorylation of troponin I decreased, and cardiac 

myosin binding protein C increased in the LV.  

 

Discussion 
T1D affects the amplitude and kinetic characteristics of 

cardiomyocyte contraction from the heart regions in 

different ways. Together with a change in the 

phosphorylation level of sarcomere proteins, this can 

contribute to the changes in the whole heart function. 
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Introduction 

Anesthesia, despite being the cornerstone of modern 

surgery, is to this date a biological puzzle. While 

scientific efforts still have not managed to frame its 

pharmacology in an exhaustive theoretical framework, 

microtubules inside neurons are thought to be essential 

for memory formation and consciousness [1]. The 

potential ability of volatile anesthetics to alter or 

dampen the vibrational properties of microtubules 

justifies the spatiotemporal characterization of the 

interaction between such molecules and the tubulin 

dimer through the use of computational molecular 

modelling.  

 

Methods 

Human tubulin isotypes βVI, βIIa and βIVa were 

modeled as αI-β dimers through homology modelling 

from the PDB 3J6F [2] template, and simulated in 

GROMACS 2019.1 for 100ns using the AMBER 

ff99SB-ILDN force field [3], with explicit water and 

ions at 0.1M, at 300 K and 1 bar, in three replicas. 

Simulations were performed both without and with 

Ethylene (ET), Desflurane (DF), Halothane (HT) or 

Methoxyflurane (MF) in the solvent at 10 mM [4]. 

Secondary Structure analysis on MD simulations was 

performed using DSSP, while interaction hotspots were 

determined as a per-residue contact probability over 

each frame, which is reported for each sector of the 

tubulin surface in a spherical coordinate system. Main 

binding clefts were obtained from the heatmaps and the 

interaction of the anesthetics therein has been further 

analyzed using the MM/PBSA method. 

 

Results 

The analysis of MD trajectories predicts distinct patterns 

of interaction of each anesthetic, with a significant 

fraction of interaction sites located both on the luminal 

surface (φ<0), and on the α subunit (θ<0) of the 

microtubule for all anesthetics except ET, as visible in 

Fig. 1 for isotype βIVa, the most expressed isotype in 

the brain [5].  

 
Figure 1: Anesthetic contact heatmaps, i.e. (θ,φ) 

probability plots, for each anesthetic (A: ET, 

B:DF.,C:HT,D:MF) on isotype βIVa. Main binding 

clefts are highlighted. Colorbar is 0 to 1 probability. 

 

No significant interactions occurred with ET, which is 

the weakest among the four compounds in terms of 

clinical potency. This analysis highlights the mechanical 

compatibility of the contact between the three 

anesthetics DF, HT and MT, and tubulin in specific 

areas of the surface, hence suggesting the existence of 

preferential transient binding pockets on the tubulin 

dimer.  These clefts are highlighted in Fig. 1, and a 

binding energy estimate for each ligand in each of those 

clefts is provided in Fig. 2.  

 
Figure 2: Per-area MM/PBSA binding energy estimate 

for isotype βIVa. Left to right: ET; DF; HT; MF. Color 

scale is -4 kcal/mol to -14 kcal/mol. 

 

Binding energy estimates of DF, HT and MT were 

comparable, between -7 and -14 kcal/mol, while ET 

confirmed  much weaker interactions, below 4 kcal/mol. 
No significant secondary structure alterations were 

determined in the presence of anesthetics in the binding 

clefts, as expected by the transient nature of binding 

events. 

 

Discussion 

The results suggest the lack of a unique and stable 

binding site for volatile anesthetics on tubulin, but 

highlight the existence of specific hotspots where 

anesthetics interact for a relevant fraction of time. These 

are areas where the contact is mechanically most 

favorable. The binding events do not follow a lock-and-

key paradigm, but rather occur frequently inside 

different, mechanically favorable clefts. This might 

have consequences on the assembly of protofilaments, 

on locally induced instantaneous dipoles and on higher-

scale vibrational characteristics whose involvement in 

conscious brain activity and information transmission is 

currently debated and requires further studies. 
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Introduction 

Alzheimer's disease (AD) is the most common type of 

dementia. This pathology is characterized by an 

abnormal aggregation of misfolded proteins into 

plaques, causing proximal neurons death. Many 

pharmacological strategies have been proposed to target 

amyloid aggregation, but regrettably many of them have 

shown to be ineffective. Ultrasound based technique has 

shown to be a valid nonpharmacological strategy to 

reduce plaque size [1]. In this connection, it has been 

observed that stable cavitation phenomena related to 

ultrasound can affect protein secondary structures. 

Modelling techniques and in particular Molecular 

Dynamics (MD) can provide an adequate tool to observe 

biological phenomena with fine space (nanometers) and 

time (nanoseconds) resolution. The aim of this work is 

to shed light on molecular mechanisms driving the 

amyloid fibril unfolding during cavitation [2].  

 

Method 

Stable cavitation phenomenon was simulated by an ad-

hoc computational code, developed in this work starting 

from information in previous literature [3]. Models of 

cavitation bubbles consist in  dummy beads that varies 

harmonically their radii,  and interact with surrounding 

waters molecules trough a modified time-dependent 

Lennard-Jones potential. The stable cavitation was 

simulated in a molecular systems consisting of a 

pentameric S-shaped 1-42 Amyloid fibril (PDB:5OQV), 

in a box filled by explicitly modelled water (TIP3P). 3% 

of water molecules were replaced by bubble dummy 

atoms. Different replicas of non-quilibrium MD 

(NEMD) of bubble stable cavitation were performed in 

NVT (costant number of particles, temperature and 

volume) ensemble at 300 K.  NEMD simulations were 

carried out until a complete fibril disaggregation was 

observed. Moreover, equilibrium MD (EMD) 

simulations, in NVT ensemble at 300K, with bubbles at 

fixed radius, has been carried out in order to compare 

results in absence of cavitation induced phenomena. 

 

Results  

Results confirmed that ultrasound stable cavitation 

affects amyloid fibril stability. Indeed,  while root mean 

squared deviation (RMSD) evaluated on the initial 

configuration reaches a plateau for the EMD simulation, 

for the NEMD simulation this value constantly increases 

(Figure 1A). Moreover, time history of contact 

probability on close chains residues has been studied, 

(Figure 1B),  in order to consider residues involved in 

non convalent interactions. Fibril compactness is not 

perturbed during EMD simulation, leading to contact 

probability values close to 1 for all amyloid residues. On 

the other hand, in NEMD simulation stable cavitation 

phenomena results in a chain-chain contact variation, 

reducing the number of contacts between residues of 

adjacent chains. Moreover, it is possible to observe that 

loss of contact starts from residues involved in 

unstructured regions and propagates to inner residues 

belonging to ordered secondary structure. 

 

 
Figure 1: A) Root mean squared deviation for NEMD 

(black) and EMD (light gray). B) Time history of contact 

probability  

 

Discussion  

Mechanical stimulation in the form of cycles of 

compression and decompression, obtained by stable 

cavitation, can drive amyloid fibril to destabilization and 

disruption. This work clearly depicts how stable 

cavitation acts at the molecular level. Residues 

belonging to unstructured regions act as seed of 

instability, promoting the unfolding process of close 

structured regions and the entire amyloid 

disaggregation.  
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Introduction 

Type 1 diabetes mellitus (DM1) is a risk factor for heart 

failure. To date, few studies have been devoted to 

changes in the mechanical function of the heart at the 

cell level in DM1. Moreover, no analysis of the 
contractile performance of mechanically loaded single 

cardiomyocytes has been carried out. The aim of the 

present work is to explore the effects of DM1 on force-

length relations in single cardiomyocytes isolated from 

the left and right ventricular free walls (LV and RV) and 

interventricular septum (S). 

 

Methods 

Myocyte Preparation. All experiments were conducted 

in accordance with EU Directive 2010/63 on the 

protection of animals used for scientific purposes. DM1 

was induced in 12-13-week-old Wistar rats using the 
alloxan diabetic model [1] and then was confirmed after 

6 weeks by hyperglycemia and a high glycosylated 

hemoglobin level. Single cardiomyocytes from the LV, 

RV, and S were isolated using the Langendorff-

perfusion technique in combination with the method of 

intraventricular injections [2, 3]. 

Carbon Fiber Technique. In order to apply mechanical 

preload (diastolic stretch) to a single cardiomyocyte, we 

used a carbon fiber (CF) technique where four CFs were 

attached to the cell membrane by electrostatic forces [4]. 

We used the uMp micromanipulation system (Sensapex, 

Finland) and self-written control software in the system-
design platform LabVIEW 2015 (NI, USA) for CF 

positioning. The stretch step value was 2 µm, and the 

time of stretch was 300 ms. 

Cell Length and Force Measurements. CF bending 

during auxotonic contraction was optically recorded 

using the IonOptix system (IonOptix, USA). Cell force 

was calculated on the CF bending and СF stiffness. Cell 

tension was defined as cell force normalized to the cell 

cross-sectional area. 

Force-Length Relation Analysis. The amplitudes of 

normalized passive (end-diastolic) and active (total 
minus passive) forces were fitted by linear regression for 

changes in the cell length. The slopes of the end-

diastolic force-length relation (EDFLR) and active 

force-length relation (FactiveLR) curves were used as the 

indexes of cell stiffness and contractility, respectively. 

Statistics. All values are presented as mean ± SEM. The 

two-way ANOVA was used for statistical analyses, and 

p < 0.05 was considered to indicate a significant 

difference between means. 

 

Results 

In healthy rats, no differences in tension amplitudes at 

slack sarcomere length (SL0) were found between the 

regions. LV, RV, and S cells also showed similar slopes 

of EDFLR and FactiveLR. DM1 decreased cell tension 
amplitudes at SL0 in the LV and RV, but not in the S 

(Fig. 1). 

 

 
 

Figure 1: The effect of DM1 on tension amplitudes of 
ventricular myocytes at slack sarcomere length (SL0).  

* DM1 vs. Control, p<0.05. 

 

In LV and RV cells, DM1 significantly decreased the 

slope of EDFLR (LV: 0.16 ± 0.05 (DM1, n = 5) vs. 0.45 

± 0.09 (Control, n = 6); RV: 0.22 ± 0.03 (DM1, n = 7) 

vs. 0.50 ± 0.08 (Control, n = 12) and the slope of 

FactiveLR (LV: 0.14 ± 0.07 (DM1) vs. 0.41 ± 0.11 

(Control); RV: 0.15 ± 0.04 (DM1) vs. 0.52 ± 0.07 

(Control)). However, in S cells, no significant 

differences were found neither in the slope of EDFLR 
or FactiveLR between the DM1 and control groups. 

 

Discussion 

Using mechanically loaded cardiomyocytes, we showed 

that DM1 leads to the changes in force-length relations 

depending on the myocardial region. We suggest that 

these intraventricular differences in length dependent 

force activation may serve as a compensatory 

mechanism to maintain the cardiac output. 
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Introduction
T-cell  receptors  (TCRs) are  essential  for  recognizing
antigenic  peptide-loaded  major  histocompatibility
complex  (pMHC)  molecules  and  eliciting  adaptive
immune response.  A longstanding question regarding
TCR-pMHC recognition was that the binding affinities
are very weak and similar, in the range of micro-molar
or  even  lower,  whereas  the  discriminating  power
between cognate versus non-cognate antigens is on the
order of 1 in 105. Recent experiments revealed that the
TCR-pMHC bond lifetime increases upon application
of  physiological-level  load  for  the  cognate  antigen
(catch  bond),  while  it  exponentially  decreases  with
force  for  non-cognate  antigens  (slip  bond)  [1].  We
performed  molecular  dynamics  simulations  on  TCRs
with  various  truncation  schemes  and  under  realistic
piconewton levels of load, to find the mechanism by
which mechanical force enhances ligand discrimination
via catch bond formation.

Methods
For simulation, we used CHARMM [3]. We prepared
systems  including  the  pMHC-binding  domain  only,
TCR-only, TCR-pMHC complex,  and a TCR mutant
that is known to allosterically impair the binding with
pMHC.  For  complexes  with  pMHC,  we  applied
mechanical  load where  the average  forces  are in  the
piconewton  range,  which  is  the  same  level  as  in
experiments.  For  each  system,  all-atom  molecular
dynamics  simulation  was  performed  for  more  than
500ns.

We  developed  novel  contact  analysis  methods  to
monitor  dynamics  of  bond  breaking  and  formation
events over time. We also developed a bead-on-chain
(BOC)  representation  to  trace  the  domain  motion  of
TCR and applied principal component analysis (PCA),
to  find  the  inter-relation  between  contact  dynamics,
domain motion, and applied load

Results
We found that the interface between TCR and pMHC
is maintained by formation and breakage of bonds that
vary  in  their  average  and  instantaneous  occupancies.
When pMHC binds, the domain motion of TCR has a
destabilizing effect on the interface, which leads to low
binding affinity in the absence of force. Application of

10-  to  15-pN  range  force,  which  is  a  typical  level
present  during  immune  surveillance,  leads  to
suppression  of  the  TCR  domain  motion  and
stabilization  of  the  interface  with  pMHC,  which  is
responsible for the catch bond formation. Alteration of
domain  motion  or  the  equilibrium  conformation  of
TCR such as by mutation, impact the binding geometry
between  TCR and  pMHC,  which  results  in  reduced
bond life time even though the mutation is far from the
binding interface, which is consistent with experiments
on allostery.

Discussion
Our results highlight that mechanical force is a critical
component in the operation of the TCR, and they also
elucidate  the  physical  mechanism  by  which  catch
bonds form. Computational methods developed in this
study [2] are applicable to the analysis of other multi-
domain  immune  receptors,  including  pre-T-cell
receptors [4] and antibodies [5].
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Introduction 

Human sweet taste receptor is a TAS1R2 and TAS1R3 

heterodimer belonging to the C family of GPCR. Each 

monomer comprises different structural domains, 

including the transmembrane domain (TMD), a 

cysteine-rich domain (CRD) and a large extracellular N-

terminus (VFTM). This receptor responds to many 

compounds, e.g. natural sugars, that dock into the 

orthosteric site in the VFTM. Despite its crucial role in 

sweet taste prediction, the molecular activation 

mechanism is still unclear. The most accredited 

hypothesis for class C GPCR is that after ligand binding 

into the VFTM the receptor undergoes through a series 

of conformational changes evolving from the resting 

state, where the VFTM domains are both in the open 

configuration, to the active conformation, where at least 

one VFTM is in the closed conformation [1]. The 

transition in the VFTM module propagates up to the 

transmembrane module, that activates the coupled G 

protein on the intracellular side [2]. Molecular 

modelling, thanks to a detailed atomistic resolution, 

provides tools to characterize the physical and 

mechanical properties of proteins, and their variations 

arising after ligand binding. In this work, molecular 

dynamics (MD) simulations on human sweet receptor 

underline the sucrose-induced effects on the protein 

conformational properties. The final aim is to shed light 

on the molecular mechanism of action of sugars 

affecting the sweet receptor structure-function 

relationship, that drives taste perception.    

Methods 

The 3D atomic structure of the human sweet taste 

receptor was built by homology modelling starting from 

a similar class C GPCR, namely the metabotropic 

glutamate receptor 5 (PDB: 6N51). MD simulations of 

sucrose-protein complexes and ligand-free receptors 

were carried out using GROMACS 2020 for at least 300 

ns to underline the conformational effects induced by 

the ligand binding. Structural changes of the sweet 

receptor were evaluated by computing properties strictly 

linked to the receptor function, such as the hinge angle 

in the VFTMs, a measure of the closed/open state, and 

the distances between the TM domains (Figure 1). 

Dimensionality reduction techniques, such as principal 

component analysis (PCA), were also employed to 

pinpoint major structural rearrangements and global 

correlations linked to protein function. 

Results 

The presence of sucrose docked into the orthosteric 

binding site of the VFTM remarkably affects the 

conformational behaviour of the receptor. More in 

detail, the presence of the ligand alters the variation of 

the VFTM hinge angle (ϑ) and thereby the TM distance 

(d) (Figure 1). Data reduction techniques highlight the 

strict mechanical connection between the different 

domains composing the sweet receptor: the link 

constituted by the CRD allows the transmission of the 

conformational changes in the VFTM  up to the TM 

domain, thus linking the compound recognition in the 

extracellular domain to the structural rearrangements of 

the TMs. 

 

Figure 1: Molecular representation of the human sweet 

receptor with the reference to the computed VFTM 

hinge angle (ϑ) and TM distance (d). 

Discussion 

The detailed atomistic description of the MD simulation 

sheds light on the molecular mechanism that drives the 

activation of the human sweet taste receptor. The 

reported process is in line with the proposed activation 

mechanisms for other class C GPCRs [3]. These results 

increase the overall understanding of the complex and 

multiscale sweet taste perception process and pave the 

way for further studies aimed at design novel, food-

based, enriched compounds to replace natural sugars 

with non-caloric sweeteners with a great impact on the 

human health status.   
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Introduction 

Cells actively control their mechanical properties and 

respond to the compliance and biochemistry of their 

surrounding matrices [1]. Due to the complex build-up 

of cells, different viscoelastic models have been used to 

describe such properties (2). Interestingly, weak power 

law rheological models (PLR) can reflect both the 

frequency- and time-dependent behavior of cells [3-6]. 

We employed Atomic Force Microscopy (AFM) to 

study the mechanical properties of HUVECs and breast 

adenocarcinoma cells and then modelled the F-d and F-

t curves using diverse PLR models. 

 

Methods 

HUVECs (Human Umbilical Vein Endothelial Cells) 

and MCF-7 cells were grown on glass substrates and 

measured using AFM in force spectroscopy mode with 

cantilevers with pyramidal and spherical tips. To capture 

the frequency dependent apparent Young’s Modulus, 

cells were indented at different loading rates. In 

addition, micro-oscillations at various frequencies were 

performed. Finally, to study time-dependent properties, 

stress relaxation and creep measurements were done. 

Indentation curves were fitted using a modified elastic 

Hertz model, while a PLR models were used to fit the 

other measurement sets. 

Results & Discussion 

The apparent Young’s Modulus when using both 

pyramidal tips as well as spherical particles for cell 

indentation follow weak power laws, as can be seen in 

Figure 1 and 2. 

Figure 1: Loading rate dependence of the E-modulus of 

HUVECs using pyramidal tips and two different 

indentation depths for calculation. 

Figure 2: Loading rate dependence of the apparent E 

(Pa) for a particle at various maximum forces. 

 

Micro-oscillations were used to determine the complex 

shear modulus which follows a weak power law. 

Finally, we were able to fit both SR and creep curves 

using simple PLR models. Figure 3 shows an example 

of a SR curve fitting. 

 
Figure 3: PLR of SR curve. 
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Introduction 

Resilin is a natural elastomeric protein found in the 

exoskeleton of insects. This protein has interesting 

properties like high resilience and noteworthy energy 

storage. Indeed, it is commonly studied for potential use 

in tissue engineering and other fields, e.g., drug 

delivery.1,2 Resilin derivatives such as resilin-like 

oligopeptides, are also used for similar purposes. We 

focused on the study of a short characteristic repeat 

sequence of Resilin (7 amino acids, SDSYGAP), with 

the aim of expressing similar elastomeric properties of 

the entire protein in a small oligopeptide. The need to 

use this reductionist approach3 is that the 

macromolecule is particularly complex and difficult to 

produce on a large scale with inevitable negative 

feedback from the economic and applicability point of 

view. Among the possible peptide chemical mutations, 

it is well known that halogenation enhances the 

intermolecular interactions, promoting self-assembly of 

peptide systems.4-7 In fact, halogenation is a minimal 

structural modification that introduces a great diversity 

in the supramolecular behaviour of the peptide 

sequence.7,8. 
 

Methods  

We explore the halogenation as a strategy with the aim 

of improving the self-assembly properties of the 

SDSYGAP sequence. For the experimental activity and 

the characterization of the compound, several 

techniques were used including rheology, Differential 

Scanning Calorimetry (DSC) to understand the thermal 

behaviour, Scanning Electron Microscopy (SEM) and 

Polarized Optical Microscope (POM) for the 

morphological characterization of the peptide samples. 

In parallel molecular dynamics simulations of clusters 

of non-modified and halogenated peptide were 

conducted to verify the stability and molecular 

behaviour of peptides aggregates. 

 

Results  
In this work we have shown that the engineering of the 

tyrosine residue with bromine atoms promotes the 

formation of resilient fibril-like aggregates (Figure 1c, 

1d). The same behaviour, however, is not visible in its 

natural counterpart, which is the non-halogenated 

sequence. Interesting rheological properties were also 

revealed. In particular, the elastic properties identified 

are dependent on the temperature and the level of strain 

applied. The molecular dynamics simulations confirm 

that the contribution of halogen bonds, due to the 

presence of bromine atoms, promote the fibrillar 

aggregation providing greater stability to peptide 

aggregates (Figure 1a,1b). 

 

 
 

Figure 1: (a) WT peptides forms disordered aggregates; 

(b) Halogenated peptides forms ordered fibrils; (c) 

POM image of brominated Resilin; (d) SEM image of 

the same sample.  

 

Discussion  

In this contribution we want to show how halogenation, 

specifically bromination, has given a mini sequence of 

Resilin (of only 7 amino acids) exclusive properties. The 

elastic behaviour we have measured is a unique feature 

of the halogen sequence as it is totally absent in the 

natural form of the same mini sequence. Therefore, 

bromination reintroduces that elastic property which is 

characteristic of the complete Resilin sequence (> 600 

amino acids). Furthermore, we were able to identify a 

certain self-healing behaviour of the brominated 

material.  
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Introduction 

Taste perception is a prime example of complex signal 

transduction at the subcellular level. The investigation 

thereof at the nanoscale is empowered by 

Computational Molecular Modelling, herein employed 

to investigate bitter human taste receptors, which protect 

against the ingestion of toxins. Bitter perception 

involves TAS2Rs receptors, A-family GPCRs 

composed of an extracellular N-terminus, an 

intracellular C-terminus, 7 transmembrane (TM) α-

helices, 3 Extracellular (ECLs) and 3 Intracellular Loops 

(ICLs). TMs and ECLs form the binding site. This work 

investigates the 25 human bitter taste receptors by using 

computational methods to underline structural and 

mechanical differences, as well as functional motions 

distinguishing promiscuous and selective receptors.   

Methods 

The 3D structures of the 25 human bitter receptors were 

downloaded in PDB format from the BitterDB [1]. 

Protein-membrane complexes were built with 

CHARMM-GUI. GROMACS was used to run 

Molecular Dynamics (MD) simulations. Principal 

Component Analysis (PCA) was carried out on the MD 

trajectories to analyze simulation data and distinguish 

the receptors’ main motions. To underline collective 

atomic motions related to a specific function, Functional 

Mode Analysis (FMA) was used. The binding pocket 

volume was analyzed to evaluate promiscuous and 

selective receptors’ opening, with the fpocket tool. 

Results 

To distinguish the 25 receptors as promiscuous (PRO) 

vs. selective (SEL), different analyses were performed, 

choosing only 6 of them (TAS2R14, TAS2R10 and 

TAS2R46 for the promiscuous receptors and TAS2R3, 

TAS2R5 and TAS2R9 for the selective ones). The 

analyses were focused on the secondary structure, the 

identity between receptors, and the residue types: none 

of those underlined a substantial difference between the 

two groups. We found the binding pocket volume to be 

bigger on average for PRO receptors, as shown in Figure 

1. FMA analysis highlighted a relationship between the 

ICL3 - C-terminus distance and receptor selectivity: this 

is in line with previous work highlighting the role of 

ICL3 in TAS2Rs activation [2]. Ensemble-weighted 

Maximally Correlated Motions (ewMCMs) were 

analyzed in every receptor, and the SEL receptors were 

found to have a different behaviour in the ECL2, in the 

form of greater ewMCM RMSF values with respect to 

PRO ones. The ECL2, located in the extracellular site 

and near the binding pocket, has a crucial role in the 

ligand-binding in GPCRs due to its position [3]. RMSF 

values computed from classical MD simulations 

confirmed these results. 

 

Figure 1: Box-plot of binding pocket volumes of the six 

receptors. The first three on the left side are the volumes 

of promiscuous receptors while the others are the 

volumes of the selective ones. 

Discussion 

The analyses of the PRO vs. SEL bitter taste receptors 

were aimed at functionally linking the intracellular 

domain, where the G-protein binds to the receptor, to the 

extracellular domain, where ligand-binding occurs. 

Binding pocket volume was found to be a differentiating 

factor between PRO and SEL receptors. PCA showed 

the importance of ICL3 and C-terminus fluctuations, the 

former having previously been found to be fundamental 

in the activation of the TAS2R receptors [2]. Hence, 

ICL3 – C-terminus distance was chosen as the function 

for FMA: ewMCMs were analyzed to investigate the 

fluctuation related to this function. The main difference 

between PRO and SEL receptors appears in the residue 

fluctuation in ECL2, higher in the selective ones. Such 

higher fluctuations in ECL2 in SEL receptors may 

partially explain the receptor selectivity. Also, the 

analysis of the loop’s RMSF confirms this hypothesis. 

Such structure-function relationship findings represent 

an important starting point for future analyses, focused 

on the receptors’ capacity to bind ligands in a 

promiscuous vs. selective fashion. 
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Introduction 
There is a clinical need for small-diameter vascular 

replacements, and in situ vascular tissue engineering has 
the potential to overcome this shortcoming. Despite the 
advances in strategies over the years, the processes 
leading to functional remodeling and native-like 
organization in engineered vascular tissues are not well 
characterized. Understanding these processes is crucial 
to steer and control the remodeling and to obtain 
successful outcomes upon implantation.  

Mechanical cues and cell-cell signaling are 
important mediators of vascular growth and remodeling. 
Vascular smooth muscle cells (VSMCs) obtain 
interchangeable synthetic and contractile phenotypes 
depending on the growth and remodeling state of the 
vessel, and this plasticity is controlled by mechanical 
cues and Notch signaling [1,2]. Our computational 
model has recently predicted that the 
mechanosensitivity of Notch signaling can regulate the 
phenotypic switch in VSMCs [3]. Still, these predictions 
need an in vitro confirmation and the combined effects 
of strain and Notch signaling on VSMC phenotype 
should be investigated to understand their complex 
interactions in the context of vascular remodeling.  
 
Methods 
Human coronary artery smooth muscle cells were either 
grown to obtain synthetic VSMCs or differentiated via 
medium supplements to obtain contractile VSMCs. 
After growth and differentiation, the cells were either 
treated with the Notch inhibitor DAPT, or with the 
vehicle DMSO at a similar concentration as a control. 
Moreover, cells were equibiaxially stretched with the 
Flexcell Tension System at 1 Hz for 48 hours. The 
displacement was tracked with a camera and quantified 
to calculate the corresponding strain via digital image 
correlation. Immunofluorescence (IF) imaging and 
quantitative polymerase chain reaction (qPCR) were 
performed to characterize the changes in contractility 
markers (e.g. α-smooth muscle actin (αSMA)) and 
Notch signaling (e.g. Jagged1) upon stretch and Notch 
inhibition. 
 
Results 
Synthetic and contractile VSMCs showed differences in 
their gene expression and IF staining. Contractile cells 
obtained αSMA stress fibers (Figure 1A) and expressed 

significantly more αSMA compared to synthetic 
VSMCs (Figure 1B). When Notch signaling was 
activated, the synthetic cells increased their Jagged1 
expression and showed a contractile-like phenotype. 
The inhibition of Notch signaling resulted in a decrease 
in αSMA and Jagged1 expression in contractile VSMCs 
while it hardly affected synthetic VSMCs. Upon stretch, 
contractile VSMCs lost their αSMA stress fibers (Figure 
1A) and significantly decreased their Jagged1 and 
αSMA expression to the level of synthetic VSMCs 
(Figure1B).  

 
 

 
 
 
 
 
 
 
 
 

Figure 1: The representative IF images of αSMA (A) and 
gene expression (B) in static and stretched synthetic and 
contractile VSMCs. (green: αSMA, blue: DAPI. Scale 
bar: 100 um)(**p<0.01, n=5). 
 
Discussions 
The current study suggests that the interaction between 
Notch signaling and strain has a key role in regulating 
the VSMC phenotype. Notch signaling is necessary for 
the maintenance of the contractile phenotype, and the 
reduced Notch activity in stretched contractile VSMCs 
might be responsible for the transition of contractile 
phenotype towards a more synthetic phenotype.  
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Introduction 

Most, if not all, organs are dependent on the formation 

of a functional blood circulatory network for 

development, growth and regeneration. The 

mechanisms that control the ingrowth of vessels during 

angiogenesis have attracted much attention given its 

importance in the pathogenesis of various disease 

conditions such as ischemia, cancer and diabetes [1].  

 

Cell invasion through a 3-dimensional (3-D) matrix 

strongly depends on a cell’s ability to generate 

mechanical forces, which in turn, depend on the matrix 

properties (such as pore size and fiber stiffness) as well 

as cell properties (such as cell size and stiffness).  

 

Previous in vitro studies have demonstrated that 

angiogenesis is strongly affected by ECM stiffness, and 

depending on the hydrogel used, angiogenesis was 

found to increase with increasing hydrogel stiffness or 

to peak at intermediate stiffness [2]. However, the force 

fields during angiogenesis for different ECM matrix 

stiffness values has thus far not been quantified. 

 

Methods 

We adapted an existing model of endothelial invasion 

[3] into collagen type I hydrogels for Traction Force 

Microscopy (TFM) procedures. By performing second 

harmonic generation (SHG) time-lapse imaging of both 

invasive endothelial sprouts and collagen fibers, we 

measured 3D collagen deformation fields (see Fig. 1, 

left) for three different concentrations of reconstituted 

collagen gels (2.4, 1.2 and 0.6 mg/ml), which are used 

to infer cellular tractions during sprouting angiogenesis. 

To compute these tractions, the mechanical 

characterization of the collagen gels has been performed 

by means of shear rheology and extensional rheology 

experiments. 

 

Results 

By examining collagen deformations (see Fig. 1, right) 

we have observed how endothelial cells mechanically 

interact with the collagen network mainly at the sprout 

tip and base region [4]. Protrusions at the sprout tip were 

mostly applying pulling and not pushing forces, 

suggesting a prominent role of tip cell pulling for sprout 

elongation. 

When comparing the different collagen stiffness values, 

we have observed that sprouts formed within the softest 

collagen gels (0.6 mg/ml) are able to exert the same 

amount of deformations in the gels than those formed in 

the stiffest gels (2.4 mg/ml), implying that the cells 

generated considerably larger tractions in the denser and 

stiffer gels. 
 

 
 

Figure 1: Displacement field (left) generated by a 

HUVEC-based sprout invading a 1.2 mg/ml collagen gel 

and differences in tractions (right) for the different 

collagen concentrations. 

 

Discussion 

Previous studies have shown how individual cells -when 

invading the surrounding ECM- are able to compensate 

for the steric hindrance, imposed by different matrix 

stiffness, by using cellular forces in a more efficient way 

[5]. By observing the process of endothelial sprout 

formation in differently dense and stiff hydrogels in 

combination with 3D TFM techniques, we are now able 

to investigate in detail how multicellular cell systems 

and their tip cells exert forces to invade the surrounding 

ECM. 
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Introduction 
Smart biomaterials are increasingly being used to 
control stem cell fate in vitro by the recapitulation 
of the native niche microenvironment. The 
environment produced by these biomaterials 
transmits forces through the cell cytoskeleton, 
activating the mechanotrasduction pathway, 
guiding the cell fate. We developed an innovative 
microstructured 3D culture scaffold named 
“nichoid” that provides a geometric constraint to 
adhering cells, inducing nuclear deformation and 
modulating the nuclear import of fluorescent 
transcription factor Myod-GFP and the inert 
fluorescent protein GFP in mesenchymal stem 
cells (MSC). 
Methods 
3D microstructure scaffolds were produced by two 
photon polymerization technique [1]. 104 rats bone 
marrow MSC were seeded in the nichoid and on 
glass coverslip as 2D flat control. Cells were 
processed for immunofluorescence analysis to 
characterize focal adhesion localization, actin 
cytoskeleton organization and the nuclear 
deformation. To calculate the global influx of 
transcription factors into the cell nucleus, the 
MyoD-GFP fluorescent transcription factor and the 
inert GFP protein were transiently transfected to 
perform fluorescent recovery after photobleaching 
(FRAP) assay. A finite element computational 
model integrating the experimental results was 
performed to describe the nuclear permeability as 
function of the nuclear geometry. 
Results 
By integrating experimental measurements with 
numerical models, we show that in mesenchymal 
stem cells grown inside a 3D synthetic niche both 
facilitated nuclear transport of the myogenic 
differentiation factor and the passive nuclear 
diffusion of a smaller inert protein are reduced. We 
also demonstrate that cell morphology modulates 
nuclear import through a partition of the nuclear 
envelope surface exposed to flows, which 
becomes a thin but extremely permeable annular 
portion in cells cultured on 2D glass substrates, in 
which the MSC nucleus has a morphology similar 
to a thin, stretched disk. 

 
Figure 1: a Representative scheme of the nuclear 
surface (in blue) exposed for protein transport in MSCs 
grown into the Control (top) and the Nichoid (bottom). 
b Summary of the nuclear semiaxes length calculated by 
fitting the nuclear shape with an ellipsoid. c Mean fluxes 
(passive and facilitated), calculated by computational 
modelling, within the first 22 seconds after 
photobleaching for cells in Nichoid and on Control. 
Discussion and Conclusion 
Our results demonstrate that external forces acting 
on cell nuclei change the permeability of the 
nuclear envelope both in the case of facilitated 
transport and passive diffusion. 
Our results support the new emerging hypothesis 
that in stem cell differentiation, the nuclear import 
of gene-regulating transcription factors is 
controlled by a strain-dependent nuclear envelope 
permeability. The outcomes represent a 
breakthrough in biomimetic approaches to 
engineering cell fate. 
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Introduction
The study of soft-body motion in shear and Poiseuille
flows is of particular interest when studying blood flow
in narrow microvessels (diameter below 100 microns).
At  this  scale,  the  layer  of  glycocalyx  covering  the
vessel wall plays a crucial role to explain the Fåharæus
effect.  The  glycocalyx  is  a  highly-hydrated  fibrous
meshwork of  carbohydrates  located  at  the surface  of
endothelial cells and therefore is the outermost part of
the endothelium. Its malfunction is related to several
diseases  such as atherosclerosis,  stroke, hypertension,
kidney disease, sepsis and cancer.

Methods
Our work studies the mechanical role of this soft and
thin  layer  in  cell-scale  blood  flow by  means  of  the
divergence-conforming  immersed  boundary  (DCIB)
formulation  proposed  in  [1,2].  The  DCIB  method
follows  up  on  previous  works  [3-5]  where
discretizations of the mathematical model proposed by
the IB method based on non-uniform rational B-splines
(NURBS) and T-splines were developed. In the DCIB
method,  the  Eulerian  velocity-pressure  pair  is
discretized  using  divergence-conforming  B-splines,
which  leads  to  inf-sup  stable,  H1-conforming,  and
pointwise  divergence-free  Eulerian  solutions.  The
Lagrangian displacement is discretized using NURBS,
which  enables  to  robustly  handle  large  mesh
distortions.  By  combining  the  generalized-α  method
and  a  block-iterative  solution  strategy,  the  DCIB
method results in a fully-implicit discretization, which
is key to impose accurately the no-penetration and no-
slip conditions at the fluid-solid interface.

Results
Our results focus on the study of the lift  velocity of
vesicles of different  shapes in various shear flows in
the presence of both a rigid wall and a flexible wall. It
is well known that objects drift away from rigid walls
under shear flow either if they are asymmetric or there
are  strong  inertial  forces  involved.  This  subject  has
been studied both experimentally [6] and analytically
[7]  using  the  Stokes  equations  for  a  rigid  wall.  We
observe the relevance of an elastohydrodynamic lift for
deformable  objects  due  to  the  presence  of  an elastic
substrate.  Since  we  solve  the  full  Navier-Stokes
equations, we also observe the presence of an inertial
lift even at low Reynolds numbers.

Discussion
The  mechanical  effect  of  a  soft,  deformable  coating
such as the glycocalyx or even the vessel wall itself is
usually neglected in both in vitro and in silico setups.
Our results show the presence of forces that are likely
to have a significant influence on the behaviour of red
blood cells and other bodies in blood circulation and
are  in  line with previously reported  experiments  [8].
Therefore,  the  present  contribution  underlines  the
important,  yet  often overlooked, mechanical  role that
soft  walls  are  likely  to  play  in  regulating  cell/wall
interactions in blood flow.
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Introduction 

Quantification of mechanical stimuli applied to 

osteocytes is important to understand the osteocyte 

mechanosensing, which is highly responsible for bone 

remodeling [1]. The osteocyte is subjected to different 

levels of mechanical stimuli involving interstitial fluid 

flow depending on the ultrastructure of osteocyte 

processes and the surrounding canalicular wall [2,3]. 

However, it is not clear how their irregular shape affects 

mechanical stimuli to the osteocyte process. In order to 

clarify this, we developed a three-dimensional (3D) 

image-based model of an osteocyte process with a 

canaliculus, and then evaluated strain distribution by 

fluid-structure interaction analysis. 

 

Methods 

We constructed the 3D model of an osteocyte process in 

the canaliculus based on ultra-high voltage electron 

microscopes tomography images [2]. We modelled the 

osteocyte process as an object covered by thin elastic 

membrane. We arranged tethering elements (TEs) [3], 

modelled as linear springs connecting the cell 

membrane to the canalicular wall. Then we evaluated 

the cell membrane deformation in response to interstitial 

fluid flow based on fluid-structure interaction analysis. 

 

Results 

Figure 1 shows the results of fluid-structure interaction 

analysis for bidirectional flow. In forward flow (from 

left to right), the flow velocity in the canal (Fig. 1a) and 

strain concentration regions on the osteocyte process 

(Fig. 2b) were irregularly distributed. The strain 

concentration was produced by highly tensioned TEs 

(Fig. 2b). 

 

 
 

Figure 1: Results of fluid-structure interaction analysis 

using the image-based model of an osteocyte process 

and a canaliculus. (a) Distribution of flow velocity of 

interstitial fluid from left to right direction. (b) 

Distribution of maximum principal strain on the 

osteocyte process and tension of the TEs. 

 

 
Figure 2: TEs connecting the osteocyte process and the 

canalicular wall (a) in the initial condition, (b) in the 

forward flow and (c) in the reverse flow. 

 

The highly tensioned TEs that produced strain 

concentration on the osteocyte process in the forward 

flow were initially aligned ones against the forward flow 

as pointed by arrow head in Fig. 2a. Therefore, the TEs 

producing large strain in the forward flow (Fig. 2b) did 

not produce strain concentration in the reverse flow (Fig. 

2c). The results altogether imply that inclined TEs 

produces strain concentration according to the flow 

direction. 

 

Discussion 

Our analysis using the high-resolution image-based 

model revealed that the initially inclined TEs produce 

strain concentration on the osteocyte process. In this 

model, one side of TE was placed randomly on the 

osteocyte process while the other side was connected to 

canalicular wall at the nearest point from the process 

side. Therefore, the inclination of the TEs were caused 

by irregular shape of canalicular wall as shown in Fig. 

2a. It might imply that the same phenomenon also 

happens in vivo. Therefore, the results suggest that the 

irregular shape of canaliculi is crucial to produce large 

strain required for osteocyte mechanosensing. To fully 

understand the detailed mechanism, high-resolution 

images of TEs placements are required for further study. 
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Introduction 

Mechanically induced disruption of cartilage 

homeostasis, due to e.g. presence of defects, contributes 

to progressive tissue degeneration and loss of joint 

function [1]. The mechanical degeneration plays an 

important role in onset and progression of osteoarthritis 

(OA), a prevalent disease among elderly, but also 

younger patients due to an injury in cartilage (e.g. due to 

overweight or sport activities) [2]. Despite extensive 

studies, so far yet, the interaction between mechanical 

loading and cartilage constitutional changes in 

mechanically induced OA are not fully understood. This 

paper aims at studying the onset and progression of 

degeneration in presence of focal cartilage defects using 

a novel integrated in silico model. 
 

Methods 

Finite element (FE) models of four cartilage explants 

(cylinders of 1.5 mm height and radius) were created 

within Abaqus: intact explant and explants including a 

through lesion of 20 μm width and 100, 380 and 750 μm 

depths mimicking the ICRS defect grades 1, 2 and 3, 

respectively [3]. A fibril reinforced poroviscoelastic 

swelling material model was used as the constitutive law 

to model the cartilage explants with the depth dependent 

properties given in [4]. The explants were subjected to 

unconfined compression by applying a 2 MPa 

compressive pressure in 0.1 sec on the top surface of 

cylinders simulating the normal gait loading [4, 5].  

For the first time, the Cartilage Adaptive REorienetation 

Degeneration (CARED) model was introduced to 

predict the interaction between collagen fibril 

disorganization and degradation and proteoglycan (PG) 

depletion. The CARED model was used to run the FE 

simulations within an iterative process. Using the FE 

model results, fibrils were reoriented towards a 

preferred direction between the principal strains 

directions [5]. Fibrils and PG contents were degraded 

when the strain in fibrils direction exceeded 10% [6] and 

maximum shear strain exceeded 30% [4], respectively. 

In the CARED model, fixed charge density (FCD) loss 

and increase in tissue hydration were for the first time 

linearly related to the decrease in PG content. The model 

was run for 50 iterations after which the model reached 

an equilibrium. 
 

Results 

The variations in contents of intact explant  under 

loading representative of normal gait was minimal, in 

line with our expectations. Fig 1 shows the degenerative 

changes in constituents of the cartilage explants with the 

three ICRS defect grades predicted by the CARED 

model. The grade 2 model presented the maximum fibril 

reorientation but minimum fibril degradation, indicative 

of the protective effect of fibril reorientation in cartilage 

defects. The strain magnitude was pronounced around 

the cracks, especially at the edges. Especially in the 

grade 1 model,  where the tip of the crack was placed in 

the superficial zone with minimum fibril density, this 

contributed to the higher fibril degradation. The larger 

deformation due to crack opening in the grade 3 model 

caused higher PG depletion and consequently FCD loss 

and increase in hydration to occur in the superficial zone 

and around the crack of this model, which is in 

agreement with other computational and experimental 

observations [4]. Altogether, the CARED model 

provides an insight into the complex interactions that 

drive cartilage degeneration following cartilage injury. 
 

 
Figure 1: The degenerative variations in constituents of 

the cartilage explants with the three ICRS defect grades 

predicted by the CARED model. 
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Introduction 

Cartilage engineering approaches are being developed 

for evaluating the repair of articular cartilage lesions 

following injuries but few of them have reached the 

clinics. One limitation of current approaches is the lack 

of mechanical stimulus, which is one main factor 

regulating tissue homeostasis. With the objective to 

better understand the impact of mechanical forces on 

cartilage generation from mesenchymal stromal/stem 

cells (MSCs) and extracellular matrix production, we 

relied on the use of cartilage micropellets. The cartilage 

micropellet is a relevant and widely used in vitro model 

to study cartilage growth, independently on the presence 

of an existing matrix [1]. This model is poorly 

investigated in terms of biomechanical stimulation and 

characterization because of its small size and imperfect 

round shape. Thus, the objective of the study was to use 

a new fluidic custom-made device to stimulate and 

characterize mechanically MSCs-derived cartilage 

micropellets. 

 

Methods 

Microspheres made of distinct biomaterials with similar 

size than micropellets were prepared. Alginate 

microspheres were made with a solution of 3 % sodium 

alginate extruded into 0,1 M CaCl2. Collagen 

microspheres were prepared with type I collagen in 

hydrofluoroether. Human bone marrow-derived MSCs 

were differentiated into chondrocytes by culture in 

micropellets with 10 ng/mL TGFβ3-containing 

inductive medium for 21 days. The fluidic-based device 

was designed for the concomitant culture of six 

microspheres placed into the conical wells of a chamber 

where they were stimulated by a positive pressure 

(sinusoidal, square or constant). The sinking of each 

micropellet into the cone was recorded by a camera. The 

Young’s modulus and Poisson ratio were determined 

after a multi-creep test using a finite element model 

employing a neo-Hookean hyperelastic law (LMGC90). 

On day 21, groups of six micropellets were stimulated 

with different square signals of positive pressure. 24 

hours after stimulation, micropellets were harvested for 

chondrocyte marker quantification by RT-qPCR 

(SOX9, AGG and COL2B) and histology. Mechanical 

properties of micropellets were determined. 

 

Results 

Alginate- and collagen-based microspheres were first 

used to validate the reliability of the device for 

mechanical stimulation. Repeatability and 

reproducibility of pressure signals were demonstrated. 

The mechanical properties of microspheres were 

equivalent to those quantified by a conventional 

compression test and shown to be reproducible. We then 

used different parameters (amplitude, frequency, 

duration) of a square pressure signal to stimulate 

cartilage micropellets at day 21 and evaluate the 

expression of chondrocyte markers after 24h. A 

stimulation with an amplitude of 3.5 kPa superimposed 

to a minimum pressure of 1.75 kPa, at 1 Hz for 30 min 

increased the expression of SOX9, AGG and COL2B. 

The analysis using a finite element model indicated 

moderate deformation of micropellets with 

compression, tension and shear that did not alter 

micropellet structure as shown by histological staining. 

The mechanical properties of micropellets were 

measurable and a Young’s modulus of 47.6 ± 26.2 kPa 

and Poisson ratio of 0.46 ± 0.02 were calculated.  

 

Discussion 

The interest of this new device lies in the reliability to 

mechanically stimulate and characterize microspheres 

with diameters in the range of 600 to 1500 µm and 

Young’s moduli in the range of 1.5 to 90 kPa. Of 

importance in the case of cartilage micropellets, 

mechanical stimulation can be performed on six 

microspheres in parallel allowing both molecular and 

mechanical characterization on the same group of 

samples. In the future, the device will be useful to 

evaluate the growth of cartilage micropellets under 

mechanical stimuli in a longitudinal study. 
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Introduction 
Despite tissue intrinsic viscoelasticity, only recently 
mechanobiology studies started investigating cell 
response in the light of time dependent substrate 
properties. However, these studies are usually based on 
hydrogels where both viscous and elastic properties are 
altered at the same time [1-2].  
For this reason, we engineered hydrogels with a constant 
equilibrium elastic modulus and different characteristic 
relaxation times that can be modulated varying the 
liquid phase viscosity without modifying the 
crosslinking of the solid network [2]. 
Here, we optimised agarose gel properties for the culture 
of adipose-derived mesenchymal stem cells (ADSCs) in 
order to understand if they are able to sense and respond 
to substrates with different viscous properties. 
  
Methods 
0.5% w/v agarose gel were fabricated using aqueous 
solutions with increasing dextran concentrations (0, 3, 4 
% w/v), and hence viscosities. Mechanical properties 
were investigated using the epsilon-dot method [3].  
aMSCs (50.000 cells/cm2) were cultured for 21 days on 
the gels with 0 (high τ) and 4% (low τ) w/v dextran 
coated with 5% w/v gelatin and in 96-well multiwell 
plates (τ → ∞) as controls. The experimental setup is 
schematized in Figure 1D. The Alamar blue assay was 
performed at different time points and cell viability was 
normalised for the cell number obtained via image 
analysis. In order to optimise culture times for cell 
differentiation, at day 7 and 21, controls cells were fixed 
with 4 % paraformaldehyde and permeabilized with 
0.01% w/v Triton-X. Samples were thus incubated 
overnight with Yes-associated protein (YAP) and CD45 
(negative marker for cell stemness) primary antibodies 
and, then, for 2h with the respective secondary antibody. 
Finally, nuclei were stained with DAPI and actin with 
rhodamine-conjugated phalloidin (ThermoFisher, 
USA). Images were acquired with a confocal 
microscope (Nikon A1, Japan).  
All reagents were purchased from Sigma-Aldrich 
(Milano, Italy), unless differently specified. 

 
Results 
Results showed a significant decrease of the 
instantaneous elastic moduli (Einst) and of the 
relaxation time (τ), while the equilibrium elastic 
modulus (Eeq) did not vary significantly (Figure 1A-B). 
Moreover, Eeq resulted in the optimal range to mimic 
the mechanical properties of the stem cell niche (≅ 3 kPa 
[2]). In all culture conditions, cells showed an increasing 
viability with increasing culture time (Figure 1C). 
Finally, in Figure 1E-G, it is possible to observe that, in 

the controls, cells started to differentiate at 21 days as 
shown by YAP migration in the nucleus and CD45 
expression in the nuclear membrane. 
 

 
Figure 1: A) Einst, Eeq and B) τ of agarose samples as a function of 
different dextran concentrations. (* = p<0.05, 1-way ANOVA); C) 
Viability normalised for cell number with respect to day 0 control 
(different letters indicate significantly different values); D) schematic 
illustration of the experimental setup; control samples imaging at day 
7 (B) and 21 (C).  

 
Discussion 
Hydrogels with tunable viscoelastic properties were 
adapted for the culture of ADSCs, thus allowing to study 
cell response to substate with different τ. In particular, 
culture times were optimised observing cell 
differentiation in the controls after 21 days. 
Further experiments ore ongoing to better analyse cell 
differentiation in all the substates by means of tissue 
specific stainings, morphological and gene expression 
analysis. After the investigation of cell ‘visco-
transduction’, further studies will be performed to 
understand if cell behaviour is influenced from past 
viscous stimuli. The final goal is the definition of 
optimal substrates to preserve their undifferentiated 
status in culture, in order to develop more 
physiologically relevant in-vitro models to study cell 
responses to mechanical alterations of their 
environment. 
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Introduction 

Pressurized IntraPeritoneal Aerosol Chemotherapy 

(PIPAC) is an innovative drug delivery platform has 

developed to treat patients with peritoneal metastases 

using laparoscopy [1]. During PIPAC, a CO2 

pneumoperitoneum is established (12 mmHg) to inflate 

the abdomen, after which a high-pressure injector 

delivers the chemotherapy through a nebulizer into the 

peritoneal cavity. However, some key questions on the 

ideal technical setup remain unaddressed. 

Computational fluid dynamics (CFD) allows to study 

the effects of flow rates and aerosol droplet size on the 

homogeneity of aerosol distribution.  

Methods 

The peritoneal cavity was simplified and represented as 

a box, which was generated by COMSOL Multiphysics 

(COMSOL, Burlington, VT, USA). The geometry was 

subdivided in 4 regions to compare different zones 

(Figure 1a). The geometry of the box was meshed using 

98798 tetrahedral-volume elements. First, filling the box 

with CO2 gas was simulated until its pressure equaled 12 

mmHg (1600 Pa). The inflow boundary condition was 

set to a pressure of 12 mmHg and no-slip conditions for 

the walls. Then, nebulization was modeled with a liquid 

volume of 20 mL , flow rate (Q) of 0.5 mL/s, velocity of 

15.92 m/s, density of 1071.9 kg/m3, viscosity of 4.875 

mPa∙s, and aerosol droplet diameter (d_p) of 30 µm. A 

freeze condition was assumed at the walls which means 

droplets adhere to the walls once the distance between 

the center of the droplet and the wall is less than the 

droplet diameter. The trajectory calculations were based 

on the force balance on the droplet, using the Lagrangian 

approach. 

 

Results and Discussion 
Figure 1b shows the typical deposition of aerosol 

droplets in the model with parameters d_p=1 µm and 

Q=0.5 mL/s. Figures 2a and 2b show the comparison of 

the aerosol droplet deposition in 4 regions of the box, 

obtained from CFD for different sizes and flow rates, 

respectively. With increasing diameter of the aerosol 

droplets, most aerosol droplets move to the bottom of 

the box due to gravitational force. The homogeneity of 

the distribution of the smaller droplets was better than 

that of the larger droplets. For a constant droplet size, 

increasing the flow rate led to an increase in initial 

velocity, and a concomitant increase in inertial 

impaction. For low flow rates, more than 90% of the 

droplets deposited in the lowest region of the box, 

caused by a phenomenon referred to as sedimentation. 

When considering high flow rates, due to high inertial 

impaction, most droplets deposited immediately in 

Region 1. Homogeneity of the deposition of the droplets 

was better for flow rate values in the range of 0.314 to 

0.7 mL/s. The deposition rate at the top region of the box 

was zero.  

In conclusion, by investigating the trade-off between the 

droplet size and flow rate, or by considering additional 

forces, such as the electrostatic force, one can overcome 

the gravity force and inertial impaction to improve the 

aerosol droplet distribution in the cavity.  

  
(a) (b) 

Figure 1: (a) A 3D model of the box model with 

subdivisions, and (b) Aerosol droplets deposition for 

the case of d_p=1 µm and Q=0.5 mL/s.  
 
 

 

 
 

 

(a) 

 
 

 

 
 

 

(b) 

Figure 2: Comparison of aerosol deposition 

obtained from a CFD model in 4 regions of the box, 

shown for (a) different diameters (d_p), and (b) 

different flow rates (Q) 
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Introduction 
Impaired bone mechanoregulation is a core 
mechanobiology indicator of ageing and degenerative 
conditions such as osteoporosis, which can result in 
fracture, long-term disability and pain. Investigating the 
causes leading to an unbalanced bone (re)modelling can 
advance the development of more effective therapies. 
Existing tools to study mechanoregulation of time-
lapsed micro-computed tomography (micro-CT) images 
showed that the conditional probability (CP) of 
formation/resorption events is linked to higher/lower 
magnitudes of the strain energy density (SED) estimated 
with micro-finite element analysis (micro-FE) [1]. This 
analysis focused only on SED, and micro-FE was 
limited to homogeneous material properties. Assuming 
load-induced bone adaptation arises from mechanical 
deformation, the latter can be quantified using SED, 
SED gradient (SEDG), and effective strain (ES) [2]. 
Therefore, we expanded on the previous work by 
investigating the amount of mechanoregulation 
information recovered when considering homogeneous 
and heterogeneous material properties as well as the 
definitions of mechanical signals mentioned above, 
based on time-lapsed in vivo micro-CT data of mice. 
 
Methods 
A total of 160 in vivo micro-CT scans (vivaCT 40, 
10.5μm, 55kV, 145μA, 350ms) were collected from a 
previously published study [3] investigating the effects 
of cyclic and static loading frequency on the amount of 
bone volume change on the sixth caudal vertebra (CV6) 
of mice after four weeks of extra-physiological cyclic 
(3x/week, 2, 5 and 10Hz, F=8N), static (F=8N) and 
sham loading (control group, F=4N, force assigned 
based on [4]). Simulations were performed with 
homogeneous (Young's Modulus of 14.8GPa [5]) and 
heterogeneous (linear relationship between bone 
mineral density and Young's modulus in trabecular bone 
[6]) material properties, both with a Poisson's ratio of 
0.3. Micro-FE (ParOSol) was used to compute the SED 
values in the structure, from which all derived quantities 
were computed after linear scaling to match the in vivo 
force. The mechanoregulation analysis considered SED, 
SEDG, and ES for the local mechanical signal. SEDG 
was computed using the central difference scheme, and 
the norm was used as a proxy for the magnitude of fluid 
flow in each voxel. The conditional probabilities of a 
(re)modelling event to occur at each value of mechanical 
signal were calculated [1]. Mechanoregulation was 
quantified using Correct Classification Rates (CCR) [7]. 
Significance was assessed with Kruskal–Wallis test, 
followed by Dunn's test with Bonferroni correction. 

Results 
ES combined with homogeneous material properties 
achieved the highest CCR values for all groups across 
all time-points (Figure 1). Also, increasing loading 
frequency yielded higher CCR values, especially for 
homogeneous material properties. 

 
Figure 1: CCR values from the CP curves computed per 
group with homogeneous material properties (Control 
group not shown).*** p<0.001,** p<0.01,* p<0.05. 
 
Discussion 
Among the three mechanical signals, ES achieved the 
highest CCR values for both types of material 
properties, reinforcing previous results that favoured the 
use of this quantity in events of substantial bone 
mineralisation, like extra-physiological loading or 
fracture healing [7]. Heterogeneous (vs. homogeneous) 
material properties achieved lower CCR scores, 
suggesting the need for a more accurate conversion of 
grayscale bone mineral density to Young's Modulus, 
prior to the micro-FE. The maximum average change in 
CCR over four weeks was 16%, which could indicate 
that our ability to quantify the mechanoregulation is not 
accurate enough, emphasising the need to explore novel 
methods capable of incorporating additional 
mechanobiological information from the morphometry. 
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Introduction 

We developed a 3D in-vitro model for mesenchymal 

stem cells (MSCs) expansion and differentiation based 

on the Nichoid scaffold [1]. This engineered scaffold is 

characterized by precise architectural cues at the 

microscale thus emulating the tensional states of the 

native niche. It has been demonstrated that Nichoid 

culture allows stem cells to proliferate promoting their 

stemness maintenance. The hypothesis is that the 

Nichoid controls both the oxygen tension and the 

cellular shape thus affecting nuclear membrane 

permeability to transcription factors. In this work, 

fluorescence microscopy and multimodal label-free 

microscopy [2] were applied to investigate MSCs 

phenotypic expression inside and outside 3D Nichoids 

after exposure to differentiation factors. 

Methods 

Nichoid scaffolds were obtained via two-photon 

polymerization of SZ2080 photoresist (Fig. 1) [3]. 

MSCs at a density of 20,000 cells/cm2 were seeded on 

the Nichoids and 5,000 cells/cm2 on flat control 

substrates and cultured with complete, adipogenic and 

chondrogenic culture media for 21 days. To evaluate 

cell response to the 3D environment, cells were 

investigated with fluorescence and label-free multi-

photon microscopy at different time points. Image 

processing was performed using MATLAB and Fiji-

ImageJ. 

 
Figure 1: A: Nichoids single unit B: Schematic representation 

of Nichoid fabrication. 

Results 

MSCs adipogenesis was studied using label-free 

microscopy. Results showed lipid vesicle formation and 

their spatial distribution inside Nichoids (Fig.2). 

 
Figure 2: 3D rendering of a label-free image of lipid vesicles 

produced during MSCs adipogenesis inside the Nichoid. 

MSCs induced towards the chondrogenic phenotype 

behaved in the opposite way. Recent results obtained by 

fluorescence microscopy in 3D Nichoids and label-free 

microscopy showed smaller collagen type I production 

with respect to flat substrates (Fig.3).  

 
Figure 3: Confocal fluorescence images of MSCs in 

chondrogenesis at 21 days of differentiation: nuclei in blue, F-

actin in green and collagen I in magenta. A: flat substrate; B: 

3D Nichoid. 

Discussion 

Our results suggest that stress states induced by 

Nichoids promote adipogenesis while limit 

chondrogenesis in MSCs. This can be related to the 

stiffness of the material which may regulate stem cell 

fate [4]. Multimodal label-free microscopy allowed to 

identify chemical bonds such as lipids in 3D, by filtering 

out any other signal, without the use of fluorescent 

probes, representing a promising technique. 
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Introduction 

Frost’s mechanostat [1] predicts a direct link between 

the local loading environment (e.g. local strain) and the 

adaptive response of cortical bone.  However, many 

studies on bone adaption do not directly test this.  

Rather, most studies (e.g. [2]) investigate the 

relationship between total load (instead of local strain) 

and consider broad adaptive metrics (e.g. bone volume 

change, cortical area change).  Neither of these allow for 

direct interrogation of Frost’s mechanostat. 

 

In this study, we couple local strain predictions with an 

automated cortical thickness change measurement 

technique (i.e. a local adaption metric).  This novel 

approach allows us to directly interrogate the link 

between local strain and the adaptive response in the 

mouse tibia compression model.  We uncover new detail 

on bone’s adaptive response to load.  Further, by 

investigating parathyroid hormone (PTH) dosage, we 

uncover new insights into PTH’s effect on bone 

adaption. 

 

Materials and Methods 

This study used micro computed tomography (𝜇CT) 

data previously published by Sugiyama et al. [2].  In 

this, female virgin C57BL/6 mice were separated into 

four groups (n = 3-5 per group).  Between 13 – 19 weeks 

of age, each group was given intermittent PTH 

injections of vehicle, 20 𝜇g/kg/day, 40 𝜇g/kg/day or 80 

𝜇g/kg/day.  Between weeks 17 – 19, following PTH 

injection, the right tibia of each mouse was subjected to 

7 min of external loading (left limb acted as a 

contralateral control).  Loading occurred every second 

day and was strain matched to achieve approximately 

1200 𝜇𝜀 on the medial surface of the tibiae 37% along 

the shaft from the proximal end. On week 19 the mice 

were euthanised and were 𝜇CT scanned with a voxel 

resolution of 5 𝜇m. 

 

To assess the strain within the mouse tibia, a validated 

beam theory model was used.  Following, a hybrid 

thickness measurement technique was used to measure 

the cortical thickness change (cortical thickness 

difference between left and right tibiae).  For each voxel 

on the periosteum and endosteum, the strain and 

thickness change was extracted. 

 

Results & Discussion 

The periosteal adaptive response as a function of 

absolute strain and PTH dosage is shown in Figure 1.  

For the vehicle, a clear trend relationship is observed 

between the absolute strain and adaptive response.  For 

strains below 4000 𝜇𝜀, little adaptive response is 

observed, however for strains above 4000 𝜇𝜀 an 

approximately linear relationship between absolute 

strain and adaption.  The primary affect of PTH dosage 

is a reduction in the adaption threshold.  For 20 and 40 

𝜇g/kg/day PTH, the adaption threshold appears to 

reduce to approximately 700 𝜇𝜀.  For 80 𝜇g/kg/day, 

large sections of woven bone was observed, leading to 

errors in the thickness measurement. 

 
Figure 1:  Adaptive response of the periosteum as a 

function of absolute strain and PTH dosage.  The blue 

shaded area represents one standard deviation. 

 

Conclusion 

This study developed a direct link between the local 

strain within the mouse tibia and the adaptive response.  

By studying this link, new insights in bone’s adaptive 

response and the effect of PTH can be obtained.  It is 

anticipated that the methods and insights developed in 

this work, will aid in future treatment of bone 

degenerative diseases. 
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Introduction  
In the field of regenerative medicine, 3D scaffolds are 
deeply investigated for their ability to mimic the 
physiological microenvironment and to guide cell fate 
[1]. 3D substrates create an artificial environment that 
allows to control in vitro the proliferative and 
differential potential and to obtain a cellular response 
more representative of the in vivo behavior with respect 
to the 2D cell culture conditions. The Nichoid, a 3D 
scaffold inspired by the natural staminal niche, which its 
geometry allows stem cells to self-organize inside the 
pores adhering to the internal grid [2, 3]. Moreover, the 
Nichoid has shown ability to stimulate the expression of 
pluripotency genes and potentiate the therapeutic 
potential of neural precursor cells (NPCs) [2, 3]. In this 
work, we aim to investigate the effect of the 3D scaffold 
Nichoid on the NPCs whole gene expression profile 
through a whole transcriptomic approach, highlighting 
significant changes in the mechanotransduction. 
 
Methods 
Nichoids were fabricated by femtosecond laser two-
photon polymerization (2PP) onto circular glass 
coverslips using a hybrid organic-inorganic SZ2080 
photoresist. 104 NSCs were expanded inside the 
engineered niches and in control conditions for 7 days 
and then analysed through RNA-Seq. Observations 
were confirmed through Real Time PCR and 
immunofluorescence analysis. 
 
Results 
NPCs grown in standard floating conditions formed 
spheroids whereas NPCs expanded inside the Nichoid 
organized themselves in a carpet-like structure, 
expanding inside the niches. Through RNA-Sequencing 
we detected 1934 differentially expressed coding and 
non-coding genes connected to mechanobiology 
functions, highlighting that the Nichoid impacts the 
biological and genetic response of stem cells. We fully 
dissected this mechanism highlighting how the changes 
start at a membrane level, with subsequent alterations in 
the cytoskeleton, signaling pathways, and metabolism, 
all leading to a final alteration in gene expression 
(Figure 1). 

 
Figure 1: Nichoid’s impact on mechanotransduction 

 
Discussion 
These results highlight the Nichoid’s ability to induce 
changes in cultured stem cells at any molecular level 
without the addition any other exogenous chemical 
agents. The Nichoid recreates the stem cells adhesion, 
migration, differentiation, proliferation and cell 
signaling that best mimics physiological conditions, 
providing new insights in the development of stem cell 
therapies in regenerative medicine. 
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Introduction 

Recently, several works have analyzed the regulatory 

role of the mechanical properties of the extracellular 

matrix on tumor growth [1]. In fact, it is well established 

that matrices of higher density may suppress tumor 

growth by exerting compressive forces on cells [2]. In 

addition, experimental studies have also shown that 

matrices with higher density tend to limit tumor cell 

movement due to steric hindrance, but matrices 

composed of lower collagen concentration promote 

individual cell migration, which can subsequently affect 

the tumor size [3]. 

In this work, we aim to investigate the role of matrix 

mechanics on tumor growth through an agent-based 

computational framework. In particular, we are going to 

study how matrix mechanics regulates the growth of two 

pediatric cancers: neuroblastoma and diffuse intrinsic 

pontine glioma (DIPG). For this aim, we will develop 

microfluidic-based cell cultures following the 

methodology proposed in [3] in order to characterize the 

general dynamics of individual cellular movement, 

accounting for the mechanical properties of the ECM. 

 

Methods and Materials 

As a first approach, we have simulated the cells as 3D 

rigid particles, whose spatial location is determined by 

the balance of forces. Three main forces have been 

considered: cell locomotive force, cell-cell interactions, 

and drag forces. In fact, we have introduced the effect of 

drag forces imposed by the ECM by taking into account 

the dynamic viscosity of the ECM. Therefore, with this 

approach, we are able to simulate the 3D migration of 

the tumor cells.  

In addition, proliferation has been simulated considering 

the effect of the cell cycle, described by a growth phase, 

in which the cell progressively increases its volume as a 

result of DNA replication, and by a mitosis phase, in 

which the cell divides into two daughter cells. 

Therefore, tumor growth is the emergent behavior of the 

multicellular system regulated by the balance between 

cell proliferation and migration. We clearly show in the 

results the crucial role of this balance in the tumor 

growth determined by the mechanical properties of the 

ECM. 

This mechanobiological approach has been applied to 

simulate both tumor types: neuroblastoma and DIPG. 

Certainly, different parameters have been used to 

describe each tumor type. 

 

Results 

We have simulated the individual motility of cells in 

matrices with different properties and consequently 

stiffness.  

Overall, our results show that an increase in the collagen 

concentration leads to smaller tumor size 

(neuroblastoma) and how this, in turn, reduces the 

invasion of single cells, producing larger cell clusters 

(Fig 1). In contrast, lower density values enable cell 

migration, resulting in sparser and smaller tumors.  

 

 
 

Figure 1: Spatial distribution of tumor cells 

(neuroblastoma) in matrices with different collagen 

concentration. 

 

We have found a similar effect in the case of tumor cells 

from DIPG, where cells migrate much more in the case 

of lower dynamic viscosity, creating sparser tumors (Fig 

2).  

 

 
(a)           (b) 

Figure 2: Spatial distribution of tumor cells (DIPG) in 

two matrices of different dynamic viscosity. 
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Introduction 

Solid tumors, such as breast tumors and sarcomas, 

stiffen as they grow in a host healthy tissue. Stiffening 

is caused by an increase in the structural components 

of the tumor, mainly collagen fibers, and in cancer and 

stromal cells content. Tumor stiffening can cause blood 

vessel inefficiency and hypo-perfusion, and as a result, 

it poses major physiological barriers to the systemic 

delivery of drugs. Consequently, there is an urgent 

need for the development of novel biomarkers, that 

characterize the mechanical state of a particular tumor 

so as to support the development of novel therapeutic 

strategies that target the tumor mechanical 

microenvironment [1].  

In this work, Atomic Force Microscopy (AFM) was 

employed in order to assess unique NanoMechanical 

FingerPrints of breast tumor and sarcoma during 

cancer progression [2]. Also, an approved anti-fibrotic 

drug, tranilast, was re-purposed so as to target the 

tumor matrix and alleviate stiffness [3]. The AFM data 

were correlated with in vivo ultrasound studies and 

polarized microscopy.  
 

Methods 

Orthotopic fibrosarcoma and breast tumors were 

established by implantation of HT1080 and E0771 

cells into the left flank and the third mammary fat pad 

of 6-8-week-old NOD/SCID and C57BL/6 mice, 

respectively. Mice accepted 4 cycles of treatment with 

a 3-day interval. Treatment groups included: i)Saline 

(control), ii)Tranilast, iii)Doxorubicin and 

iv)Doxorubicin+Tranilast. Biopsies were obtained at 3 

different time points. AFM measurements (Molecular 

Imaging, PicoPlus) on fresh samples were conducted, 

with silicon nitride cantilevers. Per specimen 15 

different force maps (16×16 point grids, 20x20 μm
2
) 

were recorded. The force maps were analyzed by 

AtomicJ using the Hertz model. Ultrasound elasticity 

measurements were performed using the shear wave 

elastography method and microvascular imaging with 

Doppler (Philips EpiQ Elite Ultrasound), Collagen 

abundance was evaluated via picrosirius red staining 

and images were acquired using an Olympus BX53 

microscope with linear polarizers.  
 

Results  

AFM analysis of tumor biopsies at different times of 

tumor growth in breast cancer and sarcoma revealed 

two distinct characteristics as far as the distribution of 

elastic modulus is concerned: a lower elasticity peak, 

due to cancer cell softening and a higher elasticity 

distribution, due the collagen overproduction (Fig.1A). 

The results also demonstrated that AFM is sensitive 

enough to monitor nanomechanical alterations during 

anti-fibrotic treatment with Tranilast (Fig.1B). These 

results were correlated with collagen content studies 

(Fig.1C) and ultrasound studies (Fig. 1D). Finally, our 

results demonstrate that AFM-based NanoMechanical 

FingerPrints can monitor and predict the effects of the 

treatments that include the combination of anti-fibrotic 

drugs (Tranilast) with chemotherapy.  

 
Figure 1: A,B) AFM-based NaoMechanical 

FignerPrints C) Collagen continent alterations and D) 

Ultrasound elasticity measurements.  

Discussion 
We found that AFM techniques are sensitive to access 

small nanomechanical modifications after solid tumor 

treatment with drugs, including anti-fibrotic agents and 

chemotherapy. Further research in this area will reveal 

the mechanism of different NanoMechanical 

FingerPrints and will enable the development of 

mechanical biomarkers. 
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Introduction 

Atherosclerosis is a chronic-degenerative pathological 

phenomenon that affects the cardiovascular system. 

One of the main pro-pathological risk factors is the 

influence of blood flow on the endothelial 

mechanotransduction mechanisms [1]. Indeed, 

endothelial cells are extremely sensitive to tangential 

stress occurring in the vessel wall (wall shear stress, 

WSS), which is strictly related to local fluid dynamics. 

It is well known that atherosclerotic plaques are most 

frequently found in arterial districts with disturbed 

fluid dynamics. The alteration of WSS is considered 

the trigger of endothelium permeabilization with 

consequent lipids’ diffusion within the intima. An in-

depth literature analysis allowed us to identify three 

main numerical indexes for WSS description: TAWSS, 

OSI, CFI. Their combined use enabled an accurate and 

complete characterization of the disturbed flow and the 

possibility to discriminate between atherogenic and 

atheroprotective conditions [2]. Despite this, the 

relationship between the hydrodynamic stress 

experienced by endothelial cells and its effect on 

inflammation and mechanotransduction mechanisms is 

still far from being elucidated. In this scenario, we 

have developed a novel device for conditioning human 

vascular tissue samples of not negligible thickness with 

multidirectional, complex and over-time variable WSS 

patterns. Indeed, our device is able to reproduce 

combinations of specific values of WSS indexes 

enabling a systematic investigation of effects of 

specific WSS patterns on vascular cells behaviour. 

 

Culture system 

The strategy chosen for bioreactor design is to apply a 

constant flow rate while the sample rotates with a 

specific motion function. In this way it is possible to 

reproduce the complex WSS multidirectional nature 

experienced by endothelial cells in vivo. 

The designed bioreactor consists of a vascular sample 

housing to be inserted in the parallel plates flow 

chamber (Figure 1(A)). The correct alignment of the 

endothelium with the bottom layer of the flow chamber 

is essential to apply a controlled WSS. This is made 

possible by the joint use of a distance sensor revealing 

the sample position and a threated piston enabling the 

manual sample position adjusting. Thanks to the 

presence of two gears, it is possible to transfer the 

rotary motion of a stepper motor to the sample housing 

element and consequently to the hosted biological 

planar sample (Figure 1(B)).  

In order to minimize the risk of tissue damage during 

sample handling and mounting, we have also devised 

specific procedures and realized auxiliary accessories.  

 

Figure 1 (A) Assembled culture chamber; (B) Entire 

system hosting the culture chamber and the motor. 

The motor movement and the fluidic circuit are 

controlled by a custom electronic interface aimed at 

setting and monitoring of the experimental parameters. 

The WSS acting on the sample can be applied by 

means of either a parametric protocol or an in vivo-like 

protocol. In the parametric protocol TAWSS, OSI, CFI 

initial values are set, and the control unit automatically 

calculates and sets the motion protocol. In the in vivo-

like protocol a specific hourly law is applied, as 

obtained from in vivo measurements. 

 

Results and discussion 

Up to now, the device has been successfully tested by 

performing preliminary bench tests: the hydraulic seal 

is guaranteed up to 780 mmHg and it has been tested 

for up to 5 days at 100 mmHg; the detection system 

(distance sensor) average sensitivity has been evaluated 

approximately 300 𝑚𝑉⁄𝑚𝑚. Biological tests on 

endothelial cells are ongoing, to verify biological 

aspects (sterility maintenance, vitality, cell orientation). 

Thereafter we will perform preliminary experiments 

with aorta patches to verify the effects of different 

solicitation patterns on the tunica intima.  

The developed system represents a step forward the 

current state of the art enabling the application of 

controlled atherogenic/atheroprotective WSS and 

investigating their effects, no longer only on a cellular 

layers, but also on whole vascular samples. In this way 

we will examine the complex mechanobiological 

interactions that occur in the subendothelial tissue in 

the early stage of the pathology evolution. 
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Introduction 

Spaceflight and prolonged bed rest represent conditions 

that induce significant increment of bone resorption, 

especially in the lower limb region. Bone remodelling is 

based on a feedback loop between mechanical loading 

and biochemical activity of bone cells that compose the 

basic multicellular unit (BMU). The bone dynamic 

behaviour is related also to the local chemical 

environment, e.g. it is involved in calcium homeostasis.  

In addition to available studies present in literature, the 

aim of this work is to investigate the correlation between 

calcium concentration in bone fluid and the mechanical 

stimulus. 

 

Methods 

The dynamics of bone cells are described by the 

algorithm proposed in [1]. Mechanotransduction is 

represented by the response of the osteocytes subjected 

to a mechanical stress [2]. According to [2], the nitric 

oxide (NO) and prostaglandin E2 (PGE2) use the 

RANK-RANKL-OPG pathway to influence bone cells 

interactions. The rate of change in bone area is function 

of the areas resorbed and formed by BMUs, activation 

frequency and normalized cells population [3]. The time 

variation of calcium concentration in bone fluid is 

evaluated in function of the normalized osteoblasts and 

osteoclasts population [4]. The simulation (Figure 1) is 

performed assuming average values of the BMUs 

parameters within the human trabecular tissue. Since the 

value of the activation frequency (fa) is still debated, we 

considered two different values, i.e. fa1= 0.006 

BMU/mm2/days from experimental measurements on 

the iliac crest [3] and fa2= 0.012 BMU/mm2/days 

estimated for the femoral head [5]. For 1g gravity 

conditions, the load is set to obtain a strain ε=1500 με 

[6] in the trabecular sample, while in microgravity a 

mechanical stimulus of F=0 N [4] is considered. 

Results 

We evaluated the influence of the mechanical stimulus 

and BMU activation frequency on the temporal 

evolution of mineralized bone area and on the calcium 

concentration in bone fluid (Figure 2). 

 
Figure 1: Workflow of the bone remodelling model 

 
Figure 2: Temporal evolution of bone fluid calcium (a) 

and bone area (b). 

 

A 250 days simulation is performed: the first 30 days are 

characterized by 1g gravity conditions, followed by 180 

days of microgravity. Finally, the last 40 days are 

defined by a return to 1g gravity conditions.  

For both values of BMU fa, the decrement of the 

mechanical force due to microgravity leads to a 

diminution of bone area and subsequently to an 

increment of calcium content in bone fluid.  

 

Discussions 

BMU fa represents an important factor in bone 

remodelling, i.e. increase of fa contributes to bone loss. 

Conversely, variations of BMU fa do not affect the 

temporal evolution of calcium concentration. In 

addition, the model highlights that calcium 

concentration in bone fluid varies in microgravity 

conditions.  
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Introduction 
   To unravel the nature of aging-related changes across 
immune cells, and its impact on both efficient and 
dysfunctional immune responses (immunosenescence), 
we must first gain a better understanding on the 
mechanical-functional-structural regulatory processes 
at the cellular level [1]. Although many studies have 
examined how the T-cell subtype frequency and cell 
function evolve with age, few have explored the aging-
related biophysical changes and their contribution to 
immunosenescence.  
   In this work we report a longitudinal biophysical and 
internal-ordering characterization of mice T cells 
(CD4+ and CD8+ T cells, in both naïve and memory 
state).  
 
Methods  
Longitudinal strategy for multiple biophysical and 
biomolecular measurements   
   To longitudinally characterize the population of T 
cells, we performed biophysical assays following the 
specific sequence shown in Figure 1: (i) cell migration, 
(ii) cell deformability, (iii) internal composition and 
(iv) morphology. 
 
Mapping correlations with age and heterogeneity  
   111 biophysical and biomolecular parameters were 
analyzed to identify: (a) Biophysical signatures of 
aging (by a Spearman’s correlation matrix  of the 
multi-parameter nature datasets and clustering 
analysis) (b) Inter and intra-individual heterogeneity of 
cell subpopulations (using a Jaccard similarity 
approach)    
 
Figures 

 
Figure 1: Longitudinal methodology to evaluate T-cell 
age-related biophysical and biomolecular changes  

Results and discussion  
Quantifying biophysical and biomolecular changes in 
T cells across the lifespan.  
   Many biophysical parameters (e.g. cell’s apparent 
stiffness, relative nuclear size, cell-to-cell 
heterogeneity) were not stable across lifetime and 
correlated with a loss of T-cell functionality (i.e. 
spontaneous migration). We observed a persistent 
stiffening of T cells across all cell subtypes, which may 
play a role in immune dysfunction with age.  
We further identified correlations between cell’s 
apparent stiffness and relative size of the nucleus 
(stiffer part of the cell), DNA-methylation (associated 
with nucleus condensation) and nuclear lamin B1, 
suggesting a biophysical interpretation of changes at 
the T-cell level during the process of 
immunosenescence. 
 
Intra-individual and inter-individual heterogeneity of 
T cell subpopulations increase by age 
   Biophysical parameters of all mice and T-cell 
subtypes clustered distinctly by age group, not by 
individuals or cell type, demonstrating that the 
repertoire of changes in cell’s biophysical 
measurements resulted from individual’s aging 
process. 
 
Conclusions  
   In the study we have found important aging-related 
changes in various features of the cells and correlations 
among the parameters, providing support to explain the 
observed decrease of migration ability with age. The 
results show also a divergent evolution of T-cell 
properties for a given individual, revealing the 
progressive increase of complexity of the immune-cell 
populations.  
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Introduction 
Implantation of saphenous vein (SV) grafts in coronary 
position determines vessel wall remodeling, intimal 
hyperplasia and graft failure. This causes recurrence of 
cardiac ischemia in patients with coronary artery disease 
(CAD). We have recently found that experimentally 
exposing human saphenous veins (SV) to coronary-like 
counter-pulsed high flow/pressure regime induces 
release of matricellular protein Thrombospondin-1 
(TSP-1) by resident smooth muscle cells (SMCs) due to 
cell strain-dependent effects. This release recruits 
adventitial resident progenitors to a pro-fibrotic 
phenotype associated to stenosis of the coronary bypass 
in a large animal model of SV carotid interposition [1]. 
In the present work, we show the cooperation of TSP-1 
(a known component of the TGF-β pro-fibrotic 
pathways) with intracellular pathways activated by 
strain sensing in fibrotic differentiation of the adventitial 
SV progenitors (SVPs). 
 
Methods 
Human SVs for tissue/cell culture were obtained during 
coronary artery bypass or SV stripping surgery. SVs 
were conditioned mechanically with a dedicated 
coronary pulse duplicator [2] up to two weeks. SVPs 
were derived as in [3], and subjected to uniaxial strain 
stimulation (10% deformation; 1Hz) for 1 to 3 days of 
culture using a commercial platform (FlexCell). RNA of 
strained cells was extracted and prepared for whole 
genome RNAseq analysis. Bioinformatic tools were 
employed to perform pathway analyses of the mostly 
represented networks in the data set of genes 
differentially regulated by mechanical stress in SVPs. 
To validate gene expression data, SVPs were cultured 
and stimulated with TGF-β, TSP-1, or combinations of 
the two factors, followed by quantitative real-time PCR 
(Q-PCR) and immuno-fluorescence/-histochemistry.  
 
Results 
SVPs mechanosensitivity was assessed by analysis of 
nuclear alignment and cell shape index/spread areas 
after straining. Mechanically stimulated cells showed a 
significant increase in their basal motility, as verified by 
migration assays in the presence of medium 
supplemented with 10% serum. Analysis of transcripts 
differentially up/downmodulated in strained vs. control 
cells (performed by whole genome RNAseq), showed a 

significant enrichment of the HIPPO/YAP/TEAD and 
TGF-β/SMAD transcriptional circuitries in cyclically 
strained cells. In support of this evidence, 
immunofluorescence showed an increase in the number 
of cells with nuclear localized YAP in strained vs. 
control SVPs. This was associated to an increase in 
direct targets expression (revealed by Q-PCR) and it was 
mediated by formation of a YAP/TEAD transcriptional 
complex, as verified by co-immunoprecipitation 
experiments. Convergence of the Hippo and TGF-
β/TSP-1 pathways was confirmed by culturing SVPs in 
the presence of TGF-β and TSP-1, alone or in 
combination, followed by analysis of the YAP target 
genes and fibrosis markers expression. Data showed that 
in the presence of TGF-β, with or without TSP-1, YAP-
dependent targets were upregulated. Conversely, the 
two factors, only in combination, increased above 
controls the level of nuclear-localized YAP, that of 
pSMAD2 (one of the TGF-β pathway nuclear signaling 
transducers) and collagen secretion. Finally, nuclear 
localization of YAP was detected in human SVs 
exposed to coronary flow mechanics ex vivo as well as 
in arterialized SVs in pig carotid interposition model. 
 
Discussion 
Our data establish for the first time a cooperation 
between the matricellular changes occurring in the SV 
wall exposed to coronary mechanics, and paracrine 
effects mediated by convergent activation of 
Hippo/TGF-β pathways in failure of the human aorto-
coronary bypass. Since pharmacological inhibition of 
the YAP/TEAD complex reverted the upregulation of 
YAP-dependent target genes in SVPs treated with TGF-
β (±TSP-1) and reduced their migration in vitro, we 
conclude that targeting YAP in vivo may retard the 
progression of the SV bypass remodeling caused by pro-
fibrotic activation of adventitial cells, by desensitizing 
SVPs to the TGF-β biological effects. These results have 
a strong translational applicability to reduce the burden 
of venous bypass failure in patients with chronic CAD. 
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Introduction 

Cell processes such as migration, differentiation, 

proliferation, and apoptosis play a key role in tissue 

development. These processes are governed by complex 

mechanical, electrical, and chemical stimuli, as well as 

cell-cell and cell-extracellular matrix (ECM) 

interactions. In fact, mechanical and electrical 

stimulation seems to be particularly relevant to 

determine the functional properties in cardiac tissues 

[1]. To determine the adequate conditions to improve 

tissue properties is not straightforward. In this sense, 

computational methods can be helpful to reduce the 

number of in-vitro experiments [2].  

Here, we develop a computational model to evaluate 

cardiac cell response into 3D hydrogel matrices, in 

response to mechanical and electrical stimulation. The 

purposed model takes into account cell processes such 

as cell migration, differentiation, proliferation, as well 

as collective cell response [3,4].  

Material & methods 

Cell response has been evaluated through the analysis of 

the cell-cell and cell-ECM interaction. Cells are 

implemented using the commercial Finite Element 

software Abaqus, through user element subroutines 

(UELMAT). Thus, cell internal deformations are 

obtained as a response to the cell mechanotaxis, and cell 

migration forces are defined through the balance of the 

acting forces on the cell. These forces include traction 

forces, 𝐅𝑡𝑟𝑎𝑐, due to the contraction of the Actin-Myosin 

machinery, protrusion forces, 𝐅𝑝𝑟𝑜𝑡, due to the random 

generation of cell protrusions, electric forces, 𝐅𝑒𝑙𝑒𝑐 , due 

to the electrostatic effect, and drag forces, 𝐅𝑑𝑟𝑎𝑔, due to 

the movement on a viscous ECM. Thus, the force 

balance is defined as [3,4]: 

𝐅𝑝𝑟𝑜𝑡 + 𝐅𝑡𝑟𝑎𝑐 + 𝐅𝑑𝑟𝑎𝑔 + 𝐅𝑒𝑙𝑒𝑐 = 0. (1) 

Cell processes such as differentiation, maturation and 

apoptosis are defined as a function of the mechanical 

stimulus, 𝛾𝑐(𝑡), of the cell as: 

𝛾𝑐(𝑡) =
1

𝑛
 ∑ 𝐞𝑖: 𝛆𝑖: 𝐞𝑖

𝑇𝑛
𝑖=1 , (2) 

where 𝛆𝑖 is the strain tensor on each membrane node, 𝑖, 
and 𝐞𝑖 is the direction vector from the membrane node 

towards the cell centroid. Thus, cell state, including cell 

differentiation and cell apoptosis, is defined as:  

Cell state = {
𝑚 𝛾𝑙𝑜𝑤 <  𝛾𝑐  ≤  𝛾𝑚𝑦𝑜

𝑎𝑝𝑜𝑝. 𝛾𝑎𝑝𝑜𝑝 <  𝛾𝑐
 , (3) 

Results 

Cell behavior has been studied varying the ECM 

stiffness in the range of 10-40 kPa [3]. Electric 

stimulation has been applied as continuous, pulsatile, 

and alternating electric fields, in the longitudinal 

direction, and for intensities in the range of 50-350 V/m 

[4].  

 
Fig. 2. Cell form elongated groups in response to the 

electrical field, proportional to its intensity.  

Conclusions 

A computational model to study cardiac cell mechanical 

and electrical stimulation has been developed. The 

model has been applied to study the formation of cellular 

aggregates in different environments of mechanical and 

electrical stimulation, which include the variation of the 

stiffness of the ECM and the application of continuous, 

pulsed, and alternating electric fields. Cells are 

polarized in the direction of the electric field, 

proportionally to its intensity, which induces the 

formation of elongated cell groups. Increasing stiffness 

reduces the effect of the electric field. The continuous 

and pulsating electric fields generate an excessive drag 

on the cells. Thus, better results have been obtained for 

alternating electric fields with low stiffness of the ECM. 
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Introduction 

The mechanical state of the extracellular matrix (ECM) 

has a great impact on cell behaviour. The mean by which 

cells can sense and react to changes in the surroundings 

are focal adhesions, multi-protein aggregates that 

connect the actin cytoskeleton to the ECM. Through the 

actuation of pulling forces exerted on actin fibres by 

molecular motors, the cell responds differently 

according to the substrate’s mechanical reaction 

(‘motor-clutch’ mechanism). Among ECM mechanical 

cues, it is known that biological tissues develop an 

internal tension; usually, this tension persists after the 

removal of any external loading, thus being defined as 

residual stress. The relevance of this tension has been 

revealed in many physiological and pathological 

contexts (1-3). Here, to incorporate the contribution of 

such residual stress/strain energy on ECM, we propose 

a modification of the clutch model, a mathematical 

model that simulates adhesion formation and cell 

probing of the substrate (4).  

 

Materials and Methods 
To incorporate the contribution of strain energy, an 

additional spring orthogonal to the ones already present 

in the original clutch model is here introduced; the 

orthogonal spring takes memory of the ECM strain 

energy when axially deformed before any interaction 

with cell molecular clutches can occur (Fig. 1).  

 

 
Figure 1: Physical representation of the modified clutch 

model.  

 

The equation for mechanical equilibrium is: 

 

𝑘𝑠𝑥𝑠 + 𝑘𝑠∆𝑙 ∗ cos(𝛼) + 𝑘𝑐𝑛𝑐𝑒𝑛𝑔𝑥𝑠 = 𝑘𝑐 ∑ 𝑥𝑐,𝑖
𝑛𝑐𝑒𝑛𝑔
𝑖       

                                                                        (1) 

 

where ks and kc are the substrate and clutch spring 

constants, xs and xc,i are their positions, as consequence 

of the deformation process, and nceng is the number of 

engaged clutches. l and  are function of strain  and 

length of substrate spring l: 

 

  cos(𝛼) =
𝑥𝑠

√𝑙2∗(1+𝜀)2+𝑥𝑠
2
 (2) 

 

 

             ∆𝑙 = √𝑙2 ∗ (1 + Ɛ)2 + 𝑥𝑠
2 − 𝑙               (3) 

 

 

Results 
To evaluate the influence of strain on the optimum 

number of clutches (indicative of the length of focal 

adhesions involved in the adhesion process), the model 

has been implemented with 4 different levels of strain  

(0, 0.25, 0.5 and 1). As shown in Fig. 2, increase of the 

strain shifts the optimum number of clutches, 

represented by the minimum of the curve, and, 

consequently, traction forces towards higher values. 

Results suggest that cells undergo a reinforcement 

process, stiffening the cytoskeleton in response to the 

ECM stress/strain energy. It is hoped that the integration 

of this environmental feature in a mathematical model 

could give more insights on the mechanism of 

cell mechanosensing and explain cell behaviour during 

physio-pathological processes, such as embryogenesis 

and tumour onset and progression.  

 

 
Figure 2: Retrograde actin velocity as a function of nc 

predicted by the modified clutch model. 
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Abstract 

The nuclear envelope (NE) comprising the inner and 

outer nuclear membranes, nuclear pore complexes, and 

the nuclear lamina, separates the chromatin from the 

cytoplasm, providing structural support to the nucleus. 

Particularly, the lamina is a dense protein meshwork, 

predominantly constituted by Lamin A/C [1]. In general, 

loss of NE integrity is associated to aging processes or to 

pathological conditions, such as cancer progression. Tumor 

cells highly force the nucleus to deform once they move 

into narrow spaces of the tissues, promoting cancer 

progression [2]. In recent years, it has been demonstrated 

that the NE structure integrity is directly associated to 

trafficking phenomena of different sized molecules and 

proteins, such as Yes-Associated Protein (YAP). 

Regardless adhesion or actin cytoskeleton recruitment, it 

has been verified that the application of a force on the 

nucleus is enough to induce YAP translocation, from the 

cytoplasm to the nucleus [3]. This direct effect of nuclear 

deformation could affect nuclear pores or it could take to 

rupture-repair mechanisms of the NE, at the Lamin A/C 

level. These evidences of improved nuclear permeability 

would place the nucleus and its envelope at the centre stage 

of mechanosensing phenomena in single cells [3].  

To model direct application of forces on the nucleus and 

subsequently to monitor the YAP trafficking phenomena 

across the NE, we impose to suspended cells highly precise 

and controlled fluid-flow compressive forces, based on a 

viscoelastic solution moving into a microfluidic chip [4]. In 

particular, our approach permits to analyze cell responses 

in a wide range of applied forces (1μN-102μN), allowing to 

reach never explored high entities on single cells, in a 

completely contactless and viable manner. Cells are forced 

to pass into a sequence of microfluidic cross-sections 

properly conceived in order to impose variable levels of 

force, by simply tuning viscoelastic fluid properties, to 

obtain different degrees of deformation [4]. In fact, 

multiple force levels allow to recognize healthy or 

pathological cell types referring to the correlation of 

biophysical and mechanical parameters [4]. At the highest 

level of force, cells express a nuclear deformation, resulting 

in a YAP translocation from the cytoplasm to the nucleus, 

after the in-flow deformation. Lamin A/C alterations have 

been addressed to be responsible in such protein 

redistribution, confirming that possible rupture-repair 

mechanisms have been induced by the force application. 

Particularly, we observe that YAP is localized 

predominantly into the cytoplasm before deformation, 

whereas it results to be uniformly distributed, up to the 

nucleus level, after force imposition. To further verify if the 

Lamin A/C alteration promotes molecular trafficking 

across the NE, we monitor Hoechst fluorescent dye influx 

into the nucleus. In particular, we verify that the Hoechst 

diffusion is more rapid into the nucleus once the cell was 

deformed, confirming that the molecular trafficking is 

promoted.   

Our results unveil enhanced nuclear permeability mediated 

by an altered lamina expression and YAP trafficking with 

potential general applicability in gene transcription. 

 

Figure  

 
Figure 1: a) On the left we report the change in Nuc/Cyt 

YAP ratio, in MCF-10A and MCF-7 breast cells, before 

(PRE) and after deformation (POST). We highlight that 

both cell lines express a nuclear redistribution of YAP 

after deformation. On the right, we show the Lamin A/C 

contour variation. The significative result for MCF-7 

presents a reduction in Lamin A/C content after 

deformation (***p<0.001, *p<0.05, nsp>0.05). b) We 

present confocal images of nucleus (blue), Lamin A/C 

(green) and YAP (red), in PRE (top) and POST (bottom) 

condition for MCF-7. For PRE, the merged image 

shows how the nucleus is empty from YAP and well 

delimited by the Lamin A/C contour. For POST, YAP 

results to be equitably distributed and the Lamin A/C 

more rarefied.  
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Introduction 

Mechanical loading (i.e., exercise) is well known to 

influence bone mass [1]. Experimental studies in mice 

tibia have shown that the adaptation response occurs 

quasi-linearly with respect to external load magnitude 

[2]. The response has also been identified to occur at 

different spatial locations throughout a bone [2, 3]. 

While μFE modelling is the gold standard to obtain 

strain distributions in a whole bone, long bones are 

known to act mechanically like beams [4]; Here, we use 

beam theory equations as an alternative method to 

rapidly calculate strain distributions within cortical bone 

tissue in the mouse tibia. 

Using the strain distribution across the tibia, we then 

formulate a multiscale mechanobiology model of bone 

adaptation. The aim of this work is to rapidly calculate 

adaptive strain signals and bone’s subsequent adaptation 

response. Two major objectives are: 

1. Determine a numerical link between mechanical 

loading and localized bone adaptation rates. 

2. Guide the development of bone adaptation 

algorithms to predict bone anabolic and catabolic 

responses based on applied loads.  

Materials and Methods 

Data used here was collected by our collaborates from 

the University of Sheffield [5]. In summary, 6 skeletally 

mature mice were subjected to a 10 N right tibial axial 

load three times a week on weeks 2 and 4 of a 5-week 

schedule. Right tibiae were scanned on weeks 1, 3, 5 and 

7 using high resolution μCT (isotropic voxel size = 10.4 

μm). 

Mouse tibia μCT images were rigidly registered to a 

common reference frame and, and the bone geometry is 

extracted through segmentation. The mechanical 

adaptation algorithm follows the 4 steps outlined in 

Figure 1, applied to four selected cross-sections: 1) 

cortical surface points (ηi) are extracted, and cross-

sectional properties are calculated, 2) external loads (F) 

are converted into an adaptive signal (Ψ) through beam 

theory analysis, 3) the adaptive signal is compared 

against a mechanostat model, and 4) changes are applied 

to ηi as required. This process is repeated each day until 

the end of experiment. 

The adaptive response was measured by comparing the 

position of the surface after the adaptation algorithm to 

the original state. Changes were calculated as a net 

distance between the two states. Model parameters were 

adjusted based on comparison of simulated net distance 

between experimental and simulated findings.  

 
Figure 1: Processing steps of the beam-theory based 

adaptation model. 1) Geometrical property analysis. 2) 

Calculate load induced adaptive signal. 3) Compare 

against mechanostat model. 4) Update geometry 

Results 

Preliminary results of the simulation for periosteal 

formation are in good agreement with experimental 

findings. Considering a 10 N load case, a gradient-based 

formation response using a longitudinal strain signal 

provides qualitatively similar trends to those found 

experimentally as shown in Figure 2. 

 
Figure 2: Comparison of adapted (blue) and simulated 

(red) formation changes across the periosteal surface in 

the mid-diaphysis of the mouse tibia. 

Conclusion and Future Work 

The strains calculated through beam theory have been 

shown as effective drivers of mechanical adaptation on 

the cortical surface. Additional work will be conducted 

to transform longitudinal strain into strain energy 

density, the common metric used in adaptation studies. 

Furthermore, we intend to expand this model through 

the inclusion of cell dynamics to present a biologically 

accurate representation of the adaptation response. 
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Introduction 

Soft tissues generally exhibit viscoelastic properties, 

hence putting forth the research question how this 

behavior extends to the smallest mechanically relevant 

structural elements, the individual collagen fibrils. 

While collagen fibrils have been reported to show 

viscoelastic behaviour [1], some published methods for 

the determination of viscoelastic material properties of 

collagen fibrils are elaborate and complicated by design 

[2]. From a pragmatic viewpoint it is desirable to find 

the simplest model that can describe the viscoelastic 

behaviour of collagen fibrils. In this context, nonlinear 

rheological models are a promising approach. Here, we 

propose the use of the nonlinear rheological Maxwell 

model and its constitutive equation for assessing 

viscoelastic properties of collagen fibrils experienced 

during tension testing. 

 

Methods 

The nonlinear rheological Maxwell model solved for a 

constant strain rate was used here. Its constitutive 

equation for stress (eq. 1) and apparent tensile modulus 

(eq. 2) are given below: 

  

𝜎(𝑡) = (
𝑑𝜀(𝑡)

𝑑𝑡
)

1

𝑛
𝜇 (1 − 𝑒

−𝑡
𝜏𝑛⁄ )

1

𝑛
  (1) 

 

𝐸𝑡𝑒𝑛𝑠(𝜀) =
𝑑𝜎

𝑑𝜀
=

𝜎(𝑡)

𝑛𝑘𝜏𝑛
(𝑒

𝜀

𝑘𝜏𝑛 − 1)
−1

  (2) 

 

with the stress 𝜎(𝑡)[MPa], the apparent tensile modulus 

𝐸𝑡𝑒𝑛𝑠(𝜀)[MPa], the strain 𝜀(𝑡)[m/m], the nonlinearity 

n[a.u.], the viscosity 𝜇[MPa.s], the constant a[MPa] 

(𝑎 = 𝜇 𝜏⁄ ) and the relaxation time τ[s]. The model was 

fitted to experimental data, previously published by 

Andriotis et al. [3], using Matlab. In the analyzed 

dataset, tensile tests were conducted on collagen fibrils, 

exposed to varying concentrations of polyethylenglycol 

(PEG), dehydrating the fibrils with rising concentration.  

 

Results 

The nonlinear Maxwell model shows a high quality of 

fit (𝑅2 = 0.99) and the values for the apparent tensile 

modulus are in the same range as previously published 

results (figure 1(a)) [3]. The spring constant a is higher 

as the tensile modulus due to the viscous nature of the 

model (figure 1(b)). The viscosity is in a range of 

1010 MPa.s, which resembles bitumen or molten glass 

(figure 1(c)). The relaxation time is found in a range 

between 105 to 108 s.  

 

 
 

Figure 1: Apparent tensile modulus vs. strain from the 

nonlinear Maxwell model for different PEG-

concentrations (a), spring constant a (b), relaxation time 

τ (c) and viscosity η (d) as function of displacement 

speed of the piezo and PEG-concentration; n = 0.6 for 

all fits (a-d). 

 

Discussion 

With the nonlinear Maxwell model, we can describe the 

viscoelastic behavior of collagen fibrils during tension. 

The results for the tensile modulus and spring constant 

seem dependent on displacement speed (figure 1(a,b)), 

while the viscosity and relaxation time seem not 

dependent on displacement speed (figure 1(c,d)). The 

tensile modulus is increasing faster at higher 

displacement speeds. Per the applicability of the 

Maxwell model the results also suggest collagen fibrils 

to be a highly viscous fluid. The nonlinear Maxwell 

model is a promising first step towards an easy to use 

rheological model capable of describing the viscoelastic 

properties of collagen fibrils. In future studies, further 

validation will be done through creep or stress relaxation 

experiments. 
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Introduction 
Concepts like in-born and out-born forces 
generated at cellular and extracellular matrix 
(ECM) level are pivotal in the field of 
mechanobiology. In particular, ECMs of 
musuloskeletal, cardiovascular, and dermal 
tissues are under tension also when in normal 
physiological condition and in absence of 
external solicitations. Such mechanical state is 
fundamental for morphogenesis contributing 
to the tissue organization, development and 
maturation. To date, great uncertainty still 
remains about the biophysical entity that cells 
are able to sense through focal adhesion (FAs): 
force or deformation and along this issue many 
experimental and modeling studies have been 
presented [1]. Clutch molecular model, for 
example, is the most used approach to model 
the basis of cell mechanosensing mechanism 
[2]. Its basic constitutive hypothesis is that FAs 
dynamics depends exclusively upon the 
stiffness of the ECM, or the force necessary to 
induce the deformation. This hypothesis does 
not account for contribution of inborn internal 
stresses within the ECM on FA dynamics, 
which, on the contrary, could have relevant 
effects on cell mechanics and functions. To 
assess this important issue, the cell-material 
interactions and mechanical features of the 
cytoskeleton were measured on substrate with 
different level of frozen internal stresses 
realized by imposing increasing percentages of 
pre-strain. 
 
Methods 
During the experimental campaign murine 
fibroblasts BALB/3T3 and murine 
preosteoblast MC3T3 were subjected to three 
different levels of uniaxial deformation (0%, 
6%, 9%) via elastic substrates as 
polydimethylsiloxane (PDMS) and 
polyurethane (PU). Cell mechanics have been 

investigated on pre-strained and not pre-
strained materials and before and after the 
stretching application. Intracellular particle 
tracking microrheology (PTM) was used to 
investigate the cell stiffness under culture 
condition [3]. The mechanical response of 
cells was collected immediately after the 
deformation and after 2 h. 
 
Results and Discussion 
The effect of a pre-strained material on cell 
mechanics was evaluated seeding cells both on 
substrates with no pre-strain and on substrate 
with levels of stretching equal to the 
percentage of deformations induced in the 
stretching experiments. Results indicated that 
cells recognize the existence of pre-strain, 
exhibiting a stiffer cytoskeleton on pre-
strained PDMS compared to cells seeded on 
unloaded substrate, being equal the stiffness. 
Also we found that cytoskeleton’ mechanics 
experiencing a pre-strained substrate was 
comparable to that measured after the 
stretching of the substrate to the same level of 
deformation. Along this line, the clutch 
molecular model has been adopted to simulate 
the cell response in the particular case of a pre-
strained substrate and simulations were in 
agreement with experimental results only in 
the case of the addition of a factor accounting 
the strain energy of the substrate. Taking 
together simulations and experimental results, 
become clear that cell mechanosensing is not 
only driven by the stiffness of the substrate, but 
rather by the energy of deformation associated 
with the substrate. 
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Introduction 

Mechanosensing is an important transduction 

mechanism that cells use to sense the surrounding 

environment. There are evidences of cell’s stiffness 

adaptation to the extracellular matrix (ECM) [1] and cell 

migration depending on the ECM’s stiffness, both for 

single cells [2] and collectives [3]. 

During infection, cells and pathogens communicate 

through chemical signals, but there are also mechanical 

variations that cells are able to detect and transduce. 

Intracellular bacterial pathogen Listeria monocytogenes 

(L.m.) modifies host cell stiffness or cell-cell junction 

tension [4] in order to facilitate its spread from cell to 

cell. In response to infection, an increment of the cellular 

activity of uninfected cells surrounding a locus of 

infected cells has been shown. These cells push against 

the infection locus provoking the extrusion of infected 

cells, leading to the creation of a “mound” of infected 

cells and limiting the ability of bacteria to spread along 

the basal cell monolayer. 

Thus, it would be important to elucidate the 

mechanotransduction mechanism that cells internally 

are using to identify infection domains, as well as what 

their response is leading to infected cell extrusion. 

 

Methods 

We perform a simplified three-dimensional finite 

element model of a cell monolayer on a soft substrate. 

This model allows to consider cell-cell and cell-ECM 

adhesion, the radial geometry effect during cell 

extrusion and the effect of the vertical direction on 

mound formation (mound height), which were identified 

as key mechanisms in promoting cell extrusions [5]. 

Thus, and based on the experimental results, we propose 

a mechanotransduction mechanism where cells are able 

to detect infection loci (Figure 1). 

In addition, we assume that a new adhesion is generated 

(Figure 1) to allow for cell protrusion, also supported by 

experimental results [5]. We assume protrusion is either 

constant irrespective of the level of tensional asymmetry 

or that protrusion is proportional to the tensional 

asymmetry level experienced by a given cell. 

To model the cells, we differentiate two main parts: 

active (actomyosin contractility) and passive 

(cytoskeletal stiffness). We superimpose two meshes 

working in parallel and the infection is modelled by 

reducing both stiffnesses for infected cell domains. 

We study different cases: all cells uninfected (1); 

infection and uninfected cells do (2) or do not (3) create 

new cell-ECM adhesions; and infection but none of the 

cells of the model form cell-cell adhesions (4). 

 
Figure 1: Cell mechanotransduction scheme. We 

propose a repetitive active contraction and passive 

behavior, where the cell decides the following active 

step. Depending on the cell decision, the next step will 

be a protrusion or a contraction. 

 

Results and discussion 

For the uninfected and isolated (no cell-cell adhesions) 

cases, the stress distribution in the cell is symmetric, so 

cells do not protrude. Nevertheless, for the other two 

cases, we observe tensional asymmetry, and those 

uninfected cells near the infection domain protrude 

provoking the extrusion of the infected cells. In addition, 

we propose a lineal protrusion law linking the level of 

asymmetry with the level of cell protrusion. This law 

obstructs extrusion when uninfected cells do not create 

new cell-ECM adhesions, and gives more relevance to 

the cell-ECM adhesion, as observed experimentally. 

 

 
Figure 2: Mean vertical displacement of the infected 

cells depending on the tensional asymmetry for constant 

protrusion and applying the protrusion law. a) cases 

one and four; b) case two where uninfected cells cannot 

create new cell-ECM adhesions; and c) case three 

where uninfected cells can create new cell-ECM 

adhesions. 
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Introduction 

   Several techniques exist to evaluate the cell behavior 

under mechanical stresses, mainly analyzing its 

stiffness or viscosity, properties related to the internal 

structure and other biomarkers of cell state [1,2]. 

Various authors have reported great variability in the 

results of cellular mechanical properties. A commonly 

used procedure to test deformability of cells is to study 

their flow through rectangular constrictions. However, 

no detailed stress-strain analysis has been performed 

for the cell during its deformation, but instead 

simplistic approaches have been used [3,4], which may 

be an important reason for the variability of the 

experimental results. We hypothesized that accurate 

calculations could reduce the variability of results, 

normalizing the analysis between samples of different 

sizes and geometric configuration. We performed a 

study of standardized pressure tests of cells while they 

are aspirated through a rectangular channel of a 

microfluidic device over time using numerical 

simulations. 

 

Methods 

   A hybrid finite element method with discretization 

into finite volumes was used. The meshing was 

performed with linear tetrahedral geometry elements of 

four nodes, providing good quality of meshing and 

with an amount according to the size of the geometry. 

The governing equation of incompressible flow of 

Navier-Stokes is developed considering a Newtonian 

fluid with constant viscosity in homogeneous and 

laminar flow. The study focuses on the development of 

pressure-velocity of the fluid, so that each proposed 

time step, or distance traveled by the cell as it enters 

the channel, is calculated independently from the 

previous one. The figure 1 shows the boundary 

conditions of the problem. 

 

Figures 

 

 
Figure 1:  Boundary conditions of the numerical 

simulation.  

 

Results and discussion  

   The analysis shows that the effective pressure 

increases inversely with the ratio of cell radius over 

width of the constriction, effect that is manifested 

when this is less than 1, i.e., the cell radius is less than 

the size of the constriction and there would be no strain 

by contact with the walls of the device. Less than half 

of the aspiration pressure is exerted on the cell 

effectively, the rest of the pressure drop is mainly due 

to the movement of the fluid in the areas surrounding 

the cell in the rectangular cross section of the device, 

which will never be covered entirely by the cell as it 

happens in other techniques for measuring mechanical 

properties. In all situations, the smaller the gap, the 

greater the effective pressure on the cell, growing with 

the same tendency in all cases, but in different 

measurements according to the geometric 

configuration of the associated model. Our model 

allows understanding the relationship between the 

observed deformation and the deformability parameters 

of the cell for a given aspiration pressure, which will 

be used in future analysis of deformability 

experiments. The model offers a way to correct 

equations obtained by dimensional analysis in previous 

works [4]. 

 

Conclusions  

   An increase in the effective pressure on the cell was 

found as it approaches the constriction, which responds 

to the reduction of the cross-sectional area and the 

corresponding hydrodynamic effects. Our model 

provides key equations for analyzing experiments 

involving the aspiration of cells through rectangular 

constrictions. 
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Introduction 
Bone tissue engineering (BTE) aims to develop 
functional bone tissue substitutes to be used as in vitro 
models for bone research, or ultimately as therapeutic 
solutions for bone grafting [1]. Bioreactors represent a 
key technology for in vitro generation and investigation 
of BTE constructs, providing a tightly controlled and 
monitored environment with user-defined physical 
stimuli [2]. In particular, flow-induced shear stress 
obtained by direct perfusion was demonstrated to 
strongly promote cell proliferation, osteogenic 
differentiation, as well as bone mineralization [3]. In 
parallel, non-invasive pulsatile electromagnetic field 
(PEMF) stimulation is empirically adopted in clinical 
practice for promoting the endogenous bone healing [4]. 
In this study, we developed a versatile bioreactor that 
allows combining tunable perfusion and PEMF 
stimulation for investigating the mechanotransduction 
pathways activated by biophysical stimulation applied 
in clinical practice to promote bone regeneration.  
 
Methods 
The bioreactor culture chamber,  designed in Solidworks 
and printed by stereolitography (DentalSG resin, 
FormLabs), is composed of two hollow cylindrical 
screwable parts (priming volume = 2 ml), designed to 
house scaffolds of different sizes press-fit inserted in 
customized silicone holders (Fig.1A). The culture 
chamber is part of a closed-loop perfusion circuit, 
composed of a medium reservoir, a peristaltic pump 
(G100-1J, Longer), silicone tubing, stopcocks for 
medium sampling, and injection sites for cell/solution 
injection. PEMF stimulation is provided by a 
commercial stimulator (1.5 mT, 75 Hz, 1.3 ms). The 
bioreactor, suitable for incubator, allows both scaffold 
cell seeding (bidirectional flow) and perfusion culture 
(unidirectional flow). Stationary simulations of the 
magnetic field developing within the culture chamber 
were performed (COMSOL Multiphysics) and the 
PEMF stimulator solenoids were modelled as uniform 
coils with 1400 windings, each one powered by 260 mA. 
As preliminary biological tests, human mesenchymal 
stem cells (hMSCs, 4x106/scaffold) were seeded into 
commercial BioOSS porous scaffolds (Geistlich 
Biomaterials, Italy) and, after 48 h of static culture, 
transferred into the bioreactor culture chamber and 
exposed to unidirectional perfusion (0.3 ml/min, w/o 
PEMF stimulation) for additional 15 days (n=3). 

Equivalent control constructs were statically cultured 
for 15 days (n=3). The release of the early osteogenic 
marker alkaline phosphatase (ALP) was assessed. 

 
Results 
Acceptance tests confirmed the bioreactor suitability 
and ease of use. Simulations showed that the construct 
is exposed to a homogeneous magnetic field within the 
culture chamber (1.42 mT, Fig.1B). In biological tests, 
perfusion significantly increased the release of ALP 
compared to static culture (Fig.1C, *p<0.05). 

 
Figure 1: A) Bioreactor culture chamber; B) Contour 
plot of the magnetic field modulus across the culture 
chamber; C) ALP release analysis (*p<0.05). 
 
Discussion 
Preliminary tests confirmed the suitability of the 
bioreactor and showed that perfusion upregulates 
expression of ALP osteogenic marker. Systematic tests 
on BTE constructs cultured under individual or 
combined physical stimuli (i.e., perfusion and/or PEMF) 
are ongoing and will enable understanding the links 
between applied biophysical stimuli and biologic 
response in view of improved therapeutic treatments. 
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Introduction 

Bone remodeling is a continuous process whereby 

osteocytes elicit biochemical signals (e.g., 

RANKL/OPG) that regulate osteoblasts and osteoclasts 

to repair bone damages. Microdamage is formed under 

daily stresses in bone and can induce an increase of pro-

osteoclastogenic markers synthesized by osteocytes 

around the damaged area [1] and could be at the origin 

of fatigue fracture in elderly [2]. An ex vivo model can 

be used to understand cell physiology in the presence of 

the native matrix, whilst also enabling exploration of 

biomechanical cues [3]. Such approaches might be 

applicable to study the mechanisms of bone repairing. 

However, to date an ex vivo model of bone remodeling 

in cortical bone has not been developed. In this study, 

the objectives were to (1) develop an ex vivo model 

where cortical bone was subjected to cyclic strains and 

(2) study ex vivo the remodeling of  bone and its 

resistance to fracture. 

 

Methods 

Ex vivo model of bone remodeling induced by cyclic 

loading: At the day of culling, bovine beam-shape bone 

samples were cut and preserved in PBS + 5% Pen/Strep 

+ 2mM L-Glut overnight at 37°C. Cyclic strains were 

applied with a three-point bend system to induce 

damage with a regime at 16.66 mm/min for 5,000 cycles 

in sterile PBS in Evolve® bags (maximum deformation 

6%). A control group was cultured under static 

conditions. Metabolic activity: Alamar Blue assays 

were performed after 1 and 7 days of ex vivo culture for 

each group (Static, Loaded) and normalized to weight. 

Bone remodeling: ALP activity was assessed in the 

media at day 1 and 7. After 24 hours cell culture 

conditioned media (CM) was collected from each group 

and stored at -80°C. RAW264.7 cells were cultured with 

CM for 6 days, after which the samples were stained for 

TRAP, to determine osteoclastogenesis, and imaged. 

Histomorphometry: Samples were cultured with 

calcein for 3 days to label bone formation between day 

4 and 7. Fluorescent images were captured at day 7. μCT 

scanning was performed at 3 µm resolution after 

labeling samples with BaSO4 precipitate [4]. 

Fracture tests: Three-point bend flexural tests were 

performed after 7 days of culture at 1 mm/min. 

 

Results 

Bone was sectioned and cultured to maintain live 

osteoblasts and osteocytes. Calcein (Fig 1A) and HE 

staining (Fig 1B) indicated the presence of structures 

similar to bone remodeling cones (white arrow) in both 

groups after 7 days of culture. CM obtained 24 hours 

after the fatigue cyclic loading and added to RAW264.7 

cells cultures demonstrated significantly increased 

osteoclastogenic potential compared to that from static 

samples (Fig.1C). Also, 7 days post-loading, empty 

space in the stimulated area, detected with the BaSO4 

precipitate were substantially increased in loaded 

samples compared to the static (0.11±0.02% vs 

0.062±0.01% of bone volume, p=0.1). In addition, the 

ultimate load to failure was significantly decreased in 

loaded samples compared to static (478.8±62.05 N vs 

808.3±119.3 N, p<0.05). 

 
Figure 1: (A) Calcein labelling of cone remodeling 

(white arrow) after 7 days of in vitro culture. B) HE 

staining of cone remodeling and (C) the area covered by 

TRAP+ osteoclasts formed after 6 days of culture with 

CM. Errors bars represents mean ± SEM. * p<0.05. 

  

Discussion 

This study demonstrates that (1) strain induced bone 

remodeling was successfully induced ex vivo in living 

bovine cortical bones as characterized by the formation 

of bone resorption cones along with an increase of 

osteoclast formation, and (2) there was an alteration of 

mechanical resistance after loading was applied. This 

supports previous in vivo studies with an increase in 

osteoclastogenesis up to 7 days post loading [1]. This is 

the first evidence of the development of an ex vivo 

model to study osteon remodeling that could be applied 

to study bone repair and fracture resistance of the tissue. 
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Introduction 

Dynamic Hip Screw (DHS) is considered as a gold 

standard for extramedullary fixation of subtrochanteric 

or intertrochanteric femoral fractures. Bone healing is a 

crucial phenomenon for the overall success of the 

implantation. Secondary bone healing involves 

production of new soft tissues that gradually converts to 

callus and further solidifies to become cortical bone. 

The effect of coupled bio-mechanoregulatory responses 

to healing is not assessed yet in full-scale 3D models. 

The primary aim of this study is to preclinically evaluate 

the bone healing period using Finite element (FE) 

analysis and fuzzy logics in the DHS fixated construct. 

 

Material and Methods 

The 3D FE models of the implanted femur were 

generated using the manufacturer supplied CAD model 

of the left femur [1]. A 20mm fracture gap in the 

subtrochanteric region of the implanted bone was 

simulated (Fig. 1). The femur models were oriented 

laterally by 10° in the frontal plane and dorsally by 10° 

in the sagittal plane as described for fatigue testing [2]. 

A static load of 2kN was applied vertically downward 

through the femoral head. A condition of zero 

displacement was applied at distal femoral surface 

nodes sufficiently away from the point of application of 

load. Linear elastic, isotropic and homogenous material 

properties were applied to cancellous bone, whereas 

orthotropic material properties were applied to the 

cortical bone based on the data provided by the 

manufacturer (Table 1). A total of 96 fuzzy logic rules 

described the following biological processes: 

angiogenesis, intramembranous ossification, 

chondrogenesis, cartilage calcification and 

endochondral ossification. Dilatational and distortional 

strain were considered as the mechanical stimulus [3]. 

Material Young’s Modulus 

(MPa) 

           

Poisson’s 

Ratio  
Cancellous 155* 0.3 

Cortical 

 

16,700(compressive)** 

10,000(transverse 

tensile)*** 

0.3 

Woven bone 4000 0.3 

Fibrocartilage 200 0.45 

Connective 

tissue 

3 0.3 

Plate & screw 

(Stainless 

Steel) 

193,000# 0.3 

Table 1: Material Property data based on ASTM 

D638***, D695**, D1621* & 308#. 

The callus region in the fracture gap was considered as 

ROI for the bone healing assessment. The effect of 

normal walking load case was considered. 

 

 
 

Figure 1 CAD model (a) DHS (b) Callus (c) DHS fixated 

bone surrounded by callus (d) model after meshing. 

 
Figure 2 Fuzzy controller with 7 fuzzy input and 3 fuzzy 

output variables 
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Introduction 

Breast cancer is the leading cause of cancer death in 

women. Tamoxifen, an estrogen receptor modulator, is 

widely used in therapy. Resistance to tamoxifen is 

linked to increased invasiveness and metastatic potential 

[1, 2]. Cell mechanical properties and tissue integrity are 

altered during cancer progression [3]. More invasive 

cells appear softer, both in vivo and in vitro, due to 

cytoskeletal rearrangements [4, 5]. This is governed by 

changes in gene and protein expression. In this work we 

studied the influence of tamoxifen resistance (TamR) on 

the mechanical properties of endothelial breast 

adenocarcinoma cells (MCF-7). 

 

We employed Atomic Force Microscopy (AFM) in 

force spectroscopy mode to study the viscoelastic 

properties of said cell lines. Tamoxifen resistant cells 

appear softer than their counterparts. 

 

Methods 

Normal and TamR MCF-7 were grown on glass slides 

and then measured by AFM using cantilevers with a 

spherical particle. Cells were first indented up to a given 

force (1 nN) and then the z-position was kept constant 

for 10 s, to perform so-called stress relaxation 

measurements (see Figure 1). A modified Hertz model 

was fitted to the Force-distance curves to calculate an 

apparent Young’s Modulus. In addition, the stress 

relaxation Force-time-curves were fitted with either 

single or double exponential decay function [6]. 

Viscoelastic parameters were then calculated using 

either a SLS or a Zener model. 

Figure 1: Representative Force-time curve of a stress 

relaxation measurement on a cell using a spherical 

particle (blue: approach, green: pause, red: retract). 

 

Results and Discussion 

The tamoxifen resistant variant appears softer than 

normal MCF-7 cells. In addition, they appear to be less 

viscous, despite showing an increased relaxation time. 

These results suggest increased invasiveness of TamR 

cells may be caused by cytoskeletal rearrangements 

rendering them more pliable. Further studies concerning 

cytoskeletal rearrangements as well as the expression 

levels of adhesion proteins such as cadherins are needed. 

 

Parameter MCF-7 TamR 

δ [µm] 1.14 1.4 

E [Pa] 199 148 

τ1 [s] 0.15 0.18 

τ2 [s] 3.23 3.60 

Table 1: Mechanical properties of the studied cell lines. 

 

Figure 2: Comparison of Young’s Modulus values for 

MCF-7 and TR cells at an indentation of 500 nm. 
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Introduction 

It is frequently reported how cytoskeletal or nuclear 

changes are related to cell deformability [1]. Over the 

past years, great efforts have been devoted  to the small-

scale measurement of mechanics and biology in single 

cells. Innovative approaches and hybrid methods have 

been developed, also involving the use of microscopy 

and hyperelastic warping to link, for example, 

intranuclear strain distributions to different cell state 

conditions [2]. Cell phenotype, development, motility 

and several biological functions are controlled by 

mechanical loading.  A prolonged or substantial loading 

can damage cells, eventually leading to their death. 

Moreover, loading conditions induce specific 

mechanostructural and mechanobiological responses in 

different cell types, affecting their internal architecture 

and morphology as well as the mechanics of the cell 

components [3]. Accordingly, the aim of the current 

research was to provide a further insight into the single-

cell mechanics through the integration of experimental 

and theoretical analyses, with a special focus on 

suspended cells. In particular, an integrated approach 

based on the combination of reverse engineering (e.g., 

confocal laser scanning microscopy and image 

analysis), design and modeling strategies was proposed 

to understand how the reorganization and redistribution 

of the inner structural components of the cell (e.g. actin 

cortex, microtubule network and nucleus) affect the 

overall mechanical response of the cell under different 

loading conditions. 

 

Materials and Methods 

Confocal laser scanning microscopy (CLSM) was 

performed on suspended cells before and after 

deformation. The latter occurred into the microfluidic 

chip under different viscoelastic fluid flow condition, in 

order to impose different levels of compressive forces 

[1]. In particular, cells are seeded into separate wells. 

For immunostaining, F-actin was stained with Alexa 

568 phalloidin, whereas microtubules were stained by 

using an anti-β tubulin antibody and an Alexa fluor 488 

secondary antibody. Nuclei were counterstained with 

Hoechst 33342. CLSM was employed as an optical 

imaging technique for the analysis of the cell structural 

components. Starting from undeformed and deformed 

confocal z-stack images, projection images were then 

reconstructed. Thus, image capture and analysis 

techniques were employed to generate 3D virtual 

models. Specifically, 3D tessellated models of the 

undeformed and deformed cell were created. The 

geometric models were imported into a finite element 

pre-processor to manage the generation of complex 

models. 3D meshes were suitably generated, appropriate 

mesh size and mesh refinement techniques were used. 

Different contact types were properly considered for the 

several parts of the model. Finite element analysis 

(FEA) was carried out to analyze the cell mechanical 

response under different loading conditions. Mechanical 

properties and constitutive laws were properly defined 

and implemented according to the different components 

of the model. 

Results 

FEA provided important information on the cell 

mechanical response under different loading conditions. 

In particular, the contribution of each structural 

component (actin, microtubules and nucleus) to the 

overall mechanical behavior of the cell was critically 

analyzed. Interesting results were obtained in terms of 

stress and strain distributions as well as of the stress 

transfer mechanism. A functional correlation between 

the undeformed and deformed model was also found. 
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Introduction 

Arteries grow and remodel in response to changing 

mechanical cues, such as hypertension, to maintain a 

homeostatic distribution of stress and/or strain across 

their walls [1]. This response is mediated by vascular 

smooth muscle cells (VSMCs) populating the tunica 

media of the arterial wall. The phenotype of these 

VSMCs is regulated by Notch signaling, a cell-cell 

signaling pathway that is sensitive to VSMC strain [2,3]. 

 Investigating the role of Notch mechanosensitivity 

in arterial remodeling requires a computational model 

able to capture both the native arterial mechanics and 

Notch signaling dynamics in detail. Therefore, we 

coupled a calibrated Finite Element (FE) model for 

arterial mechanics to an Agent-Based (AB) Notch 

model to investigate the effects of changes in arterial 

mechanics due to hypertension on Notch signaling and 

VSMC phenotypic changes in native coronary arteries.  

 

Methods 

FE model: A human coronary artery consisting of three 

distinct layers (tunica intima, media, and adventitia) was 

modeled as a fiber-reinforced Neo-Hookean material. 

Heterogeneous residual stresses were accounted for via 

the theory of kinematic growth [4]. 

Notch model: A recently developed AB Notch 

signaling model [2] was used to simulate interactions 

between Notch receptors and ligands of adjacent 

VSMCs and predict VSMC phenotype. The 

circumferential strains in the arterial wall obtained from 

the FE analysis regulated the production of Notch 

receptors and ligands informed by experimental data [2]. 

 Calibration: Material parameters for each layer 

were obtained by fitting experimental stress-strain data 

from native human coronary arteries [5]. The residual 

stresses were calibrated to obtain both a homeostatic, 

contractile VSMC phenotype and an approximately 

uniform stress distribution in the tunica media at 

physiological blood pressure (16 kPa). 

 

Results 

The material model successfully captured the 

experimentally observed mechanical response of each of 

the arterial layers. Increasing the blood pressure by 25% 

resulted in an increase in circumferential strain in the 

tunica media (Fig.1A). This affected Notch signaling 

and, consequently, caused an overwhelming switch in 

VSMCs from a homeostatic, contractile phenotype to a 

more proliferative, synthetic phenotype (Fig.1B).   

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1: (A) circumferential stretch distribution in the 

media. (B) predicted phenotype of the cells (EC: Endo-

thelial Cell, S: Synthetic VSMC, C: Contractile VSMC) 

 

Discussion  

A FE model simulating the mechanics of a tri-layered 

human coronary artery was successfully calibrated and 

coupled to an AB Notch model to study the impact of 

mechanosensitive Notch signaling on arterial growth 

and remodeling. The results suggest that Notch 

signaling may be a key regulator of arterial adaptation 

by inducing a switch from a contractile to a synthetic 

VSMC phenotype in response to changes in arterial 

strain, as synthetic VSMCs cause increased proliferation 

and matrix synthesis, enabling the artery to grow and 

remodel to adapt to these changes. 

Our model and simulations not only increase our 

understanding of the growth and remodeling of native 

arteries in response to changing biomechanical cues but 

may also be adopted to improve tissue-engineered 

vascular grafts.   
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Introduction 

Chondrocytes, the primary cells in articular cartilage, 

require optimum mechanical signals to maintain 

homeostasis. Abnormal mechanical signals can lead to 

departure from the stable chondrocyte homeostasis and 

a switch to hypertrophy, as observed in osteoarthritis 

(OA). In this context, multiscale models can be used to 

delineate the translation of mechanical signals from the 

macro-scale joint level to the micro-scale cell level, as a 

result of (patho)physiological loading at the joint level, 

and how these mechanical signals transduce 

intracellular biochemical processes. The objective of 

this paper is to develop a multiscale model of articular 

cartilage of the human knee joint to study the effect of 

physiological and pathological mechanical signals (post 

meniscectomy) on the fate of articular chondrocytes, in 

combination with pro-inflammatory cytokines. 

 

Methods 

The multiscale modelling workflow incorporates in-

silico models at 3 different length scales i.e. joint-level, 

cell-level and intracellular level as follows. 

Finite Element (FE) modelling of the knee joint: FE 

model of the right knee of a 70 year old female weighing 

77.1 kg was developed in FEBio (geometry obtained 

from the OpenKnee project [1]). Joint rotations, 

translations and joint reaction force for stance phase of 

the gait were used as input boundary conditions for the 

knee joint (both healthy and meniscectomized).  

FE modelling of the chondrocyte: The chondrocyte 

and its microenvironment (containing the pericellular 

matrix (PCM) and extracellular matrix (ECM)) for the 

different zones of the cartilage (superficial zone (SZ), 

middle and deep zone (DZ) ) were developed in Abaqus. 

The matrix was modelled as fibril reinforced poro-

viscoelastic material whereas the cell was considered 

biphasic [2]. The maximum compressive and shear 

strains obtained at the different zones of articular 

cartilage from simulations of the knee joint were used as 

input boundary conditions for the cell-level model.  

Regulatory networks for chondrocyte 

mechanotransduction: An additive model representing 

the intracellular gene/protein regulatory network 

involved in chondrocyte mechanotransduction and 

inflammation was developed. The 3 stable states or 

attractors for the network, viz. SOX9, RUNX2 and  

None (where both SOX9 and RUNX2 are inactive) were 

identified using a Monte-Carlo analysis. A SOX9 

attractor would signify a stable chondrocyte whereas a 

RUNX2 attractor would signify that the cell undergoes 

hypertrophy. The forces acting on the integrins obtained 

from the cell-level model were used as input to trigger 

the intracellular pathways. 

Results 

From the joint level simulations, it was observed that 

meniscectomy lead to increased strains in the different 

zones of articular cartilage as compared to a healthy 

joint as seen in figure 1, resulting in higher forces sensed 

by the chondrocytes in the cell-level model. However, 

post-meniscectomy, in both the SZ and DZ, the 

chondrocytes initially remained in their stable state with 

high expression of stable chondrocyte biomarkers 

(SOX9, Coll-II, Proteoglycans). With subsequent build-

up of pro-inflammatory cytokines with time due to 

abnormal loading, the SZ chondrocyte underwent a 

hypertrophic switch as was evident from the high 

activity of pro-hypertrophic biomarkers (RUNX2, 

CollX, MMP13,ADAMTS5). Due to this degenerative 

change in the SZ, the DZ chondrocytes were now 

subjected to higher strains, which when coupled with 

inflammatory cytokine build-up over time, led to their 

subsequent hypertrophic switch. 

 
Figure 1: Workflow of multiscale modeling. 

 

Discussion 

In this study, we elucidated the ability of the multiscale 

model to predict that the SZ and DZ chondrocytes 

undergo hypertrophy at different stages of OA, which 

was due to the difference in mechanical signals sensed 

by the chondrocytes in the different zones. The future 

steps include constructing a feedback loop which will 

relate expression of molecular factors by the cell to a 

change in the macro-scale mechanical properties of the 

cartilage using a computational homogenization 

approach. This will enable us to predict the onset and 

gradual progression of OA in an iterative manner. 
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Introduction 

Failure of the annulus fibrosus (AF) is often associated 

with disc herniation and activation of the immune 

system. Mesenchymal stem cell (MSC)-based therapies 

have been proposed for disc degeneration/herniation-

associated back pain, despite limited knowledge on their 

mechanism of action after transplantation. Hence, we 

investigated the impact of a cell-free therapeutic 

approach with MSC secretome on bovine AF organ 

cultures (AF-OCs) exposed to mechanical overload and 

a proinflammatory environment. 

 

Methods 

AF rings were isolated from bovine tails of 12-24 

months-old animals (n=18). AF-OCs were exposed to 

upper-physiological cyclic tensile strain (CTS, 9%, 1 

Hz, 3 h/day) and 10 ng/mL interleukin (IL)-1β 

(CTS+IL-1β) in a 6-stations custom-made device [1]. 

Sub-groups of stimulated AF-OCs were treated with 

either human MSC in coculture or secretome produced 

by preconditioned human MSC (n=3, 1 female/2 male, 

age: 23±1.5 years; preconditioning: 10 ng/mL IL-1β and 

6 % O2 for 48 h). Unstimulated AF-OCs were used as 

controls. AF cells expression for regulators of immune 

cell function, catabolic enzymes and matrix components 

was analyzed by real-time PCR using bovine primers. 

Interleukin (IL)-6 and metalloproteinase (MMP)-3 

tissue distribution were analyzed by 

immunohistochemistry. Glycosaminoglycan, elastin 

and collagen tissue content were determined by 

biochemical assays. AF adhesive strength was 

quantified in the tissue using a peel-force test. Kruskal-

Wallis test was used to determine differences between 

the groups in GraphPad Prism 7 software. P-values < 

0.05 were considered significant. 

 

Results 

Four days of CTS+IL-1β stimulation upregulated the 

expression of bovine immune response mediators IL-6, 

IL-8 and CD46 (p<0.05), and of catabolic enzymes 

MMP-1 and MMP-3 (p<0.01). In contrast, treatment of 

the CTS+IL-1β-stimulated AF-OCs with the MSC 

secretome downregulated the expression of these 

markers (p<0.05). The changes in IL-6 (Figure 1A) and 

MMP-3 production were confirmed at protein level. In 

contrast, the MSC in coculture only downregulated IL-

8 expression (p<0.05). Interestingly, both the MSC in 

coculture and the secretome contributed to a 

downregulation of collagen type I (COL1A1) expression 

by the bovine AF cells (p<0.001), but only the 

secretome induced a significant decrease of total 

collagen content in the AF matrix (p<0.05, Figure 1B) 

and a decrease of the AF adhesive strength (p<0.05, 

Figure 1C) when compared to the CTS+IL-1β 

stimulation alone. No differences were observed in 

glycosaminoglycan or elastin tissue content under the 

different stimuli. 

 

 
 

Figure 1: A) IL-6 staining intensity normalized to the 

unstimulated control sample for each experiment. B) 

Collagen content in the AF tissues normalized to wet 

weight (µg/mg). C) AF peel strength as function of 

displacement rate (N/mm). n = 6-18, *p<0.05, 

**p<0.01. 

 

Discussion 

AF cells presented a proinflammatory/degenerative 

phenotype four days after CTS+IL-1β stimulation. The 

MSC secretome had a stronger impact than the MSC in 

coculture on decreasing the immune and catabolic 

response of AF cells activated by CTS+IL-1β 

conditions. However, the secretome also contributed to 

a further decrease of collagen at gene/protein level and 

of the AF mechanical strength observed in the CTS+IL-

1β group. Using the MSC secretome as a therapeutic 

approach to modulate disc degeneration-associated 

inflammation seems to be an alternative option to MSC 

transplantation. Still, it requires further mechanistic 

investigations and evaluation of its long-term success in 

vivo, before moving to clinical trials. 
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Introduction 
Three-dimensional (3D) culture system, such as 
organoid, has been recently attempted to recapitulate 
various organs for human development and disease 
studies [1]. While in vitro bone related research was 
mostly considered from the results achieved on a 
conventional two-dimensional (2D) culture system 
where cells were cultured on a stiff plastic or glass dish, 
effect of 3D culture system on the bone research 
remained unclear in terms of osteoblast/osteocyte 
behaviors such as cellular proliferation and 
differentiation. Osteocytes are embedded inside the 
mineralized bone matrix and modulate the bone 
remodeling by controlling osteoclasts and osteoblasts to 
undergo bone resorption and formation, respectively [2]. 
During a long period of cultivation for pre-osteoblasts 
on the 2D in vitro model, the cells became proliferated, 
condensed, and eventually differentiated into osteocyte-
like cells [3]. In this study, we hypothesized that the cell 
condensation of pre-osteoblast cells plays an important 
role for osteocyte differentiation. In order to prepare for 
the highly condensed condition for the cells, we utilized 
the 3D culture system such as spheroid model and 
further evaluated their differentiation capability.  
 
Method 
In this study, mouse pre-osteoblast cell (MC3T3-E1) 
was utilized. 1,000 cells were subcultured in the super 
low cell attachment round-bottom dish and incubated 
for 2 days to fabricate the 3D spheroid. As a comparative 
model, we used the conventional 2D monolayer 
reconstructed by MC3T3-E1.  
 
Result and Discussion 
After 2 days of incubation, the average projected 
diameter of spheroid became about 115 μm as described 
in Fig. 1(A). Using real-time PCR, we measured the 
mRNA expression of osteocyte markers in Fig. 1(B). In 
2 days, all the osteocyte markers were significantly and 
remarkably up-regulated in the 3D spheroid compared 
to the 2D monolayer; Opn (57-fold change; p < 0.01), 
Dmp1 (1,266-fold change; p < 0.05), and Sost (82-fold 
change; p < 0.05). Moreover, the immunostaining 
results in Fig. 1(C) represented that the spheroid 
incubated for 2 days had the DMP1 expression, an 
osteocyte specific marker. In this study, we also 
conducted a period of 7-day experiment. As a result, the 
osteocyte gene expressions in 7-day spheroid were 
increased compared to 2-day spheroid. The results 
altogether imply that the pre-osteoblast cells in 3D 
spheroid culture did not only exert the in vitro osteocyte 

Figure 1: (A) Spheroid reconstructed by mouse pre-osteoblast 
cells after 2-day incubation, (B) mRNA expressions of 
osteocyte markers (Opn, Dmp1, and Sost) for monolayer and 
spheroid normalized to Gapdh expression (p-value was 
obtained by Student’s t-test; * p < 0.05, ** p < 0.01), (C) 
Immunofluorescence staining images of spheroid; DAPI 
(blue), ACTIN (red), and DMP1 (green). White bars indicate 
50 μm.  
 
differentiation within 2 days, but the osteocyte-likeness 
was also prolonged after 7 days of incubation. We 
hereby suggest that the spheroid using pre-osteoblast 
cells enables to apply for a new in vitro osteocyte model. 
Furthermore, the spheroid is also expected to utilize in 
the field of tissue engineering by transplantation into the 
bone defect model for regenerative medicine.  
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Introduction 

Regeneration of bone defects could be guided with 

smart biomaterials, making use of the bone’s innate 

capacity to regenerate upon implantation [1]. For the 

development of such materials, animal experiments are 

routinely used. To enable the investigation of 

biomaterial-driven human bone regeneration, while 

addressing the principle of reduction, refinement and 

replacement (3Rs) of animal experiments, human in 

vitro bone defect models should be developed. 

Currently, in vitro bone defect models are often created 

from animal specimens which face difficulties in 

maintaining viability and are mostly only cultured 

statically [2]. Therefore, we aimed at developing a three-

dimensional (3D) in vitro human bone defect model 

using a tissue engineering approach. In addition, we 

characterized tissue growth and organization induced by 

directional fluid flow at the defect side.  

 

Methods 

Silk fibroin scaffolds were produced with a 3 mm 

diameter defect in the center. Scaffolds (N = 4) were 

seeded with human mesenchymal stromal cells (MSCs) 

and cultured statically or in a flow perfusion bioreactor 

with a flow of 1.5 ml/min, determined with 

computational simulation, providing osteogenic 

medium. Tissue growth over time into the defect was 

quantified based on histological sections after 2, 4, and 

6 weeks of culture. Osteogenic differentiation was 

visualized using immunohistochemistry for the 

osteogenic markers RUNX2, alkaline phosphatase, 

collagen type 1 and osteopontin. To study the effect of 

fluid flow direction, cell orientation at the defect wall 

was quantified over time based on a phalloidin staining. 

 

Results and Discussion 
In constructs cultured with flow perfusion, bone-like 

tissue grew away from the scaffold wall reaching into 

the defect void (Figure 1A+B). In constructs that were 

cultured statically, this increase could not be seen 

(p<0.01) (Figure 1A+B). All osteogenic markers were 

present in this newly formed matrix. Interestingly, cells 

at the scaffold wall aligned in the static and dynamic 

culture predominantly to the defect’s curvature rather 

than to the fluid flow direction (data not shown), 

indicating that curvature can overrule directional fluid 

flow in guiding cell orientation of osteogenically 

differentiated MSCs in 3D. 

Figure 1. Tissue sections stained with picrosirius red 

after 6 weeks static or dynamic culture (A, scale bar: 1 

mm) that were used for the tissue growth quantification 

results over time in the defect void (B). Newly formed 

tissue was stained positively for the osteogenic markers 

RUNX2 (cyan), ALP (magenta), osteopontin (green), 

and collagen type 1 (red) (C, scale bar: 100 μm). 

 

Conclusion 
In this study, we characterized bone-like tissue growth 

and organization after 2, 4, and 6 weeks with and 

without fluid flow perfusion in a 3D tissue engineered 

construct, mimicking an in vitro human bone defect. 

Fluid flow perfusion resulted in more tissue formation 

at the scaffold’s wall. This in vitro model could be useful 

to screen graft materials for biomaterial-driven bone 

regeneration applications, addressing the principle of 

3Rs of animal experiments. 
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Introduction 
Physiologically relevant in-vitro models need to 
reproduce both structural and mechanical features of the 
in-vivo environment. 3D scaffolds and cell spheroids are 
emerging as powerful tools to replicate three-
dimensional structures. While, bioreactors are employed 
to apply uniaxial or biaxial stretching to cell 
monolayers. However, despite the complexity of these 
systems, to date, the replication of multidirectional 
(radial) three-dimensional (out of plane) stretching is a 
challenge [1, 2].  
Here, we present a new bioprinting strategy to obtain 
core-shell structures, able to replicate the structure and 
motility of the intestinal and alveolar barrier thanks to 
magneto-responsive materials (Figure 1). In the case of 
the alveoli the air-containing beads will be embedded in 
a magneto-responsive septum-like gel able to mimic the 
in-vivo deformation mechanism. The core-shell 
structures were characterised as a function of different 
extrusion velocities, while deformation was evaluated as 
on the base of different magnet combinations and 
magnetite nanoparticle (NP) concentrations.  

 
Figure 1: schematic illustration of the core-shell microbead 
generator and structures. 
 
Methods 
A core-shell microbead (COSMIC) generator was 
designed and fabricated using commercial coaxial 
needles (16-26 and 9-26 Gauge) connected with two 
syringes, which are actuated with two stepper motors. 
The extrusion is controlled via computer thanks to a 
graphical user interface.  
The core-shell structures were characterised using 1 and 
2% w/v alginate in the shell and air or 1 - 2 % w/v FITC-
alginate (Creative PEGWorks, USA) in the core. A 0.1 
M calcium chloride (CaCl2) solution was placed under 
the needle to allow alginate crosslinking. Spheres 
dimension was quantified in function of different 
extrusion velocities (10, 20, 40 μL/s) using brightfields 
and fluorescence images (Olympus, Japan) and the 
Image-j software.  
The deformation of 1 % w/v alginate beads loaded with 
5, 10 or 13% w/v magnetite NP (~ 50 nm diameter) and 
0.1% w/v pluronic-127 was measured using image 
analysis [3]. Different magnet combinations 

(neodymium permanent magnets with a diameter of 10 
mm and 20 mm) were investigated.   
Cell viability tests were performed using Caco-2 cells 
with an encapsulation density of 1M/mL. All reagents 
were purchased from Sigma-Aldrich (Milano, Italy), 
unless differently specified.  
  
Results 
The obtained diameters range from about 700 to 1700 
μm for the core with a shell thickness ranging from 90 
to 500 μm. As shown in Figure 2a, the best results in 
terms of distinction between core and shell was obtained 
with the following extrusion velocities: core at 20 μL/s 
and shell at 40 μL/s (c20s40). The best deformation 
performance was obtained with a combination of the 10 
and 20 mm magnets with strain levels from 8 to 12% 
with increasing NP concentration (Figure 2c).  
Cell testing confirmed the cytocompatibility of the 
beads and of the encapsulation procedure.  

    
Figure 2: a) c20s40 2% alginate core-shell structures 
extruded with 19-26G needle; b) c20s40 air core - 1% alginate 
shell structure; c) strain level as a function of nanoparticle 
concentration. 
 
Discussion 
Results show that our strategy is suitable to obtain cell-
laden core-shell structures. The fabrication and 
characterisation of the septum-like gel and the design of 
an automated stimulation system based on 
electromagnets are on-going. Further developments 
foresee the evaluation of the 3D structure and of the 
stretching effects on cell morphology, organization and 
polarization.   
In conclusion, the main advantage of our strategy is the 
combination of structure and 3D stretching, which, to 
the best of our knowledge, has not been implemented in-
vitro. Thus, COSMIC represents a step further towards 
the definition of physiologically relevant in-vitro 
models, which improve the translation between research 
and clinical applications and also have the potential to 
reduce animal tests as required by EU directives. 
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Introduction 
Hydrogel stiffness has been long recognised to 

determine human mesenchymal stem cell 

(hMSC) differentiation, whereas viscous 

interactions are only recently emerging as powerful 

regulators of stem cell fate [1, 2]. For example, while 

viscoelastic hydrogels can promote hMSC spreading 

and proliferation, elastic hydrogels can inhibit cell 

proliferation and, in the case of chondrocytes, limit 

cartilage matrix formation [3]. Moreover, hydrogels 

can be functionalised with peptide motifs to 

improve hMSC attachment and influence cell fate: 

for example, chondrogenesis can be controlled by 

peptide gradients using integrin receptor RGD and 

cadherin ligand HAVDI [4]. However, 

investigations into how the viscoelastic properties of 

hydrogels influence the chondrogenic 

differentiation of hMSCs are lacking. 

In this work, we investigate whether viscoelastic 

hydrogels with variable viscous properties and 

consistent elasticity can provide a cellular micro-

environment conducive to the chondrogenic 

differentiation of hMSCs.  
Methods 
Polyacrylamide (PAAM) and polyethylene glycol 

(PEG) hydrogels were prepared using acrylamide 

and cross-linker N, N'-Methylene bisacrylamide, or 

PEG macromers and protease degradable VPM 

peptide cross-linkers, respectively. Elastic and 

viscous properties of the hydrogels were measured 

using AFM and rheology. hMSCs were cultured on 

RGD/HAVDI-functionalised PAAM hydrogels and 

within RGD-functionalised PEG hydrogels. Cell 

cultures were analysed by immunoflourescence 

microscopy and qPCR for adhesion behaviour, as 

well as markers of mechanotransduction, early 

chondrogenesis, cartilage matrix, and chondrocyte 

hypertrophy. 

Results 
We prepared viscoelastic PAAM and PEG gels with 

different polymer:crosslinker ratios that maintain 

similar Young’s moduli (~13 kPa), whilst exhibiting 

differences in viscosity (~two-fold loss modulus 

change), as measured by AFM nanoindentation and 

microrheology, and confirmed by bulk rheology. 

2D culture on PAAM gels functionalised with RGD 

showed that more viscous substrates prompted 

decreased hMSC spreading, modulation of adhesion 

proteins expression, different mechanotransduction 

(decreased nuclear YAP and lamin A/C:B1 ratio), 

increased early chondrogenesis (SOX9 upregulation 

and RUNX2 downregulation) and late 

chondrogenesis (COL2A1 and aggrecan 

upregulation), while preventing an hypertrophic 

phenotype. hMSC behaviour and fate was also 

influenced by ratios of RGD/HAVDI. Importantly, 

3D culture within viscous PEG gels also promoted 

enhanced chondrogenesis via similar 

mechanotransductive mechanisms. 

Discussion 
These novel findings demonstrate that viscous 

interactions both in 2D and 3D can be modulated to 

target key mechanotransductive events, leading to 

the activation of chondrogenic pathways in hMSCs 

as a consequence of substrate viscosity.  

 
Figure 1. A) Sketch and AFM mechanical 

characterization by microrheology (left) and 

nanoindentation (right) of viscoelastic PAAM gels. 

B) Mechanotransduction (quantification of IF of 

YAP and nuclear lamins). C) Early chondrogenesis 

(SOX9) and neocartilage formation (Col II). D) 

Representative IF images of matrix secretion. 
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INTRODUCTION 

The ability to accurately develop advanced in vitro 

models of cardiac pathophysiology represents a 

breakthrough in the field of cardiac biology and clinical 

translation. Organs-on-chips have recently emerged as 

innovative platforms enabling to reproduce key native 

biophysical conditions with unprecedented precision 

and to integrate tailored functional readouts.   

Here we describe uHeart, the first beating heart-on-chip 

providing: i) a finely controlled mechanical stimulation 

to 3D microtissue and ii) an innovative means to directly 

extract electrophysiological signals without damaging 

cultured cells. We exploited the mechanical stimulation 

of uHeart to: i) generate a physiological beating cardiac 

model for drug screening and ii) a scar-like pathological 

model to elucidate mechanisms of cardiac fibrosis.  

 

METHODS 

uHeart was designed i) to provide cyclic controlled 

uniaxial strain (i.e. 10% stretching at 1Hz) to 3D cell-

laden hydrogels [1], and ii) to incorporate an electrical 

system for non-destructive recording of cardiac field 

potential (FP). The platform was fabricated through 

standard photo- and soft-lithography techniques. 

Physiological cardiac models were generated from 

human induced pluripotent stem cell-derived 

cardiomyocytes (h-iPSC-CMs, FUJIFILM CDI) and 

human dermal fibroblasts (Lonza). Cells were mixed in 

a 3:1 ratio (125·106 cells/ml), embedded in fibrin gel 

(i.e. 10 mg/ml fibrinogen; 1.25 U/ml thrombin) and 

mechanically stimulated for 7 days. Microtissues’ 

functionality was evaluated on-line by positioning 

paired electrodes in specific location of uHeart. Ion-

channels related gene expression was measured. Drug 

screening was conducted by evaluating alterations of FP 

duration (FPD) at incremental concentrations of drugs 

(i.e. DMSO, Aspirine, Sotalol and Verapamil). 

Scar-like cardiac models were generated from primary 

neonatal rat cardiac fibroblasts isolated from 2-day-old 

neonatal pups. Fibroblasts were embedded at 14.5·106 

cells/ml in fibrin gel (i.e. 20 mg/ml fibrinogen; 5 U/ml 

thrombin). Microtissues in static and dynamic 

conditions with or without the transforming growth 

factor β1 (TGFβ1) were cultured for 7 days. The effects 

on cell proliferation, phenotype and ECM remodeling 

were assessed through immunofluorescence staining 

and atomic force microscopy (AFM).  

 

RESULTS 

Mechanically trained physiological cardiac models 

showed striated h-iPSC-CMs which organized in 3D 

and beat as a syncytium (0.45Hz; FPD 0.5s) (Fig.1a). 

Mechanical stimulation upregulated potassium channels 

(i.e. h-ERG, IKs), which influence the repolarization 

phase. Compounds’ effect on FPD was successfully 

assessed: DMSO and Aspirin did not alter the FPD, 

while Sotalol (≥15μM) prolonged and Verapamil 

(≥50nM) shorten cardiac repolarization, respectively. 

In the pathological model, the application of mechanical 

stimulation was sufficient, even in the absence of 

classical pro-fibrotic biochemical stimuli (i.e. TGFβ1), 

to induce traits typical of scar formation. Mechanical 

stimulation significantly increased cell proliferation 

(3.75 ± 1.33%) as compared to static condition (0.95 ± 

0.60%). Mechanical stimulation promoted α-SMA 

expression (56 ± 21.03%), indicating fibroblasts’ switch 

to myofibroblasts, with respect to static culture (23.92 ± 

15.30%) (Fig.1b). Static microtissues showed lower 

mechanical stiffness (~0.7 kPa) compared to dynamic 

ones (~2 kPa), which exhibited increased production of 

scar-like ECM (collagen type-I, aggrecan, fibronectin). 

 

 
Figure 1: a) Immunofluorescence staining and field potential 
recording of physiological model; b) Myoblast switching in 

pathological model (scale bar 100mm). 

 

DISCUSSION 

uHeart demonstrated that mechanical cues are great 

means to reproduce cardiac pathophysiology. uHeart 

generated functional microtissues reacting to drugs in a 

physiological way [2], offering a unique on-chip 

cardiotoxicity screening tool. uHeart also efficiently 

developed scar-like microtissues covering the principal 

phases of the wound healing process, fundamental to 

assess the effects of compounds on reversing cardiac 

fibrosis [3]. The mechanical stimulation is now being 

exploited in further studies to investigate the ability of 

cardiomyocytes to counteract fibroblast proliferation 

and myocyte switch in fibrotic tissue models.   
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Introduction 
It is now evident that the gastrointestinal bacteria 
contribute in shaping the immune system, etiopathology 
of cancer and therapy responses [1-2]. 
In vitro traditional models lack the cellular complexity 
and physiological architecture present in the human 
intestine [3-4]. On the other hand, in vivo systems often 
fail to recapitulate results obtained in human and they 
are limited by poor experimental control. 
3D-microfluidic culture systems may overcome these 
limitations, because they recreate complex multicellular 
architectures in a finely controlled dynamic 
environment [4-6].  
 
Methods 
A novel microfluidic platform that integrates 3D models 
of the human intestine, the systemic vasculature and the 
tumor microenvironment (TME) was developed using 
soft lithography techniques. 
The microbiome-on-chip (MOC) is composed by two 
modules. The first module consists of a 3D gut-on-chip 
composed by an epithelial compartment and a vascular 
one separated by a collagen-based gel. Physiologically 
relevant luminal flow and peristalsis-like mechanical 
deformations are applied on the device thanks to an 
innovative technology recently developed in the lab. 
The second module is designed to culture 3D tumor 
spheroids and test different therapeutic strategies on 
patient-derived tissue. The whole system allows real-
time multiparametric monitoring and could be used as a 
predictive model to promote patient-specific therapies 
and improve antitumor responses 
 
Results 
The following preliminary results were obtained using 
single-module devices while the complete platform is 
currently being developed and tested to study the effect 
of microbiota on tumor microenvironment and 
therapeutic responses. 

 
Figure 1: Intestinal and Tumor microfluidic models 

 
The proposed intestinal model allows to obtain a 3D 
complete and functional intestinal epithelium in 5-7 
days of culture (Figure 2A). Epithelium integrity and 
functionality was assessed using 4.4KDa TRITC-
Dextran. 
Mucosal samples from patients’ intestinal resections 
were co-cultured on the device to evaluate the influence 
of tumor-associated microenvironment on intestinal 
integrity.  
Patient-derived tumor spheroids were cultured in the 
tumor-on-chip module for 4-5 days and different 
therapeutic strategies were tested. Both tumor and 
immune cells were successfully cultivated in the device.  

 
Figure 2: (A) Confocal microscopy image of a complete 
3D epithelium stained for tight junctions (ZO-1), E-
cadherin (Ecad) and nuclei (DAPI). (B) Tumor 
spheroids composed by both tumor (Ecad) and immune 
(CD45) cells.   
 
Discussion 
The application of shear stress and the mechanical 
deformations suggests increasing the ability of cells to 
create a complete intestinal epithelium. The device is 
thus suitable to screen combinations of biochemical and 
mechanical cues to find optimal stimulation parameters.  
The use of patient-derived tumor spheroids can promote 
personalized therapy and help unravel the interaction 
between microbiota, immune system and cancer. 
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Introduction 

Cardiac tissue engineering (CTE) aims to develop 

functional cardiac tissue substitutes to be used as in vitro 

models for cardiac research, and ultimately for cardiac 

repair [1]. Among different physical stimuli applied in 

vitro to promote cardiac tissue maturation [2], pulsatile 

electrical stimulation was shown to influence rate and 

duration of action potentials, to increase the percentage 

of spontaneously beating cells, and to promote cell-cell 

coupling and calcium handling [3]. Here, we developed 

the compact electrical stimulator ELETTRA, designed 

to deliver tunable biomimetic electrical pulses for CTE 

investigations, and we cultured neonatal rat cardiac cells 

under monophasic or asymmetric biphasic pulses.  

 

Methods 

ELETTRA (18x17x7 cm3) is based on a microcontroller 

board (Arduino Due), a lightweight optimized power 

supply stage, a purpose-built software, and a user-

friendly interface (Fig.1A). A sensing resistor allows 

monitoring the current flowing between the electrodes. 

To mimic electrical stimuli experienced in vivo by 

human cardiac cells, ELETTRA can deliver tunable 

monophasic or symmetric/asymmetric biphasic pulses 

(frequency = 0.5-10.0 Hz, amplitude = 0.5-12.0 V, pulse 

duration = 1-10 ms). Customized culture chambers were 

developed molding polydimethylsiloxane (PDMS) 

housings, embedding two carbon rod electrodes 

(distance = 1 cm), to be press-fitted into 35 mm wells 

(Fig.1B). To investigate the electric field distribution 

within the culture chamber, a stationary computational 

analysis was performed (COMSOL Multiphysics), 

imposing a 3 V voltage between the electrodes. For 

biological tests, neonatal rat cardiac cells were seeded  

in the customized chambers (70000 cells/cm2) and 

cultured for 3 days in static conditions, followed by 4 

days under monophasic (3V, 1 Hz, 2 ms) or asymmetric 

biphasic (+5V/-1V, 1Hz, 2 ms) pulses. Controls were 

cultured statically for 7 days (n = 8 for all groups).  

Cardiac cell functionality was assessed applying an 

external electrical pacing and determining the excitation 

threshold (ET) and maximum capture rate (MCR).  

 

Results 

Preliminary tests confirmed stability and accuracy of 

electrical stimulation and ease of use of ELETTRA. 

Simulations showed that the chamber layout guarantees 

a relatively uniform electric field over a wide region (6 

mm) between the electrodes, with an average value of 

2.74 V/cm (Fig. 1B). All cardiac monolayer samples 

stimulated with asymmetric biphasic pulses 

reproducibly responded to the external pacing, while 

only 7 and 5 samples for monophasic stimulation and 

control group, respectively, followed the external 

stimulation. Asymmetric biphasic experimental group 

showed lower ET values and higher MCR values (ET = 

3.30 ± 0.34 V/cm, MCR = 3.33 ± 0.82 Hz) compared to 

monophasic group (ET = 4.50 ± 1.04 V/cm, MCR = 3.00 

± 0.53 Hz) and control (ET = 4.94 ± 0.90 V/cm, MCR = 

2.63 ± 0.52 Hz). 

 

 
Figure 1: A) ELETTRA; B) Culture chamber; C) 

Contour plot of electrical field amplitude within the 

culture chamber; D) ET values for cardiac monolayer 

samples cultured under asymmetric biphasic (AB), 

monophasic (M) pulses, and in static conditions (SC) 

(*p<0.05). 

 

Discussion 

ELETTRA is easy to use and delivers tunable, stable, 

and homogeneous cardiac-like electrical stimulation, 

offering control accuracy, indirect monitoring, 

versatility, and portability at a competitive cost (~ € 

250). Moreover, coupled with existing bioreactors, 

ELETTRA can be used to provide combined physical 

stimuli for CTE investigations. Biological results 

suggest that asymmetric biphasic pulses promote 

cardiac cell functionality in vitro. Further analysis of 

specific cardiac markers at the mRNA level are ongoing.  
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Introduction 
Osteoarthritis represents one of the most prevalent and 
debilitating chronic diseases worldwide. The modest 
efficacy of available treatments combined with the the 
significant percentage of failed pre-clinical trials 
demonstrate an urgent need for realistic tools for in 
vitro drug screening, able to reproduce osteo-chondral 
interactions in health and disease condition. To 
generate in vitro model of adjacent tissues, we 
developed and validated an innovative millifluidic 
bioreactor suitable to accommodate biphasic cell 
constructs and guarantee real-time optical monitoring. 
 
Materials and methods 
Models of the flow path in one-inlet and dual-inlet 
bioreactors (Fig. 1) were created using SolidWorks and 
tested using ANSYS Fluid Flow (CFX), with an inlet 
volume flow rate of 1 ml/day and outlet open to the 
environment [1]. 
 

 
Figure 1: Bioreactors design. 

 
The bioreactors were 3D printed by stereolithography. 
At day 7 biological tests were performed on the one-
inlet bioreactor hosting hMSCs in 8% gelMA construct 
in the central chamber: Alamar Blue® assay was 
performed adding the reagent to the inlet medium and 
analysing the output medium using a plate reader. A 
Dynamic Live Assay was performed adding Calcein-
AM to the inlet medium and collecting bioreactor 
central chamber z-stacks images. The biphasic 
bioreactor design fluidic was tested by flowing two 
different colour media and quantifying the degree of 
mixing in the outlets using a plate reader. The 
differentiation of hMSCs towards a chondrogenic and 
osteogenic phenotype in the two sides of the bioreactor 
was tested at day 21 via fluorescence test of the Col2 
transfected sentinel cells and Col2 PCR analysis. 
 
Results 
From the CFD results, one-inlet and dual-inlet 
bioreactors showed comparable results. Mean velocity 

of 1.08E-6 µm/s and extremely low shear stress values 
confirmed simultaneously no cellular damage and 
suitable nutritional supply in both the devices. Both 
Alamar Blue® and Live/dead results in one-inlet 
bioreactor showed no differences in terms of cell 
metabolic activity if compared to the static culture. 
Comparing the absorbance intensity of input and 
output solutions, we validated the absence of fluid 
mixing inside the chamber. The differentiation of 
hMSCs towards a chondrogenic and osteogenic 
phenotype in the two sides of the bioreactor construct 
was optically validated by fluorescent tests and 
confirmed by quantitative RT-PCR analysis (Fig 2).  

 
Figure 2: Col2 RT-PCR results for three dual-inlet 

bioreactors. 

Discussion  
We validated the millifluidic biphasic bioreactor 
capability in guaranteeing cell viability, continuous 
optical monitoring, no mixing of fluids in the culture 
chamber hosting each tissue phase. Moreover, we 
validated the designed device in inducing two specific 
differentiation pathways in the same chamber. 
In light of this, the new-designed biphasic bioreactor 
represents a suitable device for high throughput micro-
physiological systems for drug screening and toxicity 
assessment.  
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INTRODUCTION: In many fields such as cancer 

research and biomaterial testing, intravital 

microscopy is fundamental to study the evolution 

and the dynamics of physiological phenomena at 

the microscale, such as the subcutaneous foreign 

body response in terms of single cell behaviour and 

of neovascularization rate. We developed a 

miniaturized imaging window, the Microatlas, that 

implanted sub cute, can ectopically guide cell 

migration and neovascularization into a 

miniaturized scaffold incorporated in the device. 

By using two-photon fluorescence microscopy 

with the Microatlas implanted in vivo and 

repopulated by cells and blood vessels, we can 

quantify this reaction in the same animal and tissue 

district, along different time points. Thus, we can 

reduce the number of animals employed in 

preclinical studies, refine and boost the analyses 

and replace old and outdated quantification 

processes of cellular density, blood vessels 

sprouting, collagen and fatty infiltrate generation 

traditionally based on histology. Here, we grafted 

the Microatlas in living chicken embryos 

conducting in vivo validation assays.  

METHODS: The Microatlas micro scaffolds (Fig. 

1) were fabricated by two-photon laser 

polymerization [1] on circular glass coverslips 

(Ø:5-12 mm), with a biocompatible photoresist, 

SZ2080. The micro scaffolds consist in several 

micro grids (500x500x100μm). Reference 

structures allowed the microscope field-of-view 

repositioning at different time-points. The 

Microatlas was implanted in living chicken 

embryos and it was inspected by nonlinear and 

linear fluorescence microscopy. At each time 

point, the embryo was two-photon imaged first, 

then sacrificed, formalin-fixed, labelled and 

imaged with a confocal microscope.  

RESULTS: Confocal and two-photon inspections 

at Microatlas implantation sites demonstrated 

growth of the recipient tissue inside the micro grids 

and micro vascularization formation with presence 

of a capillary density six times greater than 

untreated tissue. Two-photon fluorescence 

acquisitions specifically showed the presence of a 

layer of preferentially oriented collagen type I. 

 

 
Figure 1: Representation of the Microatlas. A glass 

coverslip(1) is functionalized with micro scaffolds(2), 

spacers(3), landmarks for vertical and planar repositioning of 

the microscope field of view(4). The device can be coupled to 

a target(5). 

Confocal microscope images allowed 

quantification of cell density with an infiltration 

rate twofold than untreated tissue and confirmed 

neo-vascularization inside the Microatlas. 

DISCUSSION&CONCLUSION: The Microatlas 

guided in vivo a quantifiable localized reaction 

inside its micro scaffold, in terms of cell 

repopulation, collagen generation and capillary 

formation that we assumed as the primary 

parameters of the foreign body reaction to an 

implantation. The device can be used as a reliable 

and more ethical imaging window for intravital 

quantifications, which potentially reduces the 

number of employed animals in preclinical studies. 
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INTRODUCTION 

In the field of cell-based therapies, mesenchymal stem 

cells (MSCs) attracted increasing attention thanks to 

their multipotency, ease of isolation and freedom from 

ethical issues. Moreover, in addition to their potentiality 

in differentiation and tissue regeneration, MSCs 

displayed to possess immunomodulatory and anti-

inflammatory effects and a marked trophic activity, 

encoding for a variety of regulatory proteins, including 

those of the extracellular-matrix (ECM) [1][2]. 

However, in the body, MSCs reside in specific niches 

which support MSCs properties through biochemical 

and biophysical cues. Therefore, many efforts have been 

put in the design of three-dimensional (3D) synthetic 

niches, aiming to emulate the native microenvironment 

and thus efficiently control SCs fate in vitro and produce 

therapeutic cells in large-scale. In this panorama, an 

innovative engineered niche, named NICHOID, was 

developed [3]. Its capacity to maintain the pluripotency 

of different types of SCs without adding any exogenous 

factor, has been already assessed [4][5]. This 

phenomenon is linked to isotropic forces that NICHOID 

provides to cells, inducing a genetic reprogramming by 

controlling the cytoskeletal tension. 

In our work we aimed to investigate, by means of a 

complete transcriptomic analysis, which are the effects 

of NICHOID on the whole gene expression of MSCs. 

 

METHODS 

Micro-patterned substrates were fabricated through two-

photon polymerization (2PP) of a negative hybrid 

photoresist (SZ2080). Two different scaffold 

configurations were fabricated: the traditional 3D one 

(3D NICHOID) and a flat control, composed only by a 

single layer of polymerized grids (2D NICHOID). The 

scaffolds were sterilized and seeded with 3×104 rat 

mesenchymal stem cells, obtained from bone marrow of 

Lewis rats (rBMSCs). After 4 days their morphology 

and viability were assessed using fluorescence 

microscopy techniques and the RNA was extracted to 

study gene regulation. Sequencing data were later 

quality-checked, processed and subjected to differential 

expression and enrichment analyses. 

 

RESULTS 

rBMSCs were vital in both conditions but displayed 

different morphologies. Indeed, cells in 3D NICHOIDs 

were more roundish, attached to the surrounding 

structure and cells, while on 2D NICHOIDs were 

elongated on the bidimensional surface. In term of gene 

expression, this difference in shape was translated in a 

total of 603 differentially expressed genes (364 up-

regulated and 239 down-regulated) between 3D and 2D 

NICHOIDs. Moreover, interesting pathways turned out 

to be deregulated, including those related to actin 

cytoskeleton, immune response, cell adhesion 

molecules and ECM components. 

 

DISCUSSION 

These results highlighted that NICHOID, thanks 

exclusively to its tridimensional pattern and to the forces 

it exerts on cells, is able to maintain not only the 

pluripotency but also other peculiar features of MSCs. 

This make the NICHOID an appropriate tool for the 

expansion of MSCs, which can be used not only for 

regeneration but also to provide physical and trophic 

supply.  
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Introduction 

This study presents an experimental evaluation of 

permeability in triply periodic minimal surfaces (TPMS) 

based scaffolds, which permit advantageous structural 

properties for Bone Tissue Engineering (BTE). Three 

different TPMS structures were considered: Schwartz 

Diamond (SD), Gyroid (SG) and Schwartz Primitive (SP), 

with four different porosities (50, 60, 70 and 80%) [1].  

Permeability is widely used to characterise scaffolds for 

BTE applications, as it gives information about the structure 

porosity, pore size, tortuosity and pore interconnectivity 

which have an important impact in cell seeding and 

proliferation [2].  

Within this scope, it is important to study which law or 

method is more suitable for permeability calculation of 

porous structures. The most used law in literature is the 

Darcy’s law (Eq. 1) but depending on the flow regime, the 

Forchheimer’s law (Eq. 2) can be used as well [3]. 

 

 −
dP

dx
 =  

μ

k1
 × v (1) 

 

 −
dP

dx
 =  

μ

k1′
× v + ρ × β × v2 (2) 

 

Where −
dP

dx
 represents pressure drop, μ is the fluid 

viscosity, ρ is the fluid density, β the Forchheimer’s 

coefficient, v is the fluid velocity and, k1 and k1′ are 

Darcy’s and Forchheimer’s permeabilities respectively. 

 

Methods 

Ten scaffolds (13x13x13 mm) of each TPMS structure were 

produced using a MJP 3600 MultiJet® (3D Systems, EUA) 

3D printer and its material Crystal [2].  

Figure 1 presents some examples of samples produced and 

studied in this work. Experimental determination of 

permeability was addressed by forcing water flow through 

the scaffolds at constant flow rates. Eleven flow rates were 

considered (1, 2, 3, 4, 5, 10, 20, 40, 60, 80 e 100 mL/min) 

and values for pressure drop were obtained for each flow 

rate and, type of scaffold and porosity. Subsequently, the 

distinction of the flow regimes and permeability calculation 

were performed. 

 

 
a) b) c) 

 

Figure 1: Samples of the 80% porosity TPMS scaffolds used 

in this work: a) SD80, b) SG80 and c) SP80. 

 

Results 

It was observed that the behaviour between measured 

pressure drop and flow rate presented a polynomial 

tendency (figure 2); this behaviour was aggravated with 

decrease of porosity, indicating that Forchheimer’s law is 

probably the most suited for permeability calculation. 

 

 
 

Figure 2: Obtained values of the pressure drops for the 60% 

porosity scaffolds. 

 

Discussion 

Darcy and Forchheimer laws were compared through the 

obtained permeability values, which were not significantly 

different. The studied scaffolds presented permeability 

values in the magnitude of 10-10 - 10-9 m2 and 10-6 - 10-5 m for 

inertial permeability, well placed within the ones presented 

in literature for bone TE [3].  

For the flow regimes in analysis, it seems both laws can be 

applied on the evaluation of permeability in TPMS scaffolds 

and the Forchheimer’s equation can effectively be 

interpreted as an expansion of Darcy’s law. 

The SG scaffolds were considered the most permeable ones 

except for the 70 and 80% porosities in which the SP 

surpassed the SG. Although a higher porosity usually means 

having a higher permeability, that was not the case when 

comparing the SG and SD geometries. 

Such findings underline the potential of TPMS scaffolds in 

allowing elevated permeability values with inferior 

porosities when compared with other conventional 

scaffolds. Future work will consider new fabrication 

methods and materials for different applications. 
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Introduction 

In vitro cell/tissue culture represents a widespread 

methodology for pathophysiologic studies with good 

cost/benefit ratio. Despite PDMS-based organ-on-chip 

technologies are leading the scientific panorama, 

translation to commercial products is very limited, due 

to high costs and hurdles for large scale manufacturing 

[1]. We have developed and validated a novel system 

based on conventional and low-cost rapid prototyping 

technologies [2], that allows to host either a 

microporous membrane on which seeding cells or 3D 

structures, such as scaffolds or tissue biopsies, to 

perform compartmentalized cultures/co-cultures and to 

visualize in real time the sample of interest. Moreover, 

we have introduced a novel feature to easy recover and 

reuse the biological material, maintaining the 

morphological structure and vitality.  

Methods 

CO2 Laser cutting (Versa Laser V2.30 ULS) rapid 

prototyping technology has been applied to realize a 

novel 12-well plate compatible system suitable to 

house a porous membrane and perform bi-

compartmental cultures. The device is under patenting 

process. To validate the system, polycarbonate (PC) 

track-etched 5 µm pore size membranes (Whatmann 

Nucleopore®) settling on Caco-2 (a cell line, 

recognized model of colonic epithelium [3]; 4x104 

cells/system) and PC track-etched 3 µm pore size 

membranes (it4ip ipCELLCULTURE™) settling on 

EAhy-926 (a cell line, recognized model of vascular 

endothelium; 3x104 cells/system) were inserted. 

Transwell® inserts served as comparators. Static 

cultures were run till confluence.  

Cell presence/growth was monitored by Acridine 

Orange stain of living cells (Figure 1A). Confluent 

cells were then fixed in paraformaldehyde, stained by 

DAPI (nuclei) and differentiation /lineage-specific 

antibodies (Caco-2: Human Epithelial Antigen, 

Junction Adhesion Molecule; EAhy-926: CD-

31/PECAM1, von Willebrand factor). Cells were 

observed at Nikon 55i fluorescence and Leica TSP5 

confocal microscopes, and analyzed using FiJi and 

Adobe Photoshop CS4 software, as opportune. Each 

experiment (samples in duplicate) was run in at least 

three times.  

Results 

The system’s production has been scaled up to 70 

devices simultaneously, with high reproducibility. 

By these systems we obtained confluent monolayers 

either of living Caco-2 cells or EAhy-926 cells. Cell 

density was comparable to that on Transwell® inserts, 

without relevant cell migration across the membrane. 

Endothelial cells phenotype (Figure 1B) and Caco-2 

polarization (Figure 2A, 2B) were observed in all 

samples.  

Conclusions 

The optimization of device fabrication processes and 

assembling protocols led to a highly reproducible and 

scalable system showing a good compatibility with 

cultured cells as Caco-2 and EAhy-926 and 

comparable with Transwell® inserts. The features of 

our novel system enable controlled and easy to handle 

cultures. In perspective, we will upgrade the system to 

subject cells to dynamic stimulation, both in single and 

co-culture conditions. 

 

 
Figure 1: A) Representative live fluorescence images 

of EAhy-926 cell monolayers labelled with Acridine 

Orange. B) Representative fluorescence images of 

EAhy-926 cell monolayers labelled with DAPI and 

CD-31. 

 

 
Figure 2: Representative confocal cross-section 

images of Caco-2 cell monolayers labelled with 

Human Epithelial Antigen (HEA) and DAPI (left), and 

Junction Adhesion Molecule (JAM) and DAPI (right), 

demonstrating cell polarization.  
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Introduction 

In bone Tissue Engineering (BTE), the development of 

scaffolds has been a major area of research, seeing as 

they are porous structures that support cell seeding. It 

is possible to predict what the cells will differentiate 

into, based on the fluid flow velocity and the shear 

strain, which are both influenced by a scaffold’s 

permeability [1]. This parameter is crucial in allowing 

sufficient fluid flow to pass through the scaffold in 

order to allow the cells to enter it. It also affects the 

preceding cell proliferation and vascularisation [2]. 

Permeability of a scaffold is determined by its 

geometry and its porosity. One of the most discussed 

design strategies for geometry- and porosity-controlled 

scaffolds is the triply periodic minimal surfaces 

(TPMS) method [3]. Accordingly, this study is focused 

on the analysis on the relationship between the 

permeability, the porosity and the geometry of TPMS 

scaffolds, through the combination of a Computational 

Fluid Dynamics (CFD) analysis using FLUENT® 

ANSYS® (Ansys Inc., Canonsburg, Pennsylvania, 

USA) and experimental permeability tests.     

    

Methods 

For this study, three different TPMS geometries were 

studied (Schwartz D (SD), Gyroid (SG) and Schwartz 

P (SP)), in two levels of porosity (60% and 70%, ahead 

named from SD60 to SP70). These scaffolds were 

produced (Figure 1) using a MJP 3600® MultiJet 

printer (3D Systems, USA). The experimental 

permeability setup consisted on a syringe pump; a 

permeability chamber where the scaffold is placed and 

a pressure transducer that measures the pressure 

difference. For each scaffold, a total of five different 

flow rates were tested between 5 and 60 ml/min, with 

their permeability calculated using Darcy’s Law [4].  

 

 
Figure 1: 3D printed TPMS scaffolds: SD70 (left), 

SG70 (middle) and SP70 (right). 

 

From a computational cost perspective, it was not 

feasible to represent the entire 13 mm sided cubic 

scaffold in the CFD analysis. Therefore, alternative 

models were built using periodic boundary conditions. 

 

Results 

The comparison between the experimental and 

numerical values shows a good correlation with a R2 

equal to 0.903. However, the obtained experimental 

pressure drop values are higher than the numerical 

values (Figure 2, for the 70% porous scaffolds). 

 

 
Figure 2: Correlation between the pressure drop 

calculated from computational and experimental tests 

for the 70% porous scaffolds. 

 

Discussion 

The obtained results are within the range of the 

permeability values for porous structures used as 

scaffolds for BTE [2]. In addition, it has been shown 

that, for the same geometry, a lower porosity results in 

a lower permeability. However, when comparing 

different geometries, a lower porosity was not an 

assurance of a lower permeability, which is in line with 

previous studies [5].  

The insights gained with the CFD outputs, namely the 

flux streamlines within the scaffolds, support the view 

that even though porosity is the main factor in 

determining a scaffold’s permeability, its geometry, in 

particular the surface curvature, also plays an important 

role. The difference between the numerical and 

experimental values might be a result of not including 

of roughness and wettability surface effects in the 

simulations, which shall be considered in later stages. 

To conclude, the SG scaffolds had the overall highest 

permeability values and permitted more suitable flux 

streamlines to promote cell-scaffold interactions [1]. 

Thus, these were recognised as the most advisable 

scaffolds for most BTE applications. 
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Introduction 
Diseased and dysfunctional heart valves are routinely 
replaced by surgical intervention. About 300,000 heart 
valve procedures are performed annually worldwide; 
this number is expected to triple by 2050 with the 
majority of the patients over the age of 65 [1]. Despite 
their non-modifiable mechanical performance, 
mechanical prostheses are prone to thromboembolic 
complications causing patients to require lifelong anti-
coagulation therapies. Biological valves, produced with 
aldehyde-treated animal pericardium, undergo structural 
deterioration. This is still the principal cause of their 
failure in the mid/long term. In the present contribution, 
we propose the scale-up of a procedure to obtain a fully 
recellularized pericardium material for heart valve 
engineering. This method has been already tested at 
laboratory scale [2,3], and is very promising to produce 
circular patches of ‘living’ pericardium employable for 
surgical repair/reconstruction of the aortic valve, also 
with a ‘personalized’ approach. 
 

Methods 
The decellularization procedure was previously 
described for porcine pericardium as an improvement of 
fixation methods and treatment that lead to enhance 
compatibility of tissue by removing xenoantigens [2,3]. 
Perfusion tests on decellularized bovine pericardium 
samples were employed to evaluate and compare the 
permeability of the tissue from different donors (three 
samples each). The apparatus used is composed of two 
coaxial stainless cylinders and a capillary flow meter 
with the resolution of 1 µl. Fluid pressure was obtained 
using a column filled with PBS. Permeability was then 
evaluated using Darcy’s law. The bioreactor was 
designed with the aim to first perfuse a cell suspension 
through the pores of a scaffold enhancing the uniformity 
and homogeneity of the distribution of cells and 
secondly promote cell growth and viability during the 
culture phase. The system design meets the 
specifications of a complete standalone bioreactor 
suitable for industrial scale: sterilisability, ease of use, 
mass transport enhanced from the media to the 
construct, reduced overall dimensions and automatic 
medium exchange. Finally, the design took into account 
finite element modelling (CFD) with the purpose to 
assess flow, shear stress distribution and overall fluid 
dynamic inside the chamber of the bioreactor in relation 
with characteristics of the decellularized tissue used as a 
scaffold. 

Results 
Decellularization consistently increased bovine 
pericardium permeability: from an overall average value 
of 3.01E-14 for the native tissue to 1.47E-13 for the 
decellularized tissue, confirming the possibility to 
employ a direct perfusion bioreactor to reintroduce cells. 
Our preliminary recellularization procedure with 
autologous cells was set in circular patches of 1cm in 
diameter [2,3], with good results. In order to be 
clinically employed, diameter of the circular patches 
will have to be increased until around 5 cm, thus making 
necessary the engineering of a new cellularization 
platform.  
Provisionally, the new platform will consist of 4 
independent bioreactors connected to a flow dynamic 
loop for seeding phase and one circuit for culture phase 
composed of a peristaltic pump, a medium reservoir and 
related tubes.   

 
This platform will be realized using chambers and 
tubing produced with already approved materials for 
human use (e.g. PSU for the chamber). This will make 
it easily implementable in the GMP environment. 
 

Discussion 
On the basis of our preliminary and published results, 
the production of living pericardium material with our 
method appears feasible. In this framework it is very 
promising the perspective of seeding pericardium with 
autologous cells (e.g. adipose-derived stem cells), thus 
prompting, for the first time, the delivery of a 
personalized therapy for valve disease. 
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Introduction 

In recent years, regenerative medicine has been applied 

for the treatment of articular cartilage disease. It is well 

known that the anabolic function of chondrocyte can be 

promoted by mechanical stimulation and lots of 

stimulation conditions have been proposed to improve 

the function of cultured cartilage tissue. However, the 

effect of external mechanical stimulation varies 

depending on the amount and the structure of the 

extracellular matrix (ECM) around the cell, and those 

ECM environments dramatically change with culture 

period. Hence, to maximize the ECM synthesis of 

cultured cartilage, it is required to alter the stimulation 

intensity in response to the molecular expression of the 

cell in the tissue. Here, we developed a variable 

mechano-stimulation system based on a live imaging of 

the cellular gene expression under mechanical 

stimulation using the Col2a1 gene specific promoter, 

and verified the validity of the system by quantifying the 

Col2a1 gene expression after 6 days culture. 

 

Materials and Methods 

Col2al-pZsGreen1-1 vector and CMV-DsRed-Express2 

vectors were generated to evaluate gene expression 

responses in situ. The expression level of Col2a1 were 

evaluated by the normalized luminance value of 

pZsGreen1-1 divided by that of DsRed-Express2. 

Figure 1 shows shape of a silicon sheet where the cells 

were seeded, and the contour plot shows a strain εxx 

profile under an x-axis tensile displacement. Eight 

displacement patterns were prepared to generate 1-13% 

strain εxx within the cell culture area (Fig.1 shows the 

case of 1-7% strain). The luminance values at each         

1-13% strain field were estimated by using an 

approximate curve with the measured luminance values. 

By multiplying each luminance value by the area of each 

strain field and summing them together, we calculated 

the total luminance value each day. The displacement 

that showed the largest total luminance values among 

the eight displacements patterns was selected as the next 

stimulation condition. As the initial condition of strain 

εxx, the displacement was set to 5% of the main strain 

field in the sheet. ATDC5 induced to differentiate for 7 

days was seeded on the silicon sheet at 2.4  104 

cells/cm2. After seeding at 18 hours, the vectors were 

transfected into ATDC5 and the cells were cultured for 

6 days, while being loaded to 0.5 Hz tensile stimulation 

for 5 hours per day. mRNA expression of Col2a1 was 

measured by using quantitative real-time PCR (N=4, 

Student’s t-test) and the transcriptional normalized 

luminance value was evaluated using fluorescence 

observation. 

 

Results and Discussion 

Figure 2(a) shows the change in the expression level of 

Col2a1. The expression of Col2a1 in the stimulated 

group was significantly increased in comparison to that 

in the control group (without stimulation). Figure 2(b) 

shows the change of the tensile displacement for the 

sheet at each day. It was found that the tensile 

displacement was altered by using the information of 

Col2a1 expression. These results suggest that the 

feedback to external stimulation based on the stimulus 

response of chondrocytes can promote the anabolic 

response even if a heterogeneous mechanical field is 

generated in the tissue. 

 

 
Figure 1. Strain distribution of silicon sheet obtained by  

finite element analysis (Displacement : 0.96 mm). 

 

 
Figure 2. Results on the effectiveness of variable 

mechano-stimulation systems, (a) Changes in Col2a1 

expression level by qRT-PCR (C: Control, S: 

Stimulation, N=4, means.d., :P0.05). (b) Change of 

tensile displacement at each day. 
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Introduction 

Bone healing is a complex, well-coordinated process 

that starts autonomously when a bone fracture occurs. 

Due to bone tissue characteristics, successful healing is 

usually achieved within weeks. However, up to 10% of 

bone fractures result in delayed healing or non-union, 

due to fracture severity, anatomical location and host 

factors such as age, smoking or the presence of other 

comorbidities. In this work we investigate in silico the 

influence of a bioengineered periosteal membrane, 

produced using melt electrowriting followed by coating 

with growth factors and/or cells and combined with 

oxygen releasing beads, as potential treatment strategy 

to trigger bone regeneration in cases of non-union 

occurrence. 

 

Methods 

An existing bioregulatory, oxygen-dependent fracture 

healing model [1] was used to analyze the membrane 

influence during the healing process in a large skeletal 

defect. The study was initially classified into three 

scenarios representing the cases where (S1) only growth 

factors (GF), (S2) only cells, and (S3) GF and cells were 

loaded onto the membrane. In S1, different burst-

sustained release profiles of osteochondrogenic GF were 

implemented as boundary conditions (BC). In S2, 

MSCs, chondrocytes and osteoblasts were implemented 

as initial conditions (IC) or BC to capture different 

effects of migration to the fracture callus. In S3, a 

combination of S1 and S2 best results was investigated.  

Additionally, additional oxygen experiments were 

performed. First, since the current model did not 

simulate the inflammatory phase, simulations with only 

cells and oxygen were run to represent different IC at 

the start of the repair phase. Second, the behavior of 

hypoxia-resistant cells and their influence on the healing 

process when loaded onto the membrane was explored. 

Third, the effect of the surroundings, namely the 

musculature as oxygen source and non-represented cells 

as oxygen sink, was taken into account. 

 

Results 

Key role of GF. S1 predicted bone union when a certain 

average GF concentration was reached, showing that 

osteochondrogenic GF loaded alone onto the membrane 

are capable to provide the necessary conditions for the 

bone to heal (results not shown). 

Key role of chondrocytes. S2 and S3 with hypoxia-

resistant chondrocytes loaded onto the membrane 

predicted bone healing (Figure 1, case B). However, 

when non-trained cells were loaded alone or in 

combination with GF, the regenerative outcome 

depended strongly on other IC (Fig. 1, cases A & C). 

Influence of  IC. The IC of cells was shown to have less 

impact in bone healing: the results predicted very little 

difference in the distribution of bone formation at day 

90 when using different values to account for the 

inflammation time (results not shown). However, 

different values of oxygen IC predicted different 

regenerative outcomes, as shown in Fig. 1, case C in 

comparison with Fig. 1, case A; and thus entailed new 

oxygen experiments to investigate further hypotheses. 

 
Figure 1: Predicted spatial distribution of bone, 

cartilage and blood vessels formation at days 30 and 60 

for the scenario in which GF and cells were loaded onto 

the membrane. Due to symmetry, the domain represents 

one-fourth of the simulated large skeletal defect; and 

union happens when the bone front, in yellow, reaches 

the other side. Case A, where bone formation stopped 

around day 60, predicted non-union. Cases B and C, in 

which bone was still forming at day 60, predicted bone 

union by day 90, hence resulting in healing. 
 

Discussion 

Bone union was predicted in silico with the application 

of different periosteal membrane types. The different 

regenerative outcomes indicated that oxygen as IC, 

chondrocytes and GF play a determinant role in bone 

healing. Furthermore, the results brought new 

hypotheses to explore, e.g. the model is very sensitive to 

oxygen IC, thus implementing the inflammatory phase 

will provide more accurate IC for oxygen, and also for 

cells. This study also shows that using models as initial 

in silico screening will allow to identify the most 

impactful in vivo conditions to be tested experimentally. 
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Introduction 

Engineered tissues are fabricated by combining 3D 

tissue scaffolds, cells, and biomolecules, followed by 

culturing step for the maturation of the construct, to 

eventually mimic the composition of native or diseased 

tissues [1]. One of the major characteristics of 

engineered tissues is its mechanical properties that 

influence the morphology and biochemical signaling of 

the cells [2]. Typically, the mechanical characterization 

of engineered tissues requires relatively large samples 

that are transferred out of the well-plate into the larger 

dish, compatible with conventional mechanical testing 

systems, which is both destructive and time-consuming. 

Therefore, a high-throughput mechanical screening 

device compatible with the well plate format is needed 

to efficiently characterize mechanical state of 

engineered tissues.  

 

Methods 

In this study, we introduce novel indentation probes 

with geometry compatible with 96 well-plate combined 

with X-Y-Z positioning system called Pavone, 

calibrated for the location of each well, for 

automatization of indentation procedure (Fig. 1 top). 

Indentation probes were fabricated by mounting 

microfabricated cantilever (MEMS) on top of a 1.4 mm 

diameter and 20 mm length glass ferrule and equipping 

it with optical fiber to remotely readout the cantilever 

bending through the interferometric signal [3]. 

 

Results 

For the proof of principle, we measured mechanical 

properties of hydrogel coated HTS 96 well-plate ranging 

in Young’s modulus, according to the manufacturer 

(Matrigen), from 0.2 to 50 kPa in phosphate-buffered 

saline. The indentation probe of 0.31 N/m cantilever 

stiffness and spherical tip radius of 24 µm was used to 

perform static indentations and dynamic mechanical 

analysis (DMA [4]). The measured Young’s modulus 

varied between 0.2 and 70 kPa (Fig. 1 middle). 

Furthermore, samples showed non-zero loss modulus 

𝐸′′ and dependency on oscillation frequency which is 

typical for viscoelastic materials (Fig. 1 bottom).  

 

Discussion 

To summarize, our proposed high-throughput 

indentation system can characterize the viscoelastic 

properties of various stiffness hydrogels in well-plates 

in a fast and non-destructive way. Pavone enables 

mechanical phenotyping of hydrogels and engineered 

tissue constructs,  and has a potential to bring 

mechanical screening to the clinical and drug testing 

applications. 

 
Figure 1: Top: high-throughput mechanical screening 

platform Pavone. Middle: mean Young’s modulus 

values of hydrogel coated 96-wellplate (Softwell, 

Matrigen). Bottom: storage and loss moduli 𝐸′, 𝐸′′, and 

damping factor tan(δ) as a function of oscillation 

frequency.  
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Introduction 

Quantification of individual joint motion may help 

understanding the articular physiology and designing 

better treatments and devices. Measurements of such a 

motion are nowadays invasive or imprecise [1]. We 

present a numerical model that allows prediction of 

individual joint motion from the shape of articular 

surfaces. We hypothesize that the articulations are 

shaped by an adaptation process to optimally distribute 

contact loads [2-4]. Individual knee motion under 

physiological loads can thus be obtained by minimizing 

a measure of peak contact pressure such as joint 

congruence [5]: the more congruent the articular 

surfaces, the smaller the peak contact pressure. This 

concept was previously applied and validated for 

cadaveric tibiotalar [6] and knee [7] joints. In this study, 

the model is validated in vivo on seven knees during 

weight bearing MRI.  

 

Methods 

MRI (3D-HYCE sequences) of the right knee of seven 

healthy volunteers (males, 32±6-7 years, 177±7.5 cm, 

77±7.7 kg) were acquired through a 0.25 T scanner (G-

Scan Brio, Esaote SpA). The MRI were segmented 

(MITK) to reconstruct the articular surfaces of the femur 

and tibia. Individual knee motion was computed by 

maximizing joint congruence for a 90° flexion range. 

The joint motion under load was also measured for 

validation purposes. For this scope, the scanner was 

rotated of 90°; the volunteers stood with the right leg in 

the scanner while the contralateral leg was lowered by a 

hydraulic, MR compatible rig (Fig. 1.a). The overall 

motion was similar to stair climbing. For each volunteer, 

4 to 5 weight-bearing scans were acquired during 

flexion. Anatomical reference systems were defined [8] 

and the femoro-tibial motion was expressed according 

to [9]. Model predictions were compared to 

experimental measures by evaluating MAE for 

rotational and translational motion component. 

 

 Rot. MAE [°] Trans. MAE [mm] 

Knee 1 3.6 ± 2.4 1.4 ± 0.7 

Knee 2 1.9 ± 1.3 1.0 ±0 .8 

Knee 3 1.2 ± 0.9 2.1 ± 1.1 

Knee 4 3.1 ± 1.7 1.1 ± 0.6 

Knee 5 4.0 ± 2.5 2.5 ± 1.1 

Knee 6 4.3 ± 1.6 1.8 ± 1.1 

Knee 7 2.8 ± 1.6 1.3 ± 0.8 

Table 1: MAE between model prediction and 

experimental measure for the seven investigated knees. 

 

     
    (a)       (b) 

Figure 1: Setup for the orthostatic MRI scans (a). 

Comparison between model prediction and 

experimental measure (b) for one knee. 

 

Results 

For all the knees, rotational and translational MAE stay 

below 4.5° and 2.5mm, respectively (see Table 1). The 

highest rotational error took place on the internal-

external rotation. However, when present errors affect 

the end of the flexion, while the characteristic screw 

home motion at the beginning of knee flexion was 

correctly predicted (Fig 1.b) for all the knees.    

 

Discussion 

The presented analysis supports the validity of the 

predictive model. This approach needs only a 3D 

representation of the articular surfaces. It may provide a 

simple and non-invasive way to characterize the 

individual joint motion. Thus, it may be also useful for 

the customization of musculoskeletal model, opening 

the way to their clinical application. 
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Introduction 

The relationship between form and function of the 

carpal joint during functionally relevant tasks remains 

unclear. We hypothesize that the articulations are 

shaped by an adaptation process aiming at optimally 

distribute contact loads [1]. The goal of this study was 

to test this hypothesis by simulating a hammering 

motion using assumptions of optimal congruence. The 

hammer motion was chosen because it represents a 

functionally relevant task, optimized in terms of 

radiocarpal stability [2]. To test this hypothesis, we 

developed a congruence-based forward model and 

validated it with in vivo data. In the model, two degrees 

of freedom (DOF) were imposed, while the remaining 

40 DOF were computed to optimize load distribution by 

maximizing a measure of the joint congruence [3]: the 

more congruent the articular surfaces, the smaller the 

peak contact pressure. This approach was previously 

validated for the ankle and the knee [4,5] and is here 

tested on the wrist. 

 

Methods 

This analysis was done using the data from a single 

participant of a larger study. CT scans of the wrist in 

positions replicating hammering postures were 

acquired. Cartilage surfaces were acquired using a 3T 

MRI Scan (VIBE Sequence). Starting from the first 

hammer motion pose, experimental flexion and ulnar 

deviation of the capitate were imposed while the 

remaining 40 DOF were determined by simultaneously 

maximizing joint congruence of 11 articulations. We 

then compared the simulated results with the measured 

CT poses in terms of rotational and translational mean 

absolute errors (MAE). 

 

Results 

Table 1 shows the MAEs between model predictions 

and experimental measures for each carpal bone.  

 

Table 1: MAE between model prediction and 

experimental measure for each carpal bone. 

 

Rotational errors were generally more apparent than 

translational errors. The highest errors were in 

pronation. Model prediction improved toward the end of 

the motion (Fig. 1, left). This suggests that optimal load 

distribution is prevalent on the final part of the hammer 

motion, where impacts take place. 

 

Discussion 

The presented analysis supports the predictive capability 

of the model and confirm the functional relevance of the 

hammer motion. This model provides a simple and non-

invasive way to characterize the individual motion of the 

wrist, needing only a 3D representation of the articular 

surfaces. Next activities will extend the analysis on 

additional subjects. 
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 Rot. MAE [°] Trans. MAE [mm] 

Capitate 5.2 0.6 

Lunate 3.3 0.5 

Scaphoid 2.5 0.6 

Hamate 2.9 0.7 

Triquetrum 5.3 0.7 

Trapezoid 3.1 0.8 

Trapezium 4.8 1.1 

Figure 1: Palmar views of carpal bone motion as predicted (red) and measured (grey) during the hammer motion. The ulnar 

deviation increases from right to left. The overlapping between predicted and measured bones provide a qualitative assessment 

of the proposed model. Metacarpal bones and ulna are represented for sake of clarity but were not included in the model. 

266



 

 26th Congress of the European Society of Biomechanics, July 11-14, 2021, Milan, Italy 

INTERFERENCE ON PLANTAR AFFERENTS IN BLINDS ALTERS THEIR 
POSTURAL STRATEGY TO KEEP POSTURAL CONTROL 

Rodolfo B Parreira (1), Jamile B P Lopes (1), Lorraine B Cordeiro (2), Deborah C S Cardoso (2), 
Manuela Galli (3) Claudia S Oliveira (1,2) 

 
1. Master’s and Doctoral Program in Health Science, Faculty of Medical Sciences, Santa Casa de São 

Paulo, Brazil; 2. Master’s and Doctoral Program in Human Movement and Rehabilitation, University Center 
of Anapolis, Brazil; 3. Department of Electronics, Information and Bioengineering, Politecnico di Milano, Italy 

 

Introduction 

The central nervous system (CNS) processes and 

integrates information from sensory inputs (visual, 

vestibular, and somatosensory) to maintain postural 

control (CP). However, CP can be affected by lack of 

vision, leading to abnormalities in sensorimotor 

information, thus generating typical musculoskeletal 

deformities and altered gait patterns [1]. Also, a 

decrease in plantar sensory information, such as the use 

of soft shoes, interferes with the role of vision on PC [2]. 

Thus, the objective of this study is to verify the 

interference (foam block) of the somatosensory system 

on the CP in blind people through the force platform 

(PF). 

 

Methods 

Seven individuals with total blindness (five women; 

48.3±12 yrs, 71.4±14.8 kg, 1.65±0.86 m), and four 

sighted individuals (three women; 37±4 yrs, 77.4±15.2 

kg, 1.66±0.80 m ) were included in this study. Ethical 

approval was received by the number #1.672.635/2016.  

We analyzed the COP parameter (mediolateral, 

anteroposterior, and velocity), and the data were 

interpreted by the SWAY software program (BTS 

Myolab). The participants stood over an FP (BTS 

Infinity-T) on both legs, barefooted, and arms parallel to 

their trunk during 45 seconds, under conditions: open 

and closed eyes on firm or foam surface. 

An independent t-test was performed to determine 

intergroup differences. 

 

Results 

In all COP variables and all conditions analyzed, both 

groups move more in the A/P plane of movement. 

However, we found differences in the M/L plane. The 

main result was in the FoamEO condition, where the 

blind subjects had a larger M/L displacement (13.8±16.5 

mm vs. -5.8±1.5 mm) as well as increased COP speed 

(25.2±4.7 mm/s2 vs. 12.7±2.5 mm/s2) compared to 

sighted subjects (Figs. 1 a, b). 

 

Discussion 

A plantar interference (somatosensorial information), in 

the case of foam, blind subjects tend to use a hip postural 

strategy more often (greater M/L displacement) which is 

used automatically by the CNS to decrease instability 

[3,4] and improve postural control. On the other hand, 

the ankle strategy is employed by healthy subjects in the 

face of minor disorders [5]. The use of the hip strategy 

allows accelerating the COP without stepping, which 

explains the use of this strategy in challenging 

conditions by blind subjects [5]. Thus, these results help 

in decision-making in the rehabilitation program to 

improve postural control, as well as to advise the use of 

certain kinds of shoes in these population. 

 

 
Figure 1: a) mean  of mediolateral COP displacement. 

Negative values are related to left displacement of the 

COP (⍭ p < .05; *p < .02); b) mean  of COP velocity. 

Positive values are related to anterior displacement of 

the COP (# p < .001). Note: YO: eyes open; YC: eyes 

closed; Firm: hard surface; Foam: soft surface 
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Introduction 

This work aims to develop a comprehensive chemo-

mechanical model of muscle-skeletal tissue accounting 

for dispersion in myofibril orientations, in addition to 

the effect of fiber branching, in order to simulate the 

effect that changes in the muscle microstructure have on 

dystrophic muscle weakness i.e., reduction in isometric 

stress and concentric contraction velocity. 

 

Methods 

The proposed model of skeletal muscle departs from our 

recent work [1] where the muscle model is formed by: 

(i) the myofilament calcium and cross-bridge kinetics, 

and (ii) the mechanical model of the muscle composed 

of the fiber and extra-cellular matrix (ECM). The fiber 

is composed of two elements: (i) the myofibrils and (ii) 

the elastic passive response of the fiber. 

Differently to [1] where the myofibrils are assumed to 

be perfectly aligned with the myofiber direction, n0, in 

the present model this condition is relaxed by allowing 

the myofibrils to be distributed with a certain dispersion 

with respect to n0. To define the fiber dispersion, we 

assume the existence of a uniaxial myofibril orientation 

distribution function (ODF) for r a referential unit 

vector. Hence, the fiber strain energy is defined as 

 W̅f=
1

4π
∫ ρ(r;b,n0)W̅mf(C̅,r)dA
U2

, (1) 

where W̅mf is the strain energy of the single myofibril 

with orientation r. For the ODF, we assume a π-periodic 

von Mises distribution about the direction n0 that is a 

function of the concentration parameter b≥0. In order to 

render Eq. 1 operative, the integral is calculated using 

the unit sphere discretization. 

 

Results 

The results indicate that the main difference between the 

healthy and dystrophic fiber is connected to the 

myofibril dispersion and myofibril stiffness (see 

parameters b and η
1
 in Table 1). 

 

FIBER Healthy Dystrophic 

Exp. CAS (-) [2] 0.951 – 0.996 0.844 – 0.951 

Model CAS (-) 0.968 – 0.987 0.851 – 0.889 

b (-) 20 3 

η
1
 (kPa) 0.1192×10−1 0.3254×10−1 

MUSCLE Healthy Dystrophic 

σmax (kPa) 70.06 41.58 

Vmax (s-1) -7.19 -5.96 

Table 1: Results of CAS, myofibril dispersion, myofibril 

stiffness, and predicted isometric stress, and concentric 

velocity of the healthy and dystrophic muscle. 

 

The value of b was found by fitting the ODF to 

myofibrillar dispersion reported in Schneidereit et al. 

[2], for healthy and dystrophic fibers characterized in 

terms of the cosine angle sum (CAS). In this regard, we 

found the concentration parameter b to be lower for the 

dystrophic fiber indicating larger dispersion in the 

myofibril alignment in the fiber, in agreement with the 

experimental data. 

More interestingly, the model predicts that a variation of 

less than 15% in CAS between the healthy and the 

dystrophic fiber can account for a 41% reduction in the 

isometric stress as reported in the literature [2,3,4]. The 

model is also able to predict the changes in CAS during 

concentric contraction (see Table 1), showing an 

excellent agreement with the results reported in [2]. 

The model also predicts a significant loss of the 

concentric velocity (Vmax in Table 1) in the dystrophic 

muscle, as reported in the literature [5]. This was 

associated with myofibril misalignment but also with an 

increase of myofibril stiffness η
1
. This difference in η

1
 

can be associated with the chaotic organization of the 

sarcomeres present in the dystrophic case [2]. 

In addition, the model can reproduce the experimental 

F-V curve (Fig. 1) of the healthy and dystrophic muscle 

in concentric [5] and eccentric contractions [6]. 

 
Figure 1: F-V curve for the healthy and dystrophic 

muscle. Left) Concentric contraction. Right) Eccentric 

contraction. 

 

Discussion and conclusions 

The resulting model includes a specific formulation of 

the fiber microstructure and represents an original 

approach to study the defects in the muscle 

ultrastructure caused by the dystrophy. The results 

confirm that myofibril disorder in the dystrophic fiber 

has an important impact on the mechanisms regulating 

the dystrophic fiber active response. 

 

References 
1. Stefanati et al, J Mechanics Physics Solids, 134:1-16, 2020. 

2. Schneidereit et al, Light: Science & Appl, 7:79:1-14, 2018. 

3. Smith et al, AJP - Cell Physiology, 306:C889-C898, 2014. 

4. Bates et al, AJP - Cell Physiology, 304:C873-C880, 2013. 

5. Coirault et al, J Applied Physiology, 94:1744-1750, 2003. 

6. Till et al, Journal Theoretical Biology, 255:176-187, 2008. 

268



 26th Congress of the European Society of Biomechanics, July 11-14, 2021, Milan, Italy 

ABOUT GENERALIZATION AND INTERCHANGEABILITY OF HAND 
KINEMATIC SYNERGIES 

Verónica Gracia-Ibáñez, Margarita Vergara, Joaquín L. Sancho-Bru, Alba Roda-Sales, Néstor J. 
Jarque-Bou, Vicente Bayarri-Porcar 

 

Mechanical Engineering and Construction Department, Universitat Jaume I. Spain 
 

Introduction 
The analysis of hand kinematics is complex due to the 
high number of degrees of freedom involved. However, 
dimensionality reduction techniques as principal 
component analysis (PCA) have been successfully used 
to find the underlying synergies in grasp postures, object 
manipulation or in performance of real activities of daily 
living [1]. Furthermore, synergies have been shown to 
be subject- and task-dependent [2]. This work 
hypothesizes that synergies obtained from a set of 
recordings from a high enough number of subjects 
performing a wide range of tasks could be representative 
(in terms of variance explained) of other sets of subjects 
performing other tasks, i.e. synergies could be used 
interchangeably. 
 

Methods 
Two different sets of kinematics recordings from 
different subjects performing different tasks were 
considered: set A consisting of 18 subjects performing 
24 real ADL from the ICF [3], and set B with 22 subjects 
performing 26 tasks based on the Sollerman Hand 
Function test [4].  In both sets, all subjects were right-
handed and had no hand pathologies, and 16 joint angles 
(Table 1) from their right hand were recorded in the 
same way (100 Hz, with a CyberGlove and a validated 
calibration protocol [5]). Then, angles were filtered and 
all tasks were rescaled to 1000 frames. Two PCAs, one 
per sample, were applied to normalised data (covariance 
matrix, Varimax rotation) of all subjects and tasks 
altogether, and Principal Components (PCs) with 
eigenvalue>1 were extracted. The % of variance 
explained in each subject by the PCs from the own set 
and by the PCs from the other set were computed and 
statistics across subjects were obtained.  
 

Results 
Five PCs were obtained in both PCAs. Results (Table 1) 
show high values of variance explained (~70%) both for 
subjects of the own and different set. 
  

Discussion 
Certain similitudes can be observed in the synergies 
represented by PCs obtained: PCs 1&2 referring mainly 
to digit flexion and higher order synergies referring 
mainly to thumb coordination and palmar arching. 
However, some differences exist, as for the coordination 
of thumb and index, appearing in third and fourth 
synergies in set A, whereas in set B index is coordinated 
with the rest of digits. Despite the differences, synergies 
obtained from both sets could be used interchangeably 
for the other set, since a high crossed variance is  
 

   Loadings of PC (set A) Loadings of PC (set B)  
Joint Dgit Mov  1 2 3 4 5 1 2 3 4 5 
CMC 1 

F/E 
0.0 0.1 0.1 0.1 0.9 0.0 0.1 0.8 0.2 -0.2 

MCP 1 0.2 -0.1 -0.6 -0.4 -0.1 0.0 0.2 -0.2 -0.1 -0.7 
IP 1 0.0 0.3 0.2 0.2 -0.6 0.1 0.1 -0.2 0.0 0.8 

CMC 1-2 Ab/Ad 0.2 0.1 0.0 0.7 -0.1 0.2 0.0 0.0 0.9 0.1 

MCP 

2 

F/E 

0.4 0.3 -0.7 0.2 -0.1 0.3 0.8 0.0 0.2 -0.2 
3 0.4 0.6 -0.5 0.4 -0.2 0.4 0.8 0.0 0.3 -0.1 
4 0.4 0.7 -0.3 0.3 -0.1 0.5 0.8 0.0 0.2 0.1 
5 0.5 0.8 -0.1 0.1 -0.1 0.6 0.6 -0.1 0.3 0.2 

PIP 

2 0.4 0.2 0.0 0.5 -0.3 0.7 0.3 0.0 0.1 0.2 
3 0.9 0.1 0.0 0.1 -0.1 0.9 0.0 0.0 0.1 0.1 
4 0.9 0.2 -0.1 0.0 0.0 1.0 0.1 0.0 0.1 0.0 
5 0.8 0.1 -0.1 0.0 0.1 0.9 0.2 0.0 0.1 0.0 

MCP 
2-3 

Ab/Ad 
0.2 -0.2 0.8 0.0 -0.1 0.1 -0.7 0.0 0.3 0.1 

3-4 0.2 -0.7 0.2 0.1 -0.1 0.1 -0.7 -0.2 0.3 0.0 
4-5 -0.5 -0.7 -0.1 0.2 0.0 -0.4 -0.5 0.1 -0.1 -0.4 

Palm Arch 0.0 0.0 -0.2 0.7 -0.1  0.1 -0.8 0.3 -0.1 
% variance explained: mean (sd) across subjects  

subjects 
= set 

By PC 
24 
(2) 

19 
(2) 

12 
(1) 

11 
(2) 

8  
(1) 

27 
(1) 

24 
(2) 

6  
(1) 

9  
(1) 

9  
(1) 

sum 74 (2) 74 (2) 

subjects 
≠ set 

By PC 
24 
(2) 

18 
(2) 

12 
(1) 

11 
(2) 

8  
(1) 

25 
(1) 

22 
(2) 

6 
(1) 

9 
(1) 

8 
(1) 

sum 73 (2) 69 (3) 
Table 1: loadings of PCs from each set (absolute values under 0.4 
not shown for clarity) & percentage of variance explained: 
statistics across subjects by PC and the sum, using PCs of the 
same set (=) and of the other set (≠). Underlined values when 
significant differences (p<0.05) were found in ANOVAs. Joints: 
CMC (Carpometacarpal), IP (Interphalangeal), MCP 
(Metacarpo-phalangeal), PIP (Proximal Interphalangeal). Movs: 
F/E (Flexion/Extension), Ab/Ad (Abduction/Adduction) 
 
explained in relation to that explained within the own 
set. Results suggest that synergies obtained from a wide 
set of subjects performing a wide range of tasks are 
generalizable enough for their use for different subjects 
performing different tasks. Synergies from the 
performance of real ADL result slightly more 
representative (the PCs obtained for set A represent 
tasks from set B with higher variance than vice versa). 
This may be because real ADL are more complex in 
nature than the tasks of the standardized tests (e.g. one 
ADL from set A consists in putting on pants, and 
buttoning and zipping them, while a task in set B 
consists in opening and closing a zipping of a purse 
attached to a wood vertical board). 
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Summary 

We studied the effects of bilateral triple arthrodesis 

(BTA) on the strength of soleus and peroneus brevis 

muscles, and on knee flexion/extension during gait 

using EMG and a kinematic model of the lower limb. 

We found that the maximum knee flexion and extension 

was reduced in all patients compared to the average 

value of normal subjects. Moreover, the peroneus brevis 

was more active in the early stance phase and soleus 

EMG patterns were abnormal in early stance, in patients 

compared to normal subjects. 

 

Introduction 

Due to the dependence of movements at one joint on the 

movements of its neighboring joints, a change in 

kinematics of a joint can cause alterations in the 

dynamics of an entire limb [1]. We used gait analysis to 

determine the effects of a bilateral triple arthrodesis 

(BTA) on knee kinematics and muscle activation 

patterns of the soleus and peroneus brevis muscles 

during gait. 

 

Methods 

We performed 3D gait analysis on 10 subjects (five 

patients with BTA, with a mean follow-up duration of 

2.7 years after surgery, and five normal subjects) using 

a marker system as recommended in [2]. EMG signals 

of the soleus and peroneus brevis muscles were recorded 

for each subject, and then normalized to the maximum 

voluntary, isometric contraction (MVC) values [3]. 

Knee flexion/extension, was determined using the 

kinematic data [4], and MATLAB software. 

 

Results and Discussion 

The range of knee flexion and extension in the patients 

with BTA was less than the mean value of the normal 

subjects (Fig. 1). Moreover, peak soleus activity 

occurred later in patients than normal subjects (Fig. 2). 

In addition, the peroneus brevis muscle was more active 

in the early stance phase in patients compared to controls 

(Fig. 2). Increased activation of the peroneus brevis at 

the beginning of the gait cycle, as observed in the 

patients, has been associated with initial eversion at the 

ankle joint. Knowing that the calf muscles cause 

inversion of the ankle, increasing the activation of the 

calf muscles in patients may help reduce the unwanted 

eversion. The decrease in knee extension in patients 

compared to controls, is often caused by pain can cause 

weakening of the knee extensors, which in turn is a risk 

factor for the development of knee joint osteoarthritis 

[5]. 

 
Figure 1: Knee range of motion in the sagittal plane 

during a gait cycle (approximately 60% of the cycle is 

spent in stance and 40% in swing). Gray band indicates 

the variation (± 1 standard deviation from the mean for 

the normal subjects), while the individual lines 

correspond to the mean of the five patients with BTA. 

 

Figure 2: Mean (solid lines), ± 1 SD (dashed lines) of 

normalized EMG activity in patients (right column) and 

normal subjects (left column) for soleus and peroneus 

brevis during a gait cycle. 

 

Conclusions 

In BTA patients because of atrophy of a number of ankle 

muscles and limitation of lower extremity joints, 

improving surgical techniques, as well as physiotherapy 

and rehabilitation methods to train activation patterns 

and strengths in crucial muscles may be helpful for these 

patients and prevent them from more musculoskeletal 

disorders.  
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Introduction 
Finite-element (FE) human body models (HBM) can be 
used to assess occupant protection and restraint systems 
in cars. Their application gains in significance especially 
in the assessment of future autonomous vehicles’ safety 
technologies. Active FE models enable simulation of 
different levels of muscle activation (relaxed, braced, 
sleeping). Currently, it is assumed that sleeping 
occupants have no muscle activation due to depressed 
muscle reflexes during non-REM sleep [1]. However, a 
muscle activation level above 0 % of maximum 
voluntary contraction (MVC) has already been recorded 
experimentally for occupants in a relaxed, awake state 
of consciousness [2]. The present study investigates 
muscle activity levels of sleeping volunteers to enhance 
active human models. 
 
Methods 
Ethical approval was obtained from the Medical Faculty 
Ethics Committee of the Ludwig Maximilian 
University. The study included 20 healthy test subjects, 
11 males, 9 females with a mean age of 25,0 ± 6,39 
years. Surface electromyography (EMG) was used to 
measure muscle activity in sleep-like states of 
consciousness in a potential future seating position in 
autonomous vehicles [3] (Fig. 1). Bilateral measurement 
included major neck, trunk and leg muscles. The release 
of a tennis ball in hand due to increased muscle 
relaxation was used to determine the point of falling 
asleep. 
 

 
Figure 1: Initial testing position in a reclining seat. 
 
During 30 minutes of sleep muscle activity was recorded 
at 3 intervals of 3 minutes, respectively. For each 
recording, a period of ten seconds without any artefacts 
was analyzed. Two measurements in awake state of 

consciousness in the tested seat position, before and 
after the sleep period, served as a reference. EMG Data 
were ECG- and band pass-filtered, rectified and 
smoothed. MVC tests were used to normalize data. 
 
Results 
17 out of 20 test subjects fell asleep (positive ball-sign 
or personal feedback). In general, normalized muscle 
activity was very low, ranging from 0,24 to 4,81 % of 
MVC in all muscles except the neck extensors (ranging 
from 0,47 to 15,65 % of MVC).  Across the time 
intervals, higher intra- and inter-individual variability 
was observed in the neck muscles compared to the 
measured trunk and leg muscles. No global trend was 
observed across all individuals’ muscle activity levels 
following sleep onset. However, 3 test subjects showed 
a drop in muscle activity level after falling asleep and an 
increase after waking up. On an individual level, 
subjects could be grouped to either a relaxed or a less 
relaxed activation type based on visual inspection.  
 
Discussion 
The setup was reported highly comfortable and proved 
suitable to derive validation data for active FE models. 
Although the measured muscle activity was very low, 
ongoing analyses suggest there is muscle activation over 
the level of 0 % even in sleep-like states of 
consciousness as opposed to state-of-the-art definition 
[4]. It is currently investigated if the differences in intra- 
and inter-individual variability in the body parts could 
derive from body positioning, e.g. due to an instable 
head positioning. It needs to be assessed whether an 
activity level above 0% of MVC during sleep has an 
effect upon passenger kinematics in pre-crash phase and 
thus, should be considered in future active HBM 
simulations.  
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Introduction 

Hand-held dynamometers (HHD) are portable devices 

that assess muscle strength (kg) at compression. The 

validity and reliability of HHD, mainly depends on the 

ability of the examiner to provide a stable and consistent 

base for test [1], especially with large muscle groups and 

forces over 15 kg [2]. The aim of this study is to 

determine whether the operator-free dynamometers 

improve the accuracy of the make tests results which are 

traditionally done by an operator.  

Methods 

Nine (9) healthy subjects aged between 22 and 29 years 

old were selected to perform an isometric knee 

extension force evaluation. Two configurations were 

tested in the experiment: The first one was a classical 

make-test performed with a Manual Dynamometer 

(Manual Muscle Testing System Model-01165) and an 
operator. The second configuration is performed 

without operator and using a portable DyForce V1 

(DyCare) dynamometer that is fixed 8 cm from the 

external malleolus.  

The test is performed 10 times each day over a period of 

3 days and all measurements were made by the same 

operator. Before each measurement, the maximum force 

that the operator could withstand was measured as the 

force that the operator can 

apply to a wall in the same 

position as of the make-test 

(28,5±2,3 kg). 
Subjects were seated on a 

table, with a straight back, 

legs at 90 degrees ( Figure 

1). Each subject was 

required to apply the 

maximum force for a 

period of 3 seconds. The 

subject rests for 

approximately 30 seconds 

between measurements. 

 

Results 

The main results obtained are presented in Table 1 and 

Figure 2. The results of the experiment are additionally 

separated for two categories: the subjects stronger and 

the one weaker than the operator, respectively 

Table 1. Average difference strength of the results 
obtained from the tests. 

 
Figure 2. Average difference strength of each subject 

after performing the tests with both devices 

Discussion 

Based on the results shown in Figure 2, the mean 

strength values achieved by the subjects when 

performing the test using the DyForceV1 are higher with 

respect to the Manual Dynamometer. This remark is 

valid for both subjects’ categories (stronger and weaker 

than the operator). Moreover, the average differences of 

the two groups are substantially differents (Table 1). We 
believe that the higher measurements obtained are due 

to different factors:  

On one hand, in the case of subjects weaker than the 

operator the recorded strength is higher due to the test 

setup. Since the operator is not present, the patient can 

apply the maximum force without the fear to harm the 

operator.  

On the other hand, in the case of the subjects stronger 

than the operator, the average difference strengths are 

larger because apart from the set up, the maximum 

strength which can be recorded  when performing the 
test with the Manual Dynamometer is limited by the 

operator’s strength, which is counterbalancing the 

subject force. Instead, when no operator is involved in 

the test, this limitation is removed and the actual 

maximum strength of the subject can be registered. 
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Average 

differences (kg) 
SD (kg) 

All subjects 6,65  5,44 

Stronger subjects 12,14  6,48 

Weaker subjects 3,91  1,89 

 Figure 1. Test setup using 

the DyForce V1 
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Introduction 

Over the years, computer simulations of maximal effort 

tasks, such as maximum voluntary isometric contraction 

(MVIC) leg extension, emerged as a powerful tool to 

support clinical diagnosis or rehabilitation programs and 

to overcome intrinsic limitations of in vivo tests, 

including poor test-retest repeatability. Experimental 

data may be used to inform computer simulations, to 

produce more physiologically plausible estimates of the 

internal biomechanics, i.e., muscle and joint contact 

forces; but are not routinely collected in clinical settings. 

Hence, the overall kinematics is often simplified [1], and 

human-seat interaction is mostly neglected. 

Alternatively, more realistic boundary conditions (BCs) 

may be introduced by adding contact elements, such as 

Hunt-Crossley forces [2], between the body and the seat. 

We hereby propose a simulation framework to conduct 

MVIC tests in silico, with and without the definition of 

contact elements, and compare the two modelling 

approaches to provide preliminary evidence on how 

more realistic boundary conditions affect the outcome 

measures.  

 

Methods 

The OpenSim gait2392 generic model [3] was employed 

for the simulations. The model was initially positioned 

with both hip and knee flexion angles set to 90° and the 

back tilted backwards by 15°, to reflect a typical 

configuration on a dynamometer chair. 

Two sets of BCs were implemented: (i) in line with 

previous work, pelvis translations were locked, and a 

static kinematics was imposed, and (ii) Hunt-Crossley 

forces and spring dampers were added to model human-

seat interaction, and a quasi-static kinematics, estimated 

via forward dynamic simulations, was imposed. 

Ultimately, a constant flexion torque was applied to the 

knee joint to elicit muscle activity. The external torque 

was iteratively increased to identify the MVIC force of 

the model, i.e. the last torque value that the model was 

able to sustain (before failure).  

 

Results 

Both approaches enabled to produce MVIC force values 

comparable to those observed experimentally [4]. 

However, while the model was able to produce a larger 

maximal knee extension torque (i.e., 161 Nm) when 

pelvis translations were locked, a lower MVIC value 

(i.e., 145 Nm) was registered imposing more realistic 

BCs (i.e., modeling human-seat interaction).     

 
 

Figure 1: Maximal isometric knee extension torque 

observed before failure implementing different sets of 

boundary conditions (BCs): (1) with pelvis translations 

locked and static kinematics (left) and (2) with Hunt-

Crossley forces and quasi-static kinematics (right). 

Literature data [4] (gray band) are reported for 

comparisons. 

 

Discussion 

Our preliminary results showed that both approaches are 

feasible and enable to estimate physiologically plausible 

MVIC force values, in line with literature data [4]. 

Nonetheless, implementing more realistic BCs led to a 

MVIC value closer to reported average values for an 

age-matched population. Further tests on a larger cohort 

are necessary to confirm our findings. Future work 

should focus on the validation of the proposed methods, 

e.g. using available experimental data (e.g., Knee Grand 

Challenge Data [5]). 
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Introduction 

The use of musculoskeletal simulations through inverse 

dynamics has become established as a good approach, 

when joint, bone and muscle forces are of interest, but 

rather difficult to quantify.  

As shown in [1] and recent presentations [2,3], we 

developed a new detailed hand model for the AnyBody 

Modelling System [4]. This model not only includes the 

possibility of a patient specification but also has been 

validated by moment arm studies [1,2] and EMG [3]. 

The aim of this work was to apply the new detailed hand 

model to a specific hand gripping task, which patients 

were urged to perform after a conservatively treated 

distal radius fracture. Especially the transferred wrist 

load is of great interest, as it is the main mechanical 

stimulus to the fractured radius healing performance.    
 

Materials and Methods 

      
Figure 1: Hand grip exercise start and compression 
 

The musculoskeletal hand model was adapted to 

simulate an exercise with a hand gripping tool. This 

model could be used to determine muscle and joint 

forces in the wrist that occur as a consequence of this 

hand grip contraction. The movement has been captured 

precisely by motion capture analysis in combination 

with electromyographic (EMG) data of all essential 

muscles in the forearm and hand. On top, the acting 

contact forces have been determined with the aid of 

pressure mapping sensors attached between the fingers 

and hand grip tool. By determining a characteristic force 

distribution among the fingers, it was possible to apply 

the actual forces which act on the individual fingers 

during the simulation.  
 

Results 

Most of the calculated extensor muscle forces showed 

an increase of not more than 250 N. While the muscle 

force of the flexor digitorum superficialis (FDS) 

dominated, with a progressive increase up to over 1200 

N. This dominance of the FDS in the compressed 

position of the hand grip was also reflected in the EMG 

signals recorded during the exercise. 

 
Figure 2: Musculoskeletal model with MoCap 

protocolled data (right) and applied contact forces(left). 

The upmost force arrow represents the spring force 

inside the hand grip tool. 
 

Also, the total wrist load described the same behavior 

with a progressive increase, creating compressive 

(mainly axial) forces up to 1136 N, when the hand grip 

spring force reaches up to 565 N. 
 

  
Figure 3: Muscle force during contraction of the hand 

grip (left). Wrist load course (right). 
 

Discussion 

Comparison with in vivo studies by [5] showed a good 

accordance of the predicted muscle force distribution 

during a griping task. Nevertheless, the high muscle 

forces simulated in the beginning movement might be 

overestimated due to balancing actions, to stabilize the 

motion. As the investigated movement implies the most 

severe action in hand motion, intentional co-contraction 

plays a minor role and their lacking formulations in the 

inverse dynamic approach can be neglected. The 

presented study shows the first and successful 

application of the new developed hand model on a 

clinical question and might serve for many more. 
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Introduction 
Retained orthopedic implants often cause pain, soft 
tissue irritation, and/or allergic reactions for patients [1].  
Implant removal surgery, on the other hand, is also 
associated with various complications, including 
prolonged operations, bleeding, infection, and 
neurovascular injuries. Improving screw head socket 
design to prevent stripping and to increase the torque to 
facilitate unscrewing during removal remains a 
challenge with only few studies available in literature [2, 
3]. The objective of this study was to provide a validated 
FE model based on experimental tests to investigate the 
influence of different design parameters for the 
augmentation of conventional hexagonal socket design 
in orthopedic biomechanics. 
 
Materials and Methods 
A finite element (FE) model was developed to study the 
biomechanical response of bone screw head design. To 
evaluate the validity of the model, a hexagonal custom-
made socket was manufactured according to the ASTM 
F543 / ASTM F116.  Single load torsional tests using a 
testing machine (Instron Industrial Products) were 
conducted to evaluate the mechanical performance of 
the screws and drivers, and the results were compared 
with FE simulations. The authorized tolerance of the 
socket width (SW) and screwdriver width (S) were also 
determined based on ASTM F543. Four different 
screwdriver inserted depths (H) (Fig. 1) were chosen to 
compare 16 different design modes using FE analysis.  
 

 
Figure 1: The screw head socket and screwdriver 

design parameters. 
 

Results 
The results from the FE models were well comparable 
with experimental tests (Table 1) confirming the validity 
of the FE model. 
 

Table 1: Torque to slippage results for two samples. 

 

 
The simulations demonstrated that the maximum torque 
to failure for the four designs were less than the 
aforementioned margins based on ISO 6475. The results 
showed an increasing t maximum torque with increased 
screwdriver depth (Fig 2). 
 

 
Figure 2: The screw head socket and screwdriver 

design parameters. 
 
Discussion 
This study provided a validated technique that uses 
quantitative data towards the investigation of bone 
screw head designs for extracting stripped screw heads. 
The results suggest that the effect of width variations for 
the hexagonal socket or the screwdriver is not as 
important as the influence of the screwdriver depth to 
increase the maximum torque for slippage. The results 
also confirm the possibility of maximum torque 
prediction which can be used for future design 
modifications of bone screw heads. 
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Socket Parameters Test report  
(N.mm) 

FEM  
(N.mm) 

H=1, SW=2.5, S=2.48 4420 4477 
H=1.5, SW=2.547, S=2.49 3923 4083 
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Introduction 

In most police specific tasks, the body must be 

accelerated or resist external forces. Since acceleration 

equals force divided by mass, increased body mass 

needs more force to move the body. An increase in mass 

by 10 to 40% means a decrease in acceleration at a given 

force by 9 to 29%. Because police personnel often wear 

body armor (BA) for protection against punches and 

shots, the additional mass of BA (Germany 21±1 kg) 

potentially reduces a) physical performance on the one 

hand, but 2) enhances officer’s resistance against 

impacts (e.g. by offender’s tackling) on the other hand. 

The objectives of the present study were to analyze 

individuals on their physical performance with and 

without body armor and their resistance against external 

forces. 

 

Methods 

Thirty-two physical active (5.3±2.8 hrs/week) women 

were divided into two groups by body mass (group 1: 

n=16, 1.57±0.03 m, 55.7±4.5 kg, 25.4±4.7 yrs, BMI 

22.6±1.5; group 2: n=16, 1.79±0.02 m, 72.2±7.8 kg, 

24.5±5.5 yrs, BMI 22.4±2.5). Two tests (Fig. 1) with 

and without body armor (m=21 kg) were obtained:  

1.) Center of mass (COM) height and mechanical power 

during countermovement jumps; 2.) Acceleration of the 

body (Vicon, Oxford, UK) after impact of an oscillating 

pendulum (Ekin=126 J): Simulation of 80 kg heavy 

offender, who bumps or jolts an officer with a fast 

walking speed (e.g. body check against officer). 

Statistics: Kolmogorov-Smirnov test, two-factor 

ANOVA with Bonferroni's post-hoc test (α = 5%). 

Figure 1: Countermovement Jumps on force plate (left); 

resistance against oscillating pendulum (right). 

 

Results 

The mass fraction of the BA in relation to the group’s 

mean body masses amounted to 38% for group 1 and 

29% for group 2. BA reduced sig. (P<0.05) jump height 

and mechanical power (Tab. 1). There were no sig. 

differences (P>0.05) between the groups in jumping. 

BA reduced body acceleration after impact sig. (P<0.05) 

in group 1 (57%) and 2 (66%). There were no sig. 

differences (P>0.05) between group 1 and 2 without BA. 

With BA, body acceleration was sig. (P<0.05) lower in 

group 2 than in group 1.  

 

 Group 1 

with/without BA 

Group 2 

with/without BA 

Test 1 

h [cm] 

 

14±4/24±6 a 

 

17±4/27±4 a 

Pmean [W/kg] 

Pmax [W/kg] 

 

Test 2 

a [m/s²] 

15±3/22±4 a 

26±4/38±6 a 

 

 

38±9/88±19 a 

16±2/23±3 a 

28±4/40±5 a 

 

 

27±8b /78±22a 

Table 1: Jump height (h), COM mean power (Pmean), 

COM maximum power (Pmax), and body acceleration 

after impact (a). aP<0.05 sig. different to BA; bP<0.05 

sig. different to group 1. 

 

Discussion 

Exercise performance of fit, light- and normal-weighted 

individuals decreased with increasing additional mass 

[1]. BA has clearly exceeded the critical weight limits 

for external loads of less than 15% [2], but the additional 

mass helped to resist external forces. As additional mass 

had positive as well as negative effects on exercise 

performance, fitness tests for the evaluation of job 

applicants and future employees have to consider police 

specific tasks. Therefore, precise requirement profiles 

are needed for the evaluation of police specific work and 

the choice of fitness tests. 
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Introduction 

Advances in implant technology and understanding of 

knee biomechanics are spurring the ongoing debate 

about the optimal alignment strategy for total knee 

arthroplasty(TKA).[1,2] A growing body of evidence 

supports that kinematically aligned(KA) TKA provides 

superior clinical outcomes and satisfaction than 

mechanically aligned(MA) TKA. In theory, KA-TKA 

would restore knee kinematics closer to the native 

condition than MA-TKA by reproducing more 

physiologic ligament strain, but the current 

biomechanical evidence is lacking.[2] The purpose of 

this study was to compare the ligament strain between 

KA and MA-TKA in human cadaveric knees. It was 

hypothesized that KA-TKA afforded more physiologic 

strain than MA-TKA. 

 

Methods 

We used 13 pairs of knees in this study. For each pair, 

one knee was randomly assigned to KA-TKA and the 

other to MA-TKA All specimens were mounted on a 

customized knee test rig that simulated human standing 

to squatting motion under physiologic loading condition. 

Medial collateral ligament (MCL) of all specimen were 

identified and multiple circle dots were marked on it. 

Both preoperatively and postoperatively, a non-contact 

video extensometer that consisted of high-resolution 

digital camera (ISG, MONET 3D, Sobriety s.r.o, Czech 

Republic) and real-time image processing (ISG, 

Mercury RT x64 2.7, Sobriety s.r.o, Czech Republic) 

monitored real-time MCL strain changes during flexion.  

Strain patterns between KA and MA-TKA in terms of 

differences in preoperative and postoperative average 

and Maximum peak strain according to knee flexion 

tome were compared 

 

Results 

Patterns of average strain in KA-TKA was more similar 

to the native knee than those in MA-TKA under entire 

range of motion. The average strain of MCL in MA-

TKA(7%±4)(P<0.05) had occurred 2 times larger than 

average strain of MCL in Native knee(3%±2). In 

contrast, the average strain of MCL in KA-

TKA(3%±3)(P>0.05) had occurred very similar to the 

average strain of MCL in Native knee(3%±2). Therefore, 

these results might be considered the similarity of KA 

with the pre-operational knee for MCL strain (Fig.1). 

Maximum peak strain of MCL for MA-TKA has 

indicated at the posterior-superior location of 120 

degrees flexion (Fig.2). 

 
Figure 1: Average of Medial Collateral Ligament Strain 

can be seen.(Native, MA and KA). 
 

 
Figure 2: Strain distribution on MCL 
 

Discussion 

The results indeed showed that KA-TKA restores MCL 

strain to the native condition better than MA-TKA. In 

view of this, the clinical implication of the results 

obtained in this study suggests that why patients 

undergoing KA-TKA may experience a more normal 

knee feeling and better functional performance during 

activities of daily living 
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Introduction 

Reverse shoulder arthroplasty (RSA) relieves chronic 

pain and provides functional improvement [1]. The 

reversed design of the ball-and-socket anatomy in the 

glenohumeral joint provides stability [2] and 

counterbalances the deficient rotator cuff muscles 

(RCM) [3]. The ratio between the contributions of the 

glenohumeral (GH) and scapulothoracic (ST) joint to 

shoulder abduction, also named as the scapulohumeral 

rhythm (SHR), is often altered after RSA [1]. It is 

suggested that limited abduction primary results from 

compromised GH contribution, however corresponding 

variations in muscle forces have not yet been 

investigated by musculoskeletal modelling in this 

context. 

The purpose of this study was to investigate the effect of 

pathological SHR on muscle forces in RSA patients with 

varying shoulder mobility. It was hypothesized that 

patients with poor shoulder mobility show decreased 

forces in the lateral deltoid muscle (LD) which may 

result in reduced GH abduction.  

 

Methods 

Twenty patients (72.1 ± 7.2 years old) with a primary, 

unilateral Univers ReversTM prothesis (Arthrex Inc, 

USA) underwent 3D kinematic (Vicon, UK) analysis 

during bilateral shoulder abduction. Based on their 

maximum abduction angle, patients were divided into 

three different mobility groups, poor (<110°), average 

(110°-140°) or excellent (>140°). The motion capture 

data was implemented into subject-specific 

musculoskeletal shoulder models using inverse 

dynamics analysis (AMMR.v2.2.3, AnyBody 

Technology 7.2, DK). Each model was scaled to the 

patient size based on marker positions, body height and 

weight. In addition, RCM strengths were adapted 

according to the individually diagnosed RCM 

deficiencies. Finally, the inverse dynamics analysis was 

driven with kinematic data for shoulder abduction to 90° 

in the scapular plane. In the following evaluation, mean 

muscle forces of the poor (3 patients) and excellent (5 

patients) shoulder mobility group were analyzed using 

MATLAB (MathWorks Inc, USA).  

 

Results 

Although no statistically significant differences could be 

found,  LD in the poor shoulder mobility group showed 

on average 12.6% (min = -4.6%, max = 70.1%) less 

mean muscle forces during shoulder abduction once 

muscles were active. Furthermore, LD in the poor 

mobility group started at higher angles contributing to 

shoulder abduction compared to the excellent mobility 

group. 

  
Figure 1: Lateral deltoid (LD) muscle forces (mean and 

standard deviation) during shoulder abduction in RSA 

patients with poor and excellent shoulder mobility.  

 

Discussion 

Not only started the LD muscle at higher abduction 

angles to be active, but also decreased forces in patients 

with poor shoulder mobility were identified. This could 

indicate that limited abduction primary results from 

reduced abductor muscle forces. This finding also 

corresponds to previous research, highlighting the 

correlation of GH contribution with abduction strength 

and maximum shoulder abduction [3]. As the SHR is 

usually consistent in RSA patients at higher abduction 

angles [1], it remains unclear why the mean muscle 

force of the excellent mobility group decreases below 

the poor mobility group above 80° of shoulder 

abduction.  

Future research should focus on more adaptations of the 

subject-specific models, especially by considering the 

medialized position of the center of rotation (COR). An 

altered COR changes the lever arm of the deltoid muscle 

and subsequently may have an influence on its muscle 

force during abduction. General limitations of the study 

are the small sample size, limiting the ability to detect 

true differences between groups, as well as the applied 

simple muscle model, neglecting non-linear force-

length and force-velocity relationships.  

 

References 
1. Walker et al, J Shoulder Elbow Surg, 24:1129–34, 2015. 

2. Boileau et al, J Shoulder Elbow Surg, 14:147S-161S, 2005. 

3. Friesenbichler et al, Arch Orthop Trauma Surg, 2020. 

278



 26th Congress of the European Society of Biomechanics, July 11-14, 2021, Milan, Italy 

MEDIAL PROGRESSING AND NON-PROGRESSING KNEE OA 
SUBJECTS EXHIBIT DIFFERENCES IN LOADING DURING GAIT. 

Bryce A Killen1, Miel Willems1, Hoa Hoang2,  Sabine Verschueren3 Ilse Jonkers1 
 

1. Department of Movement Science, KU Leuven, Belgium. 2. School of Mechanical Medical & Process 
Engineering, QUT, Australia, 3. Department of Rehabilitation Science, KU Leuven, Belgium. 

 

Introduction 

Osteoarthritis (OA) is a leading cause of disability and a 

source of high societal burden. The mechanisms 

underlying patient-specific disease onset and 

progression are largely unknown. Previous studies have 

hypothesized that magnitude and location of 

tibiofemoral joint (TFJ) loading play an important role 

in development [1,2]. Their role in structural OA 

progression (represented as Kellgren Lawrence, KL-

score) needs further evidence.  Model-based, internal 

joint loading parameters are now available that are 

suited to investigate these hypotheses. Therefore, this 

study compared TFJ loading between medial 

compartment (MC) knee OA subjects that progressed 

over a 2-year period, subjects that did not progress, and 

healthy control subjects. It was hypothesized that both 

progressing and non-progressing OA groups would 

exhibit altered TFJ loading (magnitude and/or location) 

compared to the control group where the progressing 

OA group would present more pronounced differences. 

Methods 

Data were used from subjects with MC knee OA 

whereby subjects were tested at baseline and 2-year 

follow-up. KL scores between time points were used to 

assign subjects to progressor (P, n=11) or non-

progressor (NP, n=15) groups. A KL score increase of 

≥1 between time points was defined as progression [3]. 

Progressors were subdivided into MC and lateral 

compartment (LC) progressors. Motion capture data 

was collected during 3 walking trials at self-selected 

speed and processed through a musculoskeletal 

modelling framework [4,5] to estimate joint kinematics, 

moments, and loading parameters (i.e., mean pressure, 

and centre of pressure (COP)). TFJ loading values at 

first and second peak were extracted and compared 

between OA groups and a healthy control group (n=5) 

using Kruskal-Wallis or Mann-Whitney tests for 

between group comparisons. 

Results and Discussion 

TFJ loading (Figure 1): MC-P showed significantly 

higher medial mean pressures at both first and second 

peak of TFJ loading compared to all other groups. 

Further LC TFJ mean pressures were significantly 

higher compared to the NP group at second peak of TFJ 

loading. LC-P showed significantly lower medial, and 

lateral mean pressures at second peak TFJ loading 

compared to the control group. Finally, NP showed 

significantly lower LC TFJ mean pressure at second 

peak of TFJ loading compared to the control group.  

TFJ contact COP (Figure 2): MC-P displayed a more 

lateral COP in both MC and LC TFJ loading compared 

to all other groups at both time points. Furthermore, a 

Figure 1: Medial (middle), and lateral (bottom) TFJ 

contact pressure at first (left), and second (right) TFJ 

loading peak. For MC-P (red), LC-P (yellow), NP 

(blue), and control (grey) subjects. Where * denotes 

statistically significant differences. 

Figure 2: TFJ contact COP at first (left), and second 

peak (right). For MC-P (red), LC-P (yellow), NP (blue), 

and control (grey) subjects.  

 

significantly more posterior MC COP, and anterior LC 

COP was observed compared to all other groups at both 

time points. NP also showed a significantly more lateral 

COP in both MC and LC TFJ loading compared to LC-

P and control subjects at second peak TFJ loading.  

Conclusions 

Unique biomechanical markers of MC-P were 

identified. Specifically, MC-P were characterised by 

higher MC mean pressures, posterior-lateral MC COP, 

and anterior-lateral LC COP compared to LC-P, NP, 

and control groups at first and second TFJ peak.  
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Introduction 

The trapeziometacarpal (TMC) joint is a biconcave 

saddle-shaped joint with a high mobility and complexity 

[1]. To date, we lack a fundamental understanding of the 

relation between TMC joint morphology and 

biomechanics which hinders the development of 

appropriate prevention and treatment strategies for 

highly disabling diseases such as TMC osteoarthritis 

(OA). In this study, we use a modelling approach to 

obtain a fundamental understanding of the biomechanics 

of the human TMC joint. 

 

Methods 

A modular script (Python v3.7.0) has been developed to 

create a subject-specific model of the thumb. It consists 

of six main steps:  

1) For a specific thumb movement, 3D bone geometries 

(from CT-scan images) are imported in three different 

postures: neutral and the two extreme positions. 

2) Definition of local coordinate systems for the target 

bones of the thumb (radius, scaphoid, trapezium and 

first metacarpal) in the neutral position. 

 

 
Figure 1: Thumb and wrist joints of the radial column, 

obtained from CT scan (left); Local coordinate systems 

for the thumb skeletal chain (right) 

 

3) Calculation of the transformation matrix using 

markerless registration methods from the neutral to the 

two extreme positions and computation of the helical 

axis is computed. In this way, the range of motions 

(ROMs) are quantified. 

4) Intrinsic and extrinsic thumb muscles are added to the 

model based on image data [2]. The algorithm allows 

the user to choose the bone meshes with muscle 

attachment points. These points are obtained by 

calculating the intersections between the  meshes of the 

muscle and the bones. Muscle paths can also be built by 

selecting landmark points on the muscle’s mesh.  

5) The geometry of the model is validated by computing 

the muscle moment arm during the desired movement 

and optimizing it to values from literature [3] or 

experiments.  

6) The model is created and imported in OpenSim for 

further validation and analysis (Fig. 1).   

 

 
 

Figure 1: OpenSim musculoskeletal model of the hand 

with  only the extensor pollicis longus 

 

Results 

The results for the kinematics of the TMC joint are 

presented in the Table 1, for both thumb extension-

flexion (TFE) and adduction-abduction (TAA). The unit 

vector representing the helical axis (HA) and the 

rotation angle  are used to define the relative movement 

of the first metacarpal with respect to the trapezium.   

 

Mov HA (unit vector) Rot. angle (deg) 

TAA (-0.71 0.62 0.33) ~ 78 

TFE (-0.98 0.17 -0.15) ~ 85 

Table 1: Quantification of the TMC joint kinematics. 

 

Discussion 

Using a modelling approach we can obtain a profound 

understanding of the relation between form and function 

in the TMC joint which is essential to improve treatment 

options and develop effective prevention strategies. 
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Introduction 

Paraspinal muscles are vital to the functioning of the 

spine. Changes in muscle physiological cross-sectional 

area significantly affect spinal loading, but the 

importance of other muscle biomechanical properties 

remains unclear. This study explored the changes in 

spinal loading due to variation in four muscle 

biomechanical properties: passive stiffness, slack 

sarcomere length (SSL, beyond which passive forces 

start to develop), in situ sarcomere length, and specific 

tension (Figure 1). 

 

Methods 

An enhanced version of a musculoskeletal simulation 

model of the thoracolumbar spine with 210 muscle 

fascicles was used for this study and its predictions were 

validated for several tasks and multiple postures. Ranges 

of physiologically realistic values were selected for all 

four muscle parameters and their influence on L4-L5 

intradiscal pressure (IDP) was investigated in standing 

and 36°flexion. 

 
Figure 1: Fundamental muscle force-length curve; force 

in a muscle varies with certain parameters including (B) 

posture specific in situ sarcomere length (SL) and the 

scaling factor for the specific tension (SpT) or (C) slack 

sarcomere length (SSL) and stiffness scaling factor (k).    

 

Results 

We observed large changes in IDP due to changes in 

passive stiffness, SSL, in situ sarcomere length, and 

specific tension, often with interesting interplays 

between the parameters. For example, for upright 

standing a change in stiffness value from one tenth to 10 

times the baseline value increased the IDP only by 91% 

for the baseline model (Figure 2) but by 945% when 

SSL was 0.4 µm shorter (Figure 3). Shorter SSL values 

and higher stiffnesses led to largest increases in IDP. 

More changes were evident in flexion, as sarcomere 

lengths were longer in that posture and thus the passive 

curve is more influential.  

 
Figure 2: The effect of different stiffness scaling factors 

(k) on L4-L5 IDP in upright standing and 36° flexion for 

four scenarios: changes applied to multifidus (MUL), 

extensor muscles (EXT), extensor muscles and psoas 

(EXT+PS), and all 210 muscles in the model (ALL). 

Grey/black bars represent the baseline values. 

 
Figure 3. The effect of different stiffness scaling factors 

(k) combined with a slack sarcomere length (SSL) of 2.4 

µm on L4-L5 IDP in upright standing and 36° flexion. 

The black horizontal lines represent the baseline values. 

 

Discussion 

Our results highlight the importance of the muscle force-

length curve and the parameters associated with it and 

motivates further experimental studies on in vivo 

measurement of those properties. 
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Introduction 

Passive elastic modulus of muscles is important for 

biomechanical functioning of the musculoskeletal 

system. While most studies assume that the size of a 

muscle fiber bundle (i.e. a number of muscle fibers 

ensheathed in their connective tissue) does not influence 

elastic modulus after normalizing for cross sectional 

area, elastic modulus of muscle fibers has been shown 

to be size-dependent [1]. The objectives of this study 

were to determine the degree to which this size effect 

was evident in muscle fiber bundles and to examine the 

validity of the frequent assumption of a circular cross 

section of muscle fiber bundles. 

 

Methods 

Muscle fibers and fiber bundles were extracted from 

lumbar spine multifidus and longissimus of three 

cohorts: group one (G1) and two (G2) included 13 

(330±14g) and 6 (452±28g) Sprague Dawley rats, while 

Group 3 (G3) comprised 9 human degenerative spine 

patients. A minimum of six muscle fibers and six muscle 

fiber bundles from each muscle underwent cumulative 

stretches, each of 10% strain followed by 4 minutes 

relaxation. Elastic modulus was calculated as tangent at 

30% strain from the resulting stress-strain curve. Linear 

correlations between the fiber/fiber bundle cross 

sectional area (CSA) and elastic moduli in each group 

were performed. Major and minor axis diameters of 

fibers and fiber bundles were measured and their ratios 

were calculated. The results were contrasted against the 

theoretical median of 1 (for cylindrical shape 

assumption) using Wilcoxon signed rank test. 

 

Results 

The correlations showed that increasing specimen CSA 

resulted in lower elastic modulus for both rats and 

humans, muscle fibers and fiber bundles (all p<0.05 

except for G2 longissimus bundles with p=0.21, Figures 

1-2). The median ratio of major to minor axis exceeded 

1.0 for all groups, ranging between 1.15 and 1.29 for 

fibers and 1.27 and 1.44 for fiber bundles. 

 

Discussion 

The lower elastic moduli with increasing size can be 

explained by relatively less collagenous extracellular 

matrix in the large fiber bundles (Figure 3). Future 

studies of passive property measurement should aim for 

consistent bundle sizes and measuring diameters of two 

orthogonal axes of the muscle fibers and fiber bundles. 

 
Figure 1: Correlation between elastic modulus and 

cross sectional area of G1 multifidus single fibers 

 

 
Figure 2: Correlation between elastic modulus and 

cross sectional area of G2 multifidus fiber bundles. 

 

 
Figure 3: Inverse correlation between collagen I area 

fraction and size of three bundles of different sizes from 

multifidus of one rat in G1. Yellow lines represent the 

borders of selected bundles. 
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Introduction 
The isometric force generated by a muscle after an 
eccentric contraction is higher than the purely isometric 
force at the same fiber length and activation level. This 
phenomenon is known as stretch-induced residual force 
enhancement (FE). However, several in vivo 
experiments in humans showed that not all subjects 
display FE, dividing the subject population into 
responders and non-responders [1]. 
Previous research has obtained weaker FE in vitro in 
muscle fibers operating on the ascending limb of their 
force-length (F-L) curve, compared to its plateau and 
descending limb [2]. Here we investigate whether or not 
it is possible to observe a similar behavior in intact 
human muscles in vivo. 
 
Methods 
One subject (female, weight: 57 kg, height: 1.61 m, age: 
27 years) was instructed to keep the tibialis anterior 
muscle’s (TA) activation level between 15% and 20% 
of maximum voluntary contraction (MVC) while the 
resulting ankle torque was recorded by a dynamometer. 
For all trials, the knee angle was set to 150 deg and 
tracked by a motion capture system. 
To determine the region of the F-L curve on which the 
TA operated, an initial trial was performed in which 
dorsiflexion (DF) torque was recorded throughout ankle 
angles ranging from 5 deg DF to 40 deg plantarflexion 
(PF) (with steps of 5 deg). The plateau region was 
identified from the torque-angle curve. 
The subject then performed six 35-second-trials per 
ankle angle with a) isometric contractions (n=3) and b) 
an active stretch followed by an isometric contraction 
(n=3). Two different initial ankle angles were 
investigated: one in which TA operated on the ascending 
limb of the F-L curve (13 deg PF) and another where TA 
operated on the F-L curve plateau (33 deg PF). 
 
Results 
Fig. 1 shows DF torque enhancement after a stretch as 
the relative increase in torque with respect to the 
reference isometric contraction. Positive values suggest 
FE while negative values indicate a torque reduction. 
When the TA operated on the plateau region of the F-L 
relationship (blue lines in Fig. 1), we obtained torque 
enhancements of 17.8% (right after the stretch), 5.6% 
(10 s after the stretch), and 10.8% (20 s after the stretch). 
When the TA operated on the ascending limb of the F-L 
relationship (red lines in Fig. 1), we obtained torque 
‘enhancements’ of -5.5% (right after the stretch), 2.4% 
(10 s after the stretch), and 2.3% (20 s after the stretch). 

EMGs remained within the bounds (15-20% of MVC) 
for the majority of the trials.  

 
 
Figure 1: Changes in torque with respect to reference 
(top), EMG linear envelopes (middle), and ankle angle 
(bottom) of a representative trial with the reference 
angle on the plateau of the F-L curve (in blue) and on 
the ascending limb (A.L.) of the F-L curve (in red). The 
isometric reference trials are illustrated in dashed lines 
and the trials with an active stretch are depicted with 
solid lines. The vertical black solid lines indicate the 
onset of the stretch applied by the dynamometer. 
 
Discussion 
Previous research has not always been successful at 
eliciting FE in human experiments in vivo [1]. We were 
able to obtain FE in a subject that did initially not show 
FE with the ankle joint in neutral position, as commonly 
done in literature. We could obtain FE by first 
determining the optimal joint angle where TA acted on 
its F-L plateau. This could suggest that previous failures 
at eliciting FE might have been due to subjects’ muscles 
operating on the ascending limb of the F-L curve, far 
from the plateau region. Although experimental data 
from more subjects is required to corroborate our 
hypothesis, these results may open new avenues for 
understanding muscle force generation capacity during 
complex motor tasks. 
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Introduction 

Knee osteoarthritis (OA) - a degenerative disease of the 

knee cartilage resulting in pain and movement deficits - 

has inflicted globally around 86.7 million individuals 

only during 2020 [1]. Local cartilage dynamics during 

ambulation has been identified as the main influence on 

onset and/or progression of the disease which can be 

explored only through physics-based simulation of 

human motion. Although knee forces have been 

previously reported as the main descriptors of cartilage 

loading, most informative cartilage pressure values have 

received limited attention, due to the research-intensive 

calculation methods involved, such as finite element 

analysis. Since walking is the preferred exercise 

amongst recreational sports, the main aim of this study 

is to explore maximum knee contact pressure during 

different gait speeds and its relation to external joint 

moments as surrogates of knee loading descriptors. Such 

knowledge would fill the gap in current literature in 

terms of intensity-specific cartilage response during 

walking and inform intervention studies for better OA 

management. 

  

Methods 

Marker-based motion capture system was used to record 

11 young individuals walking on a split-belt treadmill 

with embedded force plates at 3-6 km/h. Knee cartilage 

contact pressures were calculated during stance phase of 

the right leg for 265 gait cycles using a 3D 

musculoskeletal model presented previously [2], scaled 

to each participant’s dimensions and mass.  Joint angles 

were calculated using inverse kinematics. Muscle 

activations and secondary knee kinematics (11 DoF), 

required to reproduce the measured primary hip, knee 

and ankle accelerations were computed using the 

concurrent optimization of muscle activations and 

kinematics (COMAK) algorithm [2]. Mean maximum 

knee contact pressures (max KCP) were calculated and 

interpolated to 100 points across subjects and gait 

cycles. Permutation importance maps using Random 

Forest regression models were estimated to explore 

correlation between lower limb joint torques and max 

KCPs across the gait cycle.  

 

Results 

Average curves of max KCPs show a double peak 

profile (Figure 1), also seen in case of knee contact 

forces [3]. Results show a positive effect of speed on the 

two peaks of max KCPs, with the latter increasing with 

increasing speed, ranging from ~7 MPa to 13.3 MPa. 

Feature importance map (Figure 2) included only knee 

flexion and adduction moments, as the only non-

collinear variables.  

 
Figure 1 Average curves of maximum knee contact pressures 

during 100% of gait cycle at different gait speeds. 

 
Figure 2 Permutation-based feature importance on max KCPs 

during the stance phase for knee flexion and adduction 

moments. 

Knee adduction moment’s compressive effect is mainly 

responsible for the first peak whereas knee flexion 

moment and consequent knee extensors or flexors 

muscle function correlates with early stance phase and 

second peak max KCPs. 

Discussion 

For the first time, KCPs are calculated during stance 

phase at a wide range of gait speeds. Maximum KCPs 

exhibit the typical double peak profile during gait stance 

phase at all walking speeds, reaching peak values well 

below the cartilage compressive failure limit of 35 MPa 

[4]. Moreover, novel explainable machine learning 

algorithms were used to explore the different influence 

of knee flexion and adduction moments on max PCFs 

throughout the stance phase and not on just the timings 

of peak values, as widely done until now. 
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Introduction 

The intention to depict; how our body works; has 

encouraged researchers looking for a virtual 

representation that can emulate the human's body 

normal behaviour.  A musculoskeletal model tries to do 

this by combining skeletal characteristics with muscle 

models that use variables like the muscle's length, the 

contraction length, the contraction velocity, the muscle 

activation, among other variables. 

 

According to muscle theory, the muscle reacts to stimuli 

received from the Central Nervous System (CNS). The 

problem is that there is no idea how the CNS works or 

how it selects which muscle activated in each 

movement. To date, many procedures have attempted to 

decode how muscle stimulation occurs while 

movements are performed, but none have determined 

the method of activation that the CNS uses. 

 

 
Figure 1: Muscle stimulation schematic: The yellow 

lines represent a CNS signal and the black lines an 

inactive state. Each fibre represents a muscle element. 

 

Methods 

Through this study, it pretends to expose the current 

alternatives to predict or approximate muscular 

activation. Focus on emerging tools imported from other 

knowledge fields that could have great potential for the 

proposed task. 

 

Results 

The optimization algorithms are widely used in the most 

popular upper limb musculoskeletal models to 

determine muscle stimulation patterns; these algorithms 

implement cost functions related principally to muscle 

stress and energy expenditure [1]. However, a couple of 

studies have implemented optimization methods with 

cost functions based on other approaches, like Pseudo-

Inverse and Null-Space approximation concept from 

control theory [2] and the Entropy concept from applied 

physics [3], obtaining attractive results and better 

performance related to base models. On another side, 

appear methods that use the electromyographic (EMG) 

signals; this approximation is one of the closest to the 

real function, but for practical measurements, the data 

only correspond to the superficial muscles [4]. 

 

Current studies are approaching the muscle modelling 

case using behaviour based analysis, in which based on 

data can establish a model that fits with the information 

provided. These are artificial intelligence methods [5], 

in which the major disadvantage is the lack of real 

muscle activation data; usually, EMG signals have used 

as base data. 

 

Ref. 
Activations Prediction 

Method 

Validation 

Method 

[1] 
Muscle Stress and Energy 

Expenditure Optimization 

In Vivo 

Measurements 

[2] 
Pseudo-Inverse and Null-

Space Optimization 

In Vivo 

Measurements 

[3] 
Muscle Stress and Entropy 

Term Optimization 

Inverse 

Dynamics 

Measurements 

[4] 

EMG Patterns Based on 

Window Sample Entropy 

and Window Kurtosis 

Raw EMG data 

and Root Mean 

Square approach 

[5] 
Neural Networks 

Prediction 
EMG Patterns 

Table 1: Current used muscular activation methods and 

their corresponding results validation approach. 

 

Discussion 

The optimization methods are the most regular for 

approaching muscular activation; cost functions vary 

depending on the concept to evaluate. These methods 

regularly propose a unique variable to optimize. So, to 

approximate the CNS muscular activation pattern, the 

approach must be more robust and reliable. The artificial 

intelligence methods accomplish the above 

requirements but need a solid background of data to train 

a model that truly represents the system, and that is the 

hard part. 

 

Interestingly, no info or vague info refers to the muscle 

function depending on the movement. 
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Introduction 

The stability of the shoulder joint, being a ball and 

socket joint with a wide range of motion, is 

predominantly given by the surrounding rotator cuff 

(RC) muscles. The smaller the glenoid compared to the 

humeral head, the stronger the RC needs to act to 

provide the required stability against subluxation. The 

resulting excessive loading of the tissue might be a 

possible explanation why clinical studies have shown a 

correlation between glenoid size (GS) and RC tear 

incidence [1,2]. Biomechanical studies, however, have 

not yet investigated the effect of GS on the RC forces. 

Therefore, we aim to understand the influence of the GS 

on RC forces during shoulder abduction, flexion, 

internal and external rotation using musculoskeletal 

modeling. 

 

Methods 

The musculoskeletal modelling was performed in 

Anybody 7.3 using the generic model (male,75kg, 

1.80m) of the  repository AMMR v.2.3.1. Muscle forces 

were calculated based on inverse dynamics for shoulder 

abduction and flexion from 0° to 120° and internal and 

external rotation from -50° to 50°  with the elbow flexed 

at 90°. All motions were performed against a resistance 

of 25N. The resulting maximum forces were 

subsequently extracted from each motion and compared. 

The glenohumeral joint was kinematically constrained 

to prevent translations of the humeral head on the 

glenoid. The GS was determined based on the glenoid 

width (GW). This was defined as the A-P distance in the 

inferior portion of the glenoid which was altered from 

24 mm to 36 mm according to population variations 

[3,4]. The glenoid height changed proportionally. The 

humeral head remained at a constant diameter of 53 mm 

to solely investigate the influence of the GS to humeral 

head ratio.  

 

Results 

GS variations have an influence on maximum RC forces 

during abduction and flexion. Throughout internal and 

external rotation, maximum RC forces remain 

unchanged despite the varying GS, represented by the 

respective GW (Figure 1). 

When comparing the smallest GW with the mean, the 

infraspinatus (IS) and subscapularis (SB) both 

experience the strongest load increase of 46% during 

abduction and 18% and 99% during flexion, 

respectively. The supraspinatus (SS) shows only little 

sensitivity to GS variations.  

An increase of the GS does not significantly alter the RC 

forces, except for the SB force which additionally 

decreases by 60% during flexion. 

Discussion 

Various morphological parameters as the acromion 

shape or glenoid inclination have been investigated in 

the past and their relation to RC loading have been 

established [5]. It appears that the GS plays a similarly 

important role in the evaluation of RC forces. The strong 

effect on the SB and IS particularly give reason to 

assume that a reconstruction of their biomechanics is 

crucial to regain functionality after a RC tear which has 

also been clinically observed [6]. An impairment could 

lead to shoulder instabilities or pseudoparalysis which 

should be further investigated with a model allowing for 

glenohumeral translations. 

 

Figure 1: Maximum RC muscle forces during abduction 

and flexion from 0° to 120° and internal and external 

rotation from -50° to 50 for various glenoid sizes 

represented by the A-P glenoid width. 
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Introduction  

Surface electromyography (EMG) is an essential part of 

gait analysis. It provides the objective assessment of 

muscular function during walking and allows to identify 

the timing of muscle activation during movement. 

Muscle activation patterns in both adults and children 

are normed for later use to identify movement changes, 

dysfunctions, or disorders [1-2]. However, it is observed 

that the muscle activation in children is very volatile and 

this is determined by the totality of external and internal 

factors, which is very difficult to assess. This study aims 

to define changes in muscle activity of children during 

gait and determine trends [3-5]. 

 

Methods 

The study involved 13 healthy kids aged 4-11 years (6 

males and 7 females). Parental consent and child assent 

were obtained prior to the participation in the study. Five 

muscles (biceps femoris – BF, semitendinosus – SE, 

tensor fasciae latae – TF, lateral gastrocnemius – LG and 

medial gastrocnemius - MG) were studied for both 

lower extremities. Gait was assessed under habitual pace 

using 8 Vicon motion capture (100 Hz), one force plate 

Bertec (1000 Hz) and surface EMG Delsys Trigno (2000 

Hz) systems. The measurement was repeated 10 times 

for each subject. Gait cycle was identified using Vicon 

and force plate data. Collected EMG data were pre-

processed: (1) filtered with a high-frequency 4th order 

zero-phase Butterworth filter with a 50 Hz cut-off 

frequency, (2) performed full-wave rectification, (3) 

filtered with a low-frequency 2nd order Butterworth filter 

with a 3 Hz cut-off frequency. Subsequently, the EMG 

curves were normalized to full gait cycle (from heel 

contact to heel contact - strides) in a random 3 strides 

sequence for each test and the time was normalized. 

Duration of muscle activation (t, %) was identified and 

activation change (Δ, %) were determined as the 

difference between the activation start and end within 

adjacent strides throughout the gait for each subject. 

Normally distributed data represented as mean ± SD and 

not normally distributed data – median (MAD).  

 

Results  

The time of muscle activation varies (60– 90 % of cycle) 

between subjects (fig.1). It may start at the beginning of 

one stride and end in another, and secondary muscle 

activation may also occur. Such activation changes 

presented in the table 1. 

 

 
Figure 1: t (mean± SD) of muscles in % of stride (n=13), 
* - in 1 stride (p<0.05); ** - in 3 stride (p<0.05); 

 
 1 vs 2 stride 2 vs 3 stride 

 Right Left Right Left 

BF 
Δstart 4 (5.3) 

6 (6.1) 

3 (3.4) 

9 (8.5) 

4 (4.2) 

4 (6.4) 

10 (6.3)   

(4.3) Δend 

SE 
Δstart 3 (4.9) 3 (3.4) 4 (3.8) 2 (3.3) 

Δend 5.5 (4.8) 5 (5.2) 6 (5.2) 7 (4.9) 

LG 
Δstart 5 (4.7) 4 (2.9) 5 (3.5) 4 (3.3) 

Δend 3 (4.6) 3 (3.2) 3 (3.4) 3 (4.2) 

MG 
Δstart 4 (4.2) 5 (4.3) 5 (4.2) 3 (3.4) 

Δend 3 (3.2) 3 (2.9) 3 (3.4) 3 (3.2) 

TF 
Δstart 6 (4.2) 5 (4.3) 5 (3.6) 3 (4.2) 

Δend 5 (5.7) 4 (4.3) 5 (5.0) 5 (4.4) 

Table 1:  Activation change between adjacent strides, 

represented in % of stride (median (MAD)), n=13. 

 

Conclusions and Discussion 

Changes in the muscle activity pattern during gait not 

only define the functions of the muscle itself but also 

define the gait stability of the individual. On the other 

hand, the large variation indicates the possibilities of 

musculoskeletal functionality [3,5]. Our study results 

revealed that there is no permanent pattern of muscle 

activation even in normal gait of the children. However, 

to refine the results, the latency period of the muscle 

should also be taken into account and a larger number of 

steps should be investigated.   
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Introduction 

Despite progressive improvements in surgical 

technique and clinical research, systematical 

identification of implant failure mechanisms after total 

shoulder replacements (TSR) remains difficult. Current 

experimental approaches are limited in reproducing the 

complicated dynamic interplay of the implant and the 

musculoskeletal system. Our present study, therefore, 

aims to establish a universal robot-assisted hardware-

in-the-loop (HiL) test system that combines the 

advantages of musculoskeletal multibody simulation 

and experimental testing to enable evaluation of TSR 

dynamics under reproducible and physiological 

conditions. 

Material and Methods 

We deployed a robot-assisted HiL simulation (Fig. 1), 

in which an industrial robot moved and loaded an 

anatomical (aTSR) and inverse (rTSR) (Mathys AG, 

Bettlach, CH) in continuous interaction with a 

musculoskeletal multibody model (m = 58 kg) of the 

shoulder complex. 

 
Figure 1: Functionality of the robot-assisted HiL 

simulation to evaluate TSRs during dynamic activities. 

 

The robot generates the motion of the glenoid 

component according to the three rotations provided by 

the model under position control, whereas the forces 

are applied under force control in the translational 

directions constrained by the physical contact of the 

articulating implant components. Occurring resistance 

torques and displacements of the TSR are measured 

and transferred back into the computational model 

(Fig. 1). Based on a previously published inverse 

kinematic model [1], an inverse dynamic musculo-

skeletal multibody model was generated in SIMPACK 

v9.7 to emulate the dynamics of the upper extremity 

after TSR during an abduction and flexion movement 

(Fig. 2A). The model considered muscle structures 

including muscle wrapping based on a published in-

vitro load case [2,3]. Each HiL simulation was repeated 

ten times to calculate mean values as well as mean and 

maximum standard deviations (SDs) which allow 

characterizing of the reproducibility of the test system. 

Results 

Concerning the reproducibility, the calculated 

glenohumeral joint force for aTSR/rTSR was repeated 

by the robot with a mean SD of 5.1 N/1.4 N and a 

maximum SD of 11 N/5.5 N.  

The predicted glenohumeral joint force of the HiL 

simulation showed good agreement with experimental 

data provided by Ackland et al. [2,3]. Similar trends 

were observed in the predicted joint forces 

qualitatively and quantitatively (Fig. 2).  

 
Figure 2: Validation of the HiL test system using the 

glenohumeral joint force (in %BW) for anatomical (A) 

and reverse TSR (B) during abduction movement of the 

right arm in comparison with cadaveric studies 

performed by Ackland et al. [2,3]. 

 

Discussion 

Functionality and validity of the robot-assisted HiL test 

system was successfully demonstrated for anatomical 

and reverse TSR designs by comparison with both in 

vitro and in silico data [2, 3]. Furthermore, we 

validated joint forces and muscle forces during flexion 

movement. The combination of a musculoskeletal 

multibody model with an industrial robot enabled the 

integration of realistic contact conditions, thus 

mitigating the limitations of solely experimental or 

numerical methods. Hence, different surgical and 

implant specific parameters after arthroplasty with 

anatomical or inverse TSRs can be systematically 

analyzed by the HiL simulation under reproducible and 

physiological conditions in the future. 
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Introduction 

Preclinical models are widely used to study cartilage 

degeneration. The knee can be surgically destabilized to 

alter joint loading, and induce osteoarthritis. For such 

interventions, gait is often assessed with hindlimb 

ground reaction forces (GRF) or paw print intensity 

(CatWalk system), but internal knee loading is not 

assessed [1,2,3]. This study presents a workflow to 

estimate contact forces in the rat knee using 

musculoskeletal modeling, based on GRF and torques, 

and accurate motion of hindlimb bones acquired with X-

Ray Reconstruction of Moving Morphology 

(XROMM). 

 

Methods 

Two 12-week-old male Sprague-Dawley rats were 

implanted with radio-opaque tin markers onto the right 

tibia and femur. After 4 weeks, their gaits were recorded 

using the 3D²YMOX setup (University of Antwerp) [4]. 

Rat motion was captured with a biplanar X-Ray video 

setup, while they ambulated through an instrumented 

walkway. Synchronous force plate data were acquired 

using a piezo force plate (Kistler, 20kHz acquisition 

rate). Forces, torques and center of pressure were 

computed. Biplanar X-Ray images were processed in 

XMALab [5]. Bone markers and bony landmarks on the 

right foot, tibia, femur, pelvis and spine were tracked 

manually (Fig 1A). A generic musculoskeletal model of 

the rat hindlimb [6] was scaled in OpenSim [7]. This 

model includes 38 muscles, has 3 degrees of freedom at 

the ankle and hip, and 1 degree of freedom at the knee 

(flexion) (Fig 1B). After inverse kinematics, inverse 

dynamics, and static optimization of muscle forces, 

contact forces were estimated in the knee. 

 

 
Figure 1: (A) In yellow: markers and bony landmarks 

on one of the XRay views. (B) Scaled OpenSim model of 

the rat hindlimb, and ground reaction force.  

 

Results 

Both rats had similar resultant GRF (Fig 2A). Rat 2 had 

deeper knee flexion (Fig 2B, in blue). Forces for the 

biceps femoris anterior are given as a reference (BFa, 

Fig 2C). Estimated muscle forces were higher for the 

vastus lateralis and semi-membranous in rat 2 (VL, SM, 

Fig 2C, in blue), which are bi-articular muscles 

connecting the pelvis and tibia. Resultant joint contact 

forces were higher in rat 2 (Fig 2D, in blue), mostly due 

to the contribution of anterior-posterior contact forces 

(not shown here).  

 

  
Figure 2: Mean and standard deviation for GRF, knee 

flexion, knee contact forces. Standard deviation for 

muscle forces is not shown to avoid crowding. BW = 

body weight.  

 

Discussion 

Even though both rats had similar GRF, estimated knee 

contact forces were higher in rat 2, likely due to 

increased knee flexion and higher contribution of 

muscles spanning across the knee. These estimations 

emphasize that musculoskeletal modeling is needed to 

understand internal joint loading in preclinical models 

of knee injury.  
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Introduction 

Parkinson’s disease (PD) is a progressive pathological 

condition characterized by a dopamine deficiency. Gait 

alterations are a well-known hallmark of PD patients 

[1]. Recently, the authors detected further signs of motor 

impairments in PD’s neural strategies, as the timing of 

the muscle activation peak during the gait cycle and a 

difference in its amplitude [2] when compared with 

healthy subjects. Electromyography (EMG) is not 

representative of the subject’s strength and currently, no 

studies investigated the possibility to assess strength in 

terms of muscle forces as a biomarker of disease 

progression in PD subjects. A possible way forward is 

the use of musculoskeletal modelling which allows the 

non-invasive estimation of muscle forces. To reach an 

accurate level of subject-specificity in muscle forces 

estimation in PD we thus seek in this work the more 

appropriate musculoskeletal scaling approach. 

 

Methods 

Five control subjects ((CS), age=57.8±5.6 years, 

BMI=27.3±3.9 kg/m2) and five PD subjects 

(age=62.8±11.4 years, BMI=27.1±2.9 kg/m2) were 

acquired with a 6-cameras motion capture system 

(60Hz, BTS), synchronized with 2 force plates (960Hz, 

Bertec) and an 8-channels EMG system (1000Hz, BTS) 

that recorded bilaterally the activities of 4 muscles: 

Rectus Femoris, Biceps Femoris, Gastrocnemius 

Lateralis (GL) and Tibialis Anterior (TA). Data were 

processed in OpenSim and two different scaling 

approaches were considered: the standard linear scaling 

(LS) and the muscle optimizer (MO) scaling [3]. For the 

latter, two different sets of muscles were included 

during the process, one including all the muscles of the 

model (MO_FULL), and one including muscles only 

spanning knee and ankle joints (MO_MIN). Three 

different scaled models were obtained for each subject, 

then inverse kinematics, and static optimization were 

performed. Coefficient of determination (R2) between 

CS predicted and experimental EMGs was computed to 

assess the physiological validity of the models. Muscle 

forces were compared via Wilcoxon Signed Rank test, 

as no evidence of normality assumption was verified. 

 

Results 

R2 (Figure 1) reported a comparable physiological 

behaviour in the investigated models, suggesting no 

significant loss of information between the approaches. 

Muscle forces obtained for LS and MO_MIN models 

denoted statistically significant differences in simulated 

muscles, e.g., Vastus medialis (Figure 2). 

 

 
Figure 1: Mean R2 plus standard deviation of experimental 

activations for the three different models. 
 

Figure 2: Vastus medialis generated force for CS and PD 

both with LS and MO_MIN scaling approaches. 
 

Discussion 

 The MO scaling approach resulted in an enhanced 

method to detect subject-specific modifications in the 

lower limb strength production in PD when compared to 

CS, thus no loss of physiological information was 

noticed. Further studies are needed to generalize these 

outcomes. 
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Introduction 

Fragile X Syndrome (FXS) is the leading form of 

inherited intellectual disability and autism spectrum 

disorder, caused by a tri-nucleotide CGG repeat 

expansion in the promoter region of the FMR1 gene [1]. 

In FXS children characteristic musculoskeletal 

manifestations, which include hypotonia, joint laxity 

and flexible flat feet [6], may lead to non-physiological 

gait patterns [2], that justifies a referral for gait analysis. 

The aim of the present study was to identify the 

relationship between observed musculoskeletal 

manifestation and altered motor control in FXS children. 

Furthermore FXS subjects with classical full mutation 

of the FMR1 gene (FX-FM) and the ones who carried a 

full mutation with mosaicism (FX-M) were also 

compared. For this purpose kinematics and surface 

electromyography (sEMG) were acquired within 

standard clinical ambulatory conditions, and sagittal 

plane kinematics, both duration of muscle activity, its 

onset and offset during gait cycle were estimated. 

 

Methods 

After appropriate informed consent by the parents, 12 

FXS children, of whom 7 (FX-FM) (mean (±SD) age 

and BMI respectively of 9,57 (±2,51) years and 18,97 

(±5,54) Kg/m2) and 5 FX-M (mean (±SD) age of  9,00 

(±3,74) years and 18,70 (±2,61) BMI of Kg/m2) and 19 

controls ((CS) mean (±SD) age of  9,68 (±2,90) years 

and 21,52 (±4,61) BMI of Kg/m2), were evaluated at the 

BiomovLab of the Department of Information 

Engineering and at the Woman and Children Health 

Department (University of Padua). Kinematics and 

sEMG data were simultaneously acquired through 4 

synchronized cameras (GoPro Hero3, 30fps) and an 

sEMG system (8 channels FreeEmg, BTS, 1000Hz) that 

collected the activity of Tibialis Anterior (TA), 

Gastrocnemius Lateralis (GL), Rectus Femoris (RF) and 

Biceps Femoris (BF). Each subject performed several 

gait trials and at least three trials per subject were 

processed. Sagittal plane kinematics was obtained as in 

[3] and hip, knee and ankle flexion/extension joints 

rotations were computed together with spatio-temporal 

parameters; in terms of sEMG analysis duration of 

contraction, onset and offset activation timing was 

obtained [4]. 

 

Results 

Results consistently showed the presence of an altered 

muscle activity (Fig. 1). Joint kinematics highlighted a 

reduced range of motion of all the lower limb joints in 

both FX-FM and FX-M, while onset and offset 

activation timing revealed that FX-FM subjects 

continuously activated and deactivated GL throughout 

the gait cycle, FX-M subjects displayed a muscle 

activity closer to controls. 

  

 
 

Figure 1: Top: Ankle, knee, hip sagittal plane angles in 

CS, FX-FM and FX-M groups. Bottom: Frequency of TA 

and GL activation in CS, FX-FM and FX-M subjects; 

horizontal bars are color coded as in [5], according to 

the number of subjects in which muscle activity at each 

% of gait cycle is observed; yellow: muscle activity is 

detected in all subjects, dark green: muscle is not active 

in any subject. 

 

Discussion 

Results suggest that FX-FM subjects adopt a muscle 

compensatory mechanism to cope with the reduced 

range of motion in the lower limbs. The muscle 

alterations found in FX-M are milder than in FX-FM. 

Application of gait analysis in FXS subjects can be a 

useful tool to plan rehabilitation therapies for affected 

children. 
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Introduction 

Spaceflight is associated with detrimental adaptations of 

musculoskeletal tissue [1], which require rehabilitation 

upon return-to-earth. Plyometric exercises, such as 

hopping, present an effective way to load the 

musculoskeletal system when resources are limited 

during spaceflight [2]. Since peak muscle force is a key 

stimulus to regulate hypertrophy [3], knowledge of 

muscle forces during hopping will better inform 

countermeasure and rehabilitation programs during and 

after spaceflight. The aim of this study was to quantify 

muscle i) forces during a hopping task and ii) loading 

needed to stimulate adaptations in emulated hypogravity. 

Methods 

A full-body musculoskeletal model [4] was integrated 

into a direct collocation tracking simulation framework, 

formulated in Matlab R2017b using IPOPT and CasADi. 

The foot-ground contact was modelled using six Hunt-

Crossley spheres, and muscle activation and contraction 

dynamics via a Hill-type muscle model [5]. A body-

weight support system (BWSS) was modelled by an 

external force applied vertically to the pelvis’ centre of 

mass equal in magnitude to a load cell placed in series 

with a harness. The optimiser worked to minimize the 

sum of squared muscle activations, coordinate 

accelerations and pelvis residuals, and to minimize the 

error between simulated and experimental ground 

reaction forces, coordinate positions and velocities, and 

net joint moments. Marker trajectories (200 Hz), ground 

and harness forces (2000 Hz), and seven lower-limb 

EMG (2000 Hz) were collected on a single healthy male 

(28 years, 1.82 m, 79.9 kg). Single-leg vertical hopping 

was performed at a self-selected frequency whilst 

attached to a BWSS under five gravity conditions (0.17, 

0.25, 0.37, 0.50, 1 g). One hop was extracted per 

condition for analysis. Rectus femoris and Vastus 

Lateralis, Intermedius and Medialis forces were extracted 

and input into a muscle adaptation model [6] to estimate 

the repetitions required to elicit a minimal worthwhile 

muscle volume increase (3.37%) at each gravity.  

Results 

Kinematics were tracked with a max error ≤ 1.1°, ground 

reaction forces ≤ 0.02 BW, and net joint moments < 

30 N·m error across all conditions. The shapes of muscle 

activations were qualitatively similar to EMG data. The 

range of sagittal plane motion increased at all joints with 

increased gravity. Total quadriceps force increased but 

shifted from rectus femoris to vastus lateralis dominant 

as gravity increased (Figure 1). Repetitions required to 

stimulate adaption changed proportionally to total force 

between gravities. 

 

Figure 1: Quadricep muscle contributions to total muscle 

group force (left) used to estimated repetitions to 

stimulate muscle volume change (right) at each gravity.   

Discussion 

The simulation framework highlighted a gravity-

dependent organisation of knee extensor muscle forces. 

All quadricep musculature increased force output to meet 

the increasing external work demand as gravity increased 

up to 0.5 g. Increased hip and knee flexion at 1 g may 

lead to unfavourable muscle geometry for the biarticular 

rectus femoris, leading to preferential use of the Vasti 

muscles by the optimiser at this gravity. The results 

demonstrate it is important to quantify muscle forces in 

hypogravity as individual muscle forces did not change 

proportionally to total quadricep force between all 

gravity levels. Applying this simulation framework to 

more plyometric exercises in hypogravity will aid 

rehabilitation programme design by ensuring chosen 

exercises load the targeted muscles. 
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Introduction 

Fragile X Syndrome (FXS) is the leading form of 

inherited intellectual disability and autism spectrum 

disorder, caused by a tri-nucleotide CGG repeat 

expansion in the promoter region of the FMR1 gene [1]. 

In these subjects, the most frequent musculoskeletal 

manifestations include severe flexible flat feet, 

excessive laxity of the joints, and possible scoliosis [1], 

that justifies a referral for gait analysis. The aim of the 

present study was to identify the relationship between 

observed musculoskeletal manifestation and altered 

motor control in FXS children in terms of surface 

electromyography (sEMG) frequency content. For this 

purpose sEMG was acquired within standard clinical 

ambulatory assessment conditions and its spectral 

attributes extracted. 

 

Methods 

After appropriate informed consent by the parents, 23 

FXS children ((FXSC) mean (±SD) age and BMI 

respectively of 9,00 (±3,92) years and 18,77 (3,07±) 

Kg/m2) and 20 controls ((CS) mean (±SD) age of  9,68 

(±2,90) years and 21,52 (±4,61) BMI of Kg/m2), were 

evaluated at the BiomovLab of the Department of 

Information Engineering and at the Women and 

Children Health Department of the University of Padua. 

Kinematics and sEMG data were simultaneously 

acquired through four synchronized cameras (GoPro 

Hero3, 30fps) and an 8 channel sEMG system 

(FreeEmg, BTS, 1000Hz) that collected the activity of 

Tibialis Anterior (TA), Gastrocnemius Lateralis (GL), 

Rectus Femoris (RF) and Biceps Femoris (BF). Each 

subject performed several gait trials and at least three 

trials per subject were processed. The following sEMG 

parameters were extracted: instantaneous mean 

frequency (IMNF) and percentage distribution of signal 

energy in frequency bands.[2] 

 

Results 

Results consistently showed the presence of an altered 

muscle activity (Fig. 1): FXS displayed increased IMNF 

in RF and BF; decreased percentage of energy in the 

band between 10-60 Hz and increased percentage in the 

bands between 50-400 Hz.  

 
 

Figure 1: IMNF of left BF and RF (blue CS and orange 

FXSC; mean±SD) during gait cycle and percentage 

distribution of energy in the frequency bands of left BF 

and RF(blue CS and orange FXSC; mean±SD) 

(| - significant difference)  

 

Discussion 

Results suggest that FXSC increases their muscle 

activity during the gait cycle and also the number of 

motor units in low frequencies. This information can 

help to determine the degree of improvement in FXSC 

walking ability. 
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Introduction 

Acoustic Emission (AE), a material testing technique, 

has the potential to be used to monitor human synovial 

joint health (1,2) and joint implant loosening (3,4). In 

the future it could replace more expensive and invasive 

techniques such as MRI and X-Ray for monitoring the 

progression of degenerative joint diseases such as 

Osteoarthritis (OA). Additionally, this technique could 

be used to guide clinicians in treatment decisions which 

may in turn slow the progression of OA while providing 

a quantitative measure of joint health. Other studies 

have investigated this technique but there is a lack of 

knowledge on best practice for coupling the sensor to 

skin, and incorrect or unsuitable couplant has a major 

impact on data quality and transmission.  

Good coupling is necessary for transmission of AE 

signals and this is well established in material testing 

standards within the engineering community (5,6). It 

follows that this is also the case for coupling between 

the participant’s skin and the sensor. This study aims to 

determine the most suitable couplant for use between the 

AE sensor and skin. 
 

Methods 

Signal was generated from a Waveform Generator (1.1) 

and produced a sweep signal which was pulsed into a 

sample piece of steel via a NANO 30 sensor [Physical 

Acoustics] (1.2). Five PZT sensors (1.3) were coupled 

in turn to the steel. Five sensors were used in order to 

check consistency between the sensors. The sensors 

were held in place with Sterofix (sf) Dressing Retention 

Tape [Steroplast]. The following couplants were tested; 

Silicone Grease (SG) used as the Gold Standard,  

Petroleum Jelly (V+sf) [Vaseline®], GEL103 Tensive 

Adhesive Gel (G103+sf) [BIOPAC Systems Inc.], 

Aquasonic Clear® ultrasound gel (USAG+sf) [Parker 

Lab, Inc.],  Emulsifying Ointment BP (Em+sf).  

All data was recorded using a PicoScope 5000 (1.4) and 

processed through MATLAB R2019a [MathWorks®]. 

This initial testing investigated the effects of different 

adhesive type in comparison to Silicone Grease and if 

there was an effect from sensor lifting and repositioning.  

Results 

Maximum recorded amplitude of the signals varies 

between the adhesives. Treating Silicone Grease (SG) as 

the gold standard it has a mean maximum amplitude of 

30.1mV±2.9mV. Vaseline and Emulsifying Ointment 

shared similar characteristics to SG with an amplitude 

of 39.9mV±4.7mV and 32.7mV±3.0mV respectively. 

Ultrasound Gel showed the least variations between 

applications with an amplitude of 26.5mV±1.3mV. 

GEL103 attenuated the AE the most with a mean 

maximum amplitude of 12.7mV±4.0mV. 

 
Figure 2 - variation in maximum amplitude with 

reapplication of the sensor. 

Discussion 

There is variation between the repeat applications for all 

adhesives, which shows the importance of consistent 

application and using a correct amount of adhesive. 

Silicone Grease and Ultrasound Gel are the most 

consistent, Vaseline is the best in that its attenuation is 

lowest. Emulsifying Ointment and the GEL103 show 

trends in their data, Emulsifying Ointment showing an 

increase in maximum amplitude for each application 

and conversely GEL103 showing a decrease in 

maximum amplitude with each application. For 

Emulsifying Ointment, this is possibly due to the 

thickness of the adhesive decreasing with reapplication, 

and for the GEL103, due to air bubbles becoming 

trapped following reapplication which then attenuate the 

sound leading to a decrease in maximum amplitude. 

Further analysis and testing of other couplant options is 

required to draw a firm conclusion over the most 

suitable couplant for skin application.  
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Introduction 

The majority of knee and ACL injuries are often 

identified as non-contact injuries [1]: immediately 

disabling, they require long rehabilitation periods, in 

order to return to the previous level of competition. 

ACL ruptures and damages occur when forces applied 

to the ligament are greater than the loads it can withstand 

[2]; in order to be effective, screening methods should 

be linked to ACL mechanical etiology [2]. 

Biomechanical analysis has been traditionally carried 

out using both experimental techniques (i.e., motion 

analysis) and computational methods. Musculoskeletal 

modelling (MSM) has already been successfully applied 

in clinic to assess pathological musculoskeletal 

disorders [3] A musculoskeletal model with enhanced 

degrees of freedom (DOF) at the knee and knee 

ligaments has been identified in literature [4], although 

not specifically developed for deep flexion tasks. 

Some works [5,6] have been identified reporting 

rotations on the frontal and transverse plane [5], and 

ligaments elongation and spatial orientation [6] in 

relation to passive knee flexion up to 130 degrees.  

The aim of the present contribution is to define the 3D 

ligaments geometry in a musculoskeletal model having 

enhanced DOF at the knee, focusing on high knee 

flexion tasks simulation. 

 

Methods 

Once digitalized the data published in [5,6], the 

insertions of 11 ligament bundles have been redefined 

through an iterative algorithm: 1. once simulated the 

knee flexion as in [5], the models’ ligaments 3D 

geometry and elongation are compared with [6] by 

means of RMSD and Pearson’s correlation; 2. 

comparison are performed only when ligament 

elongation is higher than its resting length; 3. a tentative 

insertions cloud is then computed and a simulation run, 

again, for each combination of tentative insertions; 4. 

breaking condition are set as the best insertions 

combination result, equal to the insertions combination 

given as input; 5. the optimization procedure is 

performed several times for each bundle, restarting the 

process with slightly different initial conditions, to avoid 

for suboptimal solutions, and the best overall solution is 

stored with the corresponding parameter values. 

 

Results 

Ligaments geometry optimization results, reported in 

figure 1, showed good compliance with [6] geometries 

and elongation rates, both in terms of correlation and 

RMSD, when the ligament elongation was higher than 

its resting length. 

 
 

Figure 1: ACL anteromedial bundle - frontal and 

transverse plane projection of the angle formed against 

the vertical tibial axis, and ligament elongation trough 

knee flexion. 

 

Discussion 

The repositioned ligaments geometry and the elongation 

pattern showed good compliance with [6] throughout 

the knee flexion. Both ligaments lever arms end force 

exertion are affected by these parameters during MSM 

simulations, hence by adopting the proposed 

methodology outcomes would be in line with knee 

physiology in simulating high knee flexion tasks. 

The proposed knee model could be adopted for knee 

injury prevention screening in high knee flexion tasks. 

and support the clinical decision making in readmitting 

an injured athlete to trainings and competitions. 
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Introduction 
Anterior Cruciate Ligament (ACL) injuries have high 

incidence on athletes [1]: they are instantly disabling 

and in the majority of cases will require surgery and long 

rehabilitations; moreover, re-injury has a higher 

occurrence rate than first ACL injury [1]. 

Although gait analysis has already identified 

biomechanical variables strongly related with ACL 

ruptures, a demanding task is likely to be needed to 

investigate knee biomechanics in trained athletes. 

Musculoskeletal modelling implements experimental 

measurements with estimates of important variables, as 

muscle and joint forces, and could be applied focusing 

on ACL injury prevention [2]. Among the available 

musculoskeletal models, one with enhanced knee 

degrees of freedom (DOFs) and ligaments [3], and one 

specifically developed for the squatting task [4] have 

been identified, along with the one developed by Delp 

[5].The aim of the present work is to develop a knee 

model which overcomes the limitations of the currently 

available ones, in simulating the knee biomechanics 

during deep flexion tasks for ACL injury prevention 

purposes. 

 

Methods 
Ten healthy athletes were recruited (mean±SD; 

age=25,6±1,5 years; BMI=21,7±2,4 Kg/m²). Each 

participant performed three repeated monopodalic 

squats: reflective markers were placed as in [6] and data 

were acquired by means of 3D stereophotogrammetry 

(BTS Smart-E, 6 cameras, 60 Hz) and 1 force plate 

(Bertec FP6040, 960 Hz); an electromyography system 

(BTS Free1000, 8 channels, 1000 Hz) recorded the 

activation of: Rectus Femoris, Biceps Femoris Caput 

Longus, Tibialis Anterior, Gastrocnemius Lateralis. 

MOtoNMS [7] and OpenSim [8] were adopted, and 

scaling, inverse kinematics, inverse dynamics, and static 

optimization (SO) computed. Experimental EMG 

envelope peak occurrence within the task were 

compared with the related SO outcome (Wilcoxon 

signed-rank, α=0.05) for validation purposes as in [6]. A 

new knee model was developed, with enhanced knee 

DOFs and ligaments repositioned based on published 

cadaveric geometries [9]. Data were further processed 

according to [3-5] and results of each simulation 

compared with the model proposed herein (rm-

ANOVA, Tukey post-hoc, α=0.05). 

 

Results 
Outcomes underlined differences (Fig.1) mainly 

associated to the number of knee DOFs (i.e. [4,5] vs the 

one proposed and [3]). The proposed model was the only 

one that showed activation in agreement with the 

experimental EMG.  

 

 
Figure 1: Gluteus maximus 1, Gluteus maximus 2, 

Rectus femoris, Vastus intermedius, and Biceps femoris 

caput longum normalized activations. Models: Delp, 

Xu, Catelli, proposed. Significant differences are 

flagged referring to the proposed model comparison 

with the model relative to the flag color in the legend. 

 

Discussion 
Xu model showed task-related issues, while Delp, 

Catelli and the current model showed good compliance 

with the squat task, even though the models reported in 

[4,5] have limited DOFs at the knee and no ligaments. 

The current study allowed comparing the performances 

of different knee models in critical conditions, providing 

further insights on the knee biomechanics during the 

squat task. The former could be adopted for ACL injury 

risk evaluation, to better inform the clinical decisions 

making and to aid in planning prevention and post-

rehabilitation return on field programs. 
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Introduction 

Varus knee deformity increases medial knee joint 

loading [1] and accelerates osteoarthritis (OA) 

progression. There is limited research to understand the 

effect that it has on hip and ankle biomechanics. The 

purpose of this study was to evaluate hip and ankle 

kinematics and external moments in patients with knee 

varus deformity, prior to knee realignment surgery (high 

tibial osteotomy, HTO). 

 

Methods 

Three-dimensional gait analysis was performed on 30 

patients before HTO surgery and 28 non-pathological 

(NP) participants using a modified Cleveland marker-

set. Independent samples t-test or a Mann-Whitney U 

test was performed within MATLAB to compare key 

biomechanics parameters between the NP group and the 

pre-HTO cohort. Significance was set at p ≤ 0.05.  

 

Results 

Pre-surgery, individuals had significantly higher 

external knee adduction moment (EKAM) peaks and 

knee adduction angular impulse (KAAI) whilst having a 

significantly lower gait speed (table 2).  

Table 1: Demographic data for NP and pre-HTO. P ≤ 0.05 = *(†); P 

≤ 0.01 = **(††); P ≤ 0.001 = ***(†††) parametric tests(non-
parametric) comparisons, respectively. mTFA = mechanical 

tibiofemoral angle. 

 

At the ankle, the pre-surgery group had significantly 

lower peak inversion and significantly higher peak 

eversion angles. There were no significant differences 

between the two groups in the sagittal and transverse 

planes with respect to joint angles peaks.  

Table 2: EKAM and KAAI during first and second half of stance. 

EKAM was calculated using inverse dynamics. EKAM1 and EKAM2 
were defined as peaks within 17%-34% and 62%-86% of stance, 

respectively. 

 

 

At the hip, there were significant differences in both the 

sagittal plane (peak hip extension) and the frontal plane 

(peak hip adduction angle) kinematics (table 3) and in 

the peak external ankle and hip moments (table 4). 
 

Table 3: Peak ankle and hip kinematics. 

Table 4: Ankle and hip external moments. Analysis was undertaken on 

peak external moments in the first and second half of stance for 

sagittal, frontal, and transverse planes. Only significant changes 

shown.  
Discussion 

Varus knee deformity results in a slower gait speed and 

an increased joint load, as well as associated significant 

changes in frontal plane peak ankle kinematics and in 

peak hip extension and adduction angles and differences 

in external moments at the ankle and hip. Indicating that 

the adjacent joints may be involved in compensatory 

mechanisms associated with knee deformity. Future 

work should consider whether non-surgical 

interventions, i.e., gait retraining, can influence these 

biomechanical differences and establish whether HTO 

restores healthy knee biomechanics whilst also restoring 

the biomechanics of the adjacent joints.  
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Group NP Group  

Mean (SD) 

Pre-HTO 

Mean (SD) 

 P-value 

Ankle     

0-50% (HS to midstance)     

Peak plantar-flexion moment 1.03 (0.28) 0.74 (0.38)  0.002** 

50-100% (Midstance to toe-off)     

Peak dorsi-flexion moment 8.94 (0.74) 8.25 (1.22)  0.004†† 

Peak inversion moment 1.11 (0.34) 0.84 (0.48)  0.019* 

Peak internal rotation moment 1.67 (0.53) 1.37 (0.63)  0.006†† 

Hip     

0-50% (HS to midstance)     

Peak external hip flexion moment 6.61 (2.39) 4.95 (1.73)  0.003** 

50-100% (Midstance to toe-off)     

Peak external hip flexion moment 0.9 (0.7) 0.43 (0.94)  0.024† 

Peak external hip extension moment 5.09 (1.41) 4.31 (1.56)  0.050* 

Group NP Group – 

Mean (SD) 

Pre-HTO – 

Mean (SD) 

P-value 

n 28 30  

Age (yrs.) 38.14 (11.09) 50.70 (8.71) < .000†† 

Height (m) 1.70 (.08)  1.75 (.11) 0.018* 

Mass (kg) 71.84 (15.74) 90.57 (20.17) < .000†† 

mTFA (°)  7.75 (3.72) varus  

KL grade  6 KL2; 19 KL3;5 

KL4 

 

Group NP Group – 

Mean (SD) 

Pre-HTO – 

Mean (SD) 

P-value 

Gait speed (m/s) 1.21 (0.16) 1.06 (0.23)  0.008†† 

Stance time (sec) 0.65 (.06) 0.73 (.12) < .000†† 

EKAM, %BW.h    

EKAM1 2.27 (0.65) 3.1 (1.12) 0.001** 

EKAM2 1.5 (0.67) 2.48 (1.1) < .000*** 

KAAI    

1st half stance  0.43 (0.14) 0.73 (0.25) < .000*** 

2nd half stance 0.31 (0.16) 0.6 (0.27) < .000*** 

Group NP Group  

Mean (SD) 

Pre-HTO 

Mean (SD) 

P-value 

Ankle kinematics    

Peak ankle dorsiflexion angle (°) 14.97 (3.59) 16.95 (4) 0.054 ns 

Peak ankle plantarflexion angle (°) 10.31 (4.24) 9.34 (7.64) 0.549 ns 

Peak ankle inversion angle (°) 10.97 (4.55) 7.62 (5.23) 0.012* 

Peak ankle eversion angle (°) 2.99 (4.27) 5.01 (2.79) 0.012† 

Peak ankle internal rotation angle (°) 0.79 (6.3) 0.83 (7.34) 0.982 ns 

Peak ankle external rotation angle (°) 15.42 (6.28) 12.84 (7.01) 0.146 ns 

Hip kinematics    

Peak hip flexion angle (°)  32.47 (6.47) 34.01 (7.32) 0.401 

Peak hip extension angle (°) 12.89 (5.64) 5.91 (8.32) 0.000*** 

Max hip adduction angle (°)  7.03 (3.41) 2.66 (3.66) 0.000*** 

Max hip abduction angle (°) 8.65 (3.63) 10.01 (3.72) 0.167 

Max hip internal angle (°)  4.71 (8.79) 3.72 (7.28) 0.640 

Max hip external angle (°) 8.92 (8.76) 9.36 (7.74) 0.840 
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Introduction 
Musculoskeletal simulation plays an increasingly 
important role in sports biomechanics. In the last years, 
the field of application widened from orthopaedics and 
ergonomics to sports [1]. A muscle recruitment 
algorithm with a quadratic objective function is usually 
used to calculate muscle activity in dynamic 
movements. The agreement of calculated and measured 
thigh muscle activity has already been investigated [2]. 
They found a strong agreement for sprinting and 
running, while the correlation decreased for side-cutting 
manoeuvres. Nevertheless, the influence of different 
muscle recruitment criteria on muscle activity in 
dynamic musculoskeletal simulations is currently 
unknown. Hence, this study aimed to analyse the effect 
of different muscle recruitment criteria and muscle 
models on the correlation of numerical and measured 
muscle activity in highly dynamic movements. 
 
Materials & Methods 
For this study, 50 datasets per muscle from five amateur 
football players were captured. They performed five 
knee flexion (prone, 0°-90°) and extension (sitting, 90°-
0°) movements for the left and right leg at an audio 
signal as fast as possible. The muscle activity of vastus 
lateralis (VL), vastus medialis (VM), rectus femoris 
(RF), biceps femoris (BF), semitendinosus (ST) was 
analysed. Muscle activity was measured via surface 
Electromyography (EMG) sensors (Delsys Trigno 
EMG, Delsys Inc., UK). Inertial motion capture (MVN 
Link, Xsens Technologies, NL) was used to record 
kinematic data. The numerical muscle activity was 
calculated with the AnyBody Modeling System (AMS, 
v. 7.3, AnyBody Technology, DK) with four different 
scenarios: simple muscle model with a quadratic target 
function for the muscle recruitment (S2), simple muscle 
model with composite target function (SC), Hill-type 
muscle model with quadratic muscle target function 
(H2) and Hill-type muscle model with composite target 
function (HC). The composite target function consists of 
a polynomial with infinite exponent and an additional 
quadratic term [3]. 
The measured and calculated muscle activity results 
were processed with Python (v. 3.7.6). Each muscle's 
activity was normalised to the maximum activity of the 
five left/right flexion/extension movements. The 
Pearson correlation coefficient r for numerical and 
measured activity was determined for each muscle. It 
was categorised as small (r≤0.3), medium (r≤0.5) or 
strong (0.5<r≤1) [4]. 

Results 
The overall correlation of measured and numerical 
muscle activity is strong for all muscles, although there 
are differences for flexor and extensor muscles. There is 
only a small influence of target function on the 
agreement of numerical and measured muscle activity. 
On the other hand, the Hill-type muscle model increases 
r up to 0.72 for the extensor muscles. Table 1 shows the 
mean r values of the four scenarios for the five muscles. 
 
Table 1: Mean r of the muscles for the scenarios. 

 S2 SC H2 HC 
VL 0.59 0.59 0.72 0.72 
VM 0.58 0.58 0.72 0.71 
RF 0.52 0.52 0.63 0.63 
BF 0.67 0.63 0.60 0.57 
ST 0.67 0.64 0.66 0.66 

 
Discussion 
This study aimed to analyse the effect of different 
muscle recruitment/model scenarios on the agreement of 
numerical and measured muscle activity in highly 
dynamic motion. The overall correlation of numerical 
and measured activity is strong, with r ranging from 0.52 
to 0.72 regardless of the recruitment scenario. This 
corresponds with the findings of  [2]. The target function 
barely influences the correlation regardless of the 
muscle model. The changes for the target functions are 
within the standard deviation. Hence, only the Hill-type 
muscle model improves the agreement of numerical and 
measured activity. This effect is limited to the extensor 
muscles, where the correlation rises from r=0.59 to 
r=0.72. In the flexor muscles, the Hill-type model does 
not increase the correlation or even lowers it slightly. 
Nonetheless, the investigated movements are relatively 
simple flexion/extension movements, which might 
explain the low influence of the target function. 
However, the flexion/extension motions represent fast 
and reflex-like movements, which often occur in various 
sportive activities. 
Overall, the Hill-type muscle model should be 
considered in highly dynamic movements. Furthermore, 
the data confirms the use of quadratic target function of 
the muscle recruitment algorithm.  
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Introduction 
Accurate knowledge of tibio-femoral kinematics is not 
only essential for a clear understanding of knee joint 
functionality and injury mechanisms to the knee, but can 
also help to restore physiological knee joint function 
after orthopaedic interventions. While limb alignment, 
which exhibits normal anatomical variation among the 
healthy adult population [1], has been shown to 
critically affect tibio-femoral joint loading [2], less is 
known about its role on in vivo tibio-femoral kinematics, 
especially during activities of daily living. Therefore, 
the aim of this study was to investigate the role of limb 
alignment on tibio-femoral kinematics during different 
gait activities using dynamic videofluoroscopy 
 
Methods 
12 neutral subjects (hip-knee-ankle angle (HKA): 
0.5±1.6° varus), 10 varus subjects (HKA: 5.7±1.8° 
varus), and 5 valgus subjects (HKA: 5.6±1.5° valgus) 
were assessed during 5-6 complete cycles of level 
walking, downhill walking and stair descent using a 
dynamic fluoroscope [3]. After 2D/3D registration of 
the subject-specific bone models to the video-
fluoroscopic images [4], tibio-femoral rotations, A-P 
translations of a medial and lateral point on the 
functional flexion axis of the femur, and the location of 
the centre of rotation (CoR) [5] were determined. 
 
Results 
For all three activities, the rotational ranges of motion 
and ranges of condylar A-P translation were comparable 
between the neutral, varus and valgus subjects. 
However, significant differences occurred between the 
varus and valgus subjects for A-P translation of the 
lateral condyle point during mid-stance and early swing 
(44-55% & 70-75% gait cycle) of stair descent. 
A-P translation [mm] medial lateral 
level walking neutral 8.8±1.8 10.9±2.2 * 

varus 8.6±1.0 9.9±2.1 * 
valgus 9.8±0.8 10.3±3.0 

downhill walking neutral 8.6±1.9 10.4±1.2 * 
varus 7.3±0.9 9.9±1.7 * 
valgus 9.4±0.8 10.5±1.3 

stair descent neutral 8.7±1.9 11.8±2.5 * 
varus 7.4±1.5 10.5±1.4 * 
valgus 8.7±1.0 12.9±2.2 * 

Table 1: Range of condylar A-P translation over 
complete gait cycles of level walking, downhill walking 
and stair descent. Mean ± SD for each limb alignment 
group are presented and significant differences between 
the medial and lateral condyle are indicated (*). 

While the neutral and varus subjects exhibited 
significantly more A-P translation of the lateral 
compared to the medial condyle point, resulting in an 
overall medial CoR, the valgus subjects demonstrated 
equal condylar translation for level and downhill 
walking, but significant differences for stair descent 
(Table 1, Figure 1). Nevertheless, all three groups ex-
hibited high inter-subject variability, with equal or more 
medial A-P translation observed in certain subjects. 

 
Figure 1: Location of the CoR over the complete gait 
cycle of level walking, downhill walking and stair 
descent. Mean ± STD over all subjects are presented for 
each limb alignment group. 
 
Discussion 
Although subject-specific limb alignment only revealed 
a minor influence on tibio-femoral kinematics, differen-
ces between individual subjects were evident and 
resulted in large standard deviations. Despite axial 
rotation occurring around a predominantly medial CoR, 
it is conceivable that changes to the loading of the joint 
exist among the three limb alignment groups [6]. This 
data can, in combination with musculoskeletal 
modelling, provide a first basis for surgical interventions 
regarding limb alignment and help to further improve  
restoring physiological knee joint function. 
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Introduction 

Mechanical properties of bones depend not only on 

their chemical composition, but also on the nature of 

their loading. In study some experiments were carried 

out to determine changes in bone tissue in case of 

microgravity and some types of stimulation. The aim 

of work is to determine biomechanical parameters of 

bone tissue which changes significantly under external 

loads. This knowledge can help for better 

understanding the mechanism of bone tissue 

remodeling. 

Methods 

To study the effects of microgravity in terrestrial 

experiments, a model with rats hanging by tail was 

developed (n=30) [1,2]. Additionally microgravity 

models with putting on animal's feet (n=10) and spinal 

cord electromagnetic stimulation (n=25) were carried. 

Nonlinear laboratory rats (180-200 g) were used in 

study. All experiments were performed according to 

bioethical standards and were approved by local ethical 

committee of the Kazan Federal University. Hindlimbs 

and forelimbs bones were dissected from all tested rats. 

Bones was scanned on μCT in diaphysis, metaphysis 

and epiphysis regions. Fabric tensor was used for 

analysis of distribution porosity [3]. Numerical 

experiments to calculate mechanical properties [4] 

were carried out. Histological parameters such as 

B.PM, BV/TV, Tb.Th, W.Th etc were measured. 

Additionally stress tests were performed. 

Results 

In histological study bone tissue growth was marked. 

Bone thickness rises up and gets maximum value at 21 

days of microgravity. Similar results was get for W.Th. 

After 21 days W.Th. decreases, but B.PM still 

increases. Additionally vessel network growth activity 

was noticed. 

The analysis of the results shows difference in the 

structure of the bone tissue. A clear difference was 

observed in the epiphysis of the femur, wherein an 

increase in porosity and a decrease in the degree of 

anisotropy were noted. Orthotropic directions rotate 

significantly in diaphysis (see figure 1). 

In microgravitational models Young's module decreased 

slightly (25%), but limits of tension decreased 

significantly (60%). In case of putting on animal's feet 

Jung's module restores its value (deviation about 5%) 

and limits of tension increases up to 33% (in 

comparison with microgravitational models). In case of 

cord stimulation Young's module restores its value 

(deviation about 12%) and limits of tension increases 

up to 31% (in comparison with microgravitational 

models). 

a 

b 

Figure 1: Schematic illustration of distribution of the 

orthotropic properties in diaphysis area: a – control 

group; b – 20 days microgravity. 

Discussion 

Results shows that bone tissue depend on external 

forces. Having analyzed the obtained data, we can 

observe a sharp drop in tensile strength under a long-

term exposure of an organism to microgravity. 

Adaptation of bone tissue structure was noticed after 

30 days of microgravity. But strength limit still 

decreases. Putting on animal's feet and spinal cord 

electromagnetic stimulation influence the process of 

bone remodeling. The results can be used to verify the 

mathematical models of evolution of bone tissue. More 

over the results emphasize that the bone structure can 

be controlled by influence of external forces. In 

practice rehabilitation strategy can be planted with 

taking into account muscle activity. 
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Purpose 

Aseptic implant loosening is considered to be the main 

cause for revision surgery after total hip arthroplasty [1]. 

While there are unified standards for measuring wear by 

means of simulator tests (e.g. ISO 14242), no 

standardization for measuring frictional moments within 

the bearing couple exists. However, higher frictional 

moments are associated with higher wear [2]. Therefore, 

two different test devices of different complexity for 

frictional moment measurement of total hip implants 

were designed and compared. Both designs are capable 

of applying loads up to 3 kN according to ISO 14242-1.  

In present study, frictional moments of ceramic-on-

ceramic (CoC) and ceramic-on-polyethylene (CoP) 

couples each with a head diameter of 36 mm are 

investigated.  

 

Methods 

The test device of lower complexity, the “1-dimensional 

test rig”, is capable of applying a constant load of 3 kN 

superimposed by an internal-external rotation of ±6° 

about the taper axis. It consists of an embedding tray 

supporting the acetabular implant and mounted on a 

x-y-table which compensates for transverse forces by 

enabling small translations in the plane orthogonal to the 

load line. A tension-torsion testing machine (Instron 

8874, Norwood, MA USA) combined with an external 

torque sensor (DRBK-10, ETH messtechnik, Gschwend 

Germany) was used to apply the load profile.  

Furthermore, a complex setup, the “3-dimensional test 

rig” is built up which simulates the ISO 14242-1 load 

case and can measure the frictional moment about all 

three spatial axes of the articulating center of the bearing 

couple. Ball head and cup implant are assembled with 

the 6 DOF VivoTM joint simulator (Advanced 

Mechanical Technology, Watertown, MA USA) which 

is used to apply the specific joint forces and motions. 
 

 
Figure 1: View of the 1-dimensional test rig (left) and 

the 3-dimenional test rig (right) 

The tested implants are made of Alumina Toughened 

Zirconia (Ceramys®) and vitamin E-stabilized cross-

linked polyethylene (Vitamys®) respectively. Bovine 

serum with a protein ratio of 30g/l according to ISO 

14242-1 is used to lubricate the tribological pairings in 

each case.  

In order to investigate the frictional moments in both 

setups a total amount of 100 cycles are executed, but 

only the last ten (91st-100th) cycles are taken into 

account. The last three of n=4 trials for each material 

pairing (CoC and CoP) are analyzed as the first sample 

serves as precondition of the setup.  

In the 1-dimensional test rig the frictional moment 

alternates between nearly constant positive and negative 

values (internal or external rotation) during each load 

cycle. In this case, absolute values of the measured 

frictional moments are averaged. 

In the 3-dimensional test rig only the highest resultant 

moment, which occurs at nearly 50% of the gait cycle is 

taken into account. 

 

Results 

Table 1: Measured frictional moments of CoC and CoP 

bearing couple at both test rigs 

Frictional 

moment 

CoC CoP 

1-D test rig [Nm] 0,90±0,03 0,51±0,02 

3-D test rig [Nm] 4,92±0,54 6,96±0,29 

Frictional moments measured are clearly higher within 

the 3-D test rig compared to the 1-D test rig only with 

one load and measurement axis. The reason for the 

smaller moments detected is based on the fact that 

highest moments occur at the axes orthogonal to the 

axial load line which could not be measured within in 

the 1-D test rig. In the 3-D test setup frictional moments 

of CoC coupling are smaller than these of CoP couple 

which is in agreement with literature [3]. In conclusion, 

only the 3D test rig is appropriate for frictional moment 

measurement and simulating physiological load 

profiles. 
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Introduction 

Osteoporosis is a major public health issue worldwide 

because of its association with bone fracture risk. Falls 

from a standing or lower height are the most common 

cause of hip fractures in the elderly. Understanding the 

conditions that differentiate injurious and non-injurious 

falls can lead to the development of more effective 

intervention strategies for hip fracture prevention. In 

particular, the role played by Muscle Activation (MA) 

during falls in the elderly is unknown and it is difficult 

to quantify in volunteer experiments. The aim of this 

study is to investigate the effect of muscle contraction 

on femoral impact loads resulting from falls using 

biofidelic finite element models (FEMs). 

 

Methods 

21 muscles, modeled as elastic springs, were added to 

an existing biofidelic FEM [1]. Insertion points were 

based on anatomic literature [2]. Prestress in the springs 

generated muscle contractions (Figure 1). As the relative 

contractions between muscles is unknown and the hip 

joint is statically indeterminate, we calculated individual 

muscle forces (𝐹𝑖) by minimizing the following 

objective function [3]:  

∑ (
𝐹𝑖

𝑃𝐶𝑆𝐴𝑖
)

2𝑚

𝑖=1

 

where 𝑃𝐶𝑆𝐴𝑖  is the physiological cross-sectional area of 

the individual muscles. Four levels of MA were 

prescribed based on a target joint reaction force 

magnitude at the hip joint. The MA levels were set to 1, 

3, 6, and 9 times bodyweight (BW) of the modeled 

subject (40.3 kg). Heterogeneous, linear-elastic material 

properties were assigned to the elements representing 

bone tissue [4]. A 15ms settling phase with numerical 

damping was used to achieve quasi-static equilibrium 

after muscle contraction had been applied. This was 

followed by a fall simulation with the application of a 

rotational impact velocity of 3.1 m/s at the greater 

trochanter. 

 
Figure 1: (Left) Biofidelic FEM. (Right) 21 muscles 

shown attached to the FEM. 

The impact force at the hip (femur force) was evaluated 

along with the 1st principal strains (𝜀1) and 3rd principal 

strains (𝜀3) for all elements in the impacted femur at the 

time of peak force. For comparison, a reference model 

without any muscle activation was also solved.   

 

Results 

For muscle activation levels of 1 BW, 3 BW, 6 BW and 

9 BW, the femoral force increased compared to the force 

in the reference model by 2%, 9%, 21%, and 36%, 

respectively (Figure 2). At time of peak force in the 

reference simulation, the average 𝜀1 was 1.82 ∙ 10−3 

(0.002 SD) and the average 𝜀3was −4.07 ∙ 10−3 (0.006 

SD). On average, both 𝜀1 and 𝜀3 decreased as more 

muscle contraction was applied. Strain differences for 𝜀1 

and 𝜀3 varied greatly from element to element.  

 
Figure 2: (Left) Femur force throughout the fall 

simulation for all MA levels. (Right) Average differences 

(+/- 1 SD) of the 1st (𝜀1) and 3rd principal strains (𝜀3) 

over all elements in the femur compared to the reference 

FEM without MA. 

 

Discussion 

With increased muscle activation levels, the peak femur 

forces increased noticeably which may increase fracture 

risk; this is supported by increased magnitudes of 𝜀3. 

However, the magnitudes of 𝜀1 decreased which may 

indicate a protective effect of muscle activation. These 

results demonstrate that the loads and the strains on the 

femur are influenced by muscle activation and likely 

have an appreciable effect on fracture risk and fracture 

behavior. 
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Introduction 

Musculoskeletal modeling has emerged in the clinical 

practice as useful tool to predict the effect of 

interventions and, more generally, to enrich available 

information on human biomechanics that cannot be 

determined in a non-invasive manner. Developing a 

subject-specific musculoskeletal model from clinical 

data is indeed a process that requires a large amount of 

time and efforts, thus various generic models were made 

available in years to speed up the modeling process and 

address the most clinical necessities. On the other hand, 

subject-specific models are assumed to have greater 

physiological reliability [1], so the decision on which 

kind of modeling strategy to adopt depends on cost-

benefits evaluation. The aim of this study was to 

investigate the difference existing between a generic 

multibody model [2] and a personalized model, focusing 

on joint reaction forces developed during gait, which are 

a biomarker for cartilage state of stress.  

 

Methods  

One healthy woman (32 years old, BMI=20.8) 

performed 5 gait trials walking barefoot at self-selected 

speed. A Plug-in-Gait marker set was utilized, and 

kinematic and kinetic data were collected by means of 8 

Vicon cameras and 2 force plates. Focusing on subject-

specific modelling, pelvis and lower limbs anatomy 

were acquired by means of a 3T MRI scanner. Bones 

and soft tissues were segmented through Mimics 

(Materialise, Leuven, Belgium) and a subject-specific 

was realized in nmsBuilder software [3]. Segments 

reference systems and joints description were accurately 

matched with those defined in the generic model to 

obtain coherent outputs. Muscles architecture was 

adapted from generic model to subject-specific one by 

means of a scaling tool within nmsBuilder software. 

Inertial parameters were calculated by differentiating 

densities between soft and hard tissues. Muscles 

pathway was defined by means of intermediate via-

points to wrap over underling structures and each 

muscle maximum isometric force parameter was 

estimated by assuming muscle fiber length proportional 

to musculotendon length [4], as in (1) 

 

      𝐹𝑚𝑎𝑥 𝑖 = (𝑃𝐶𝑆𝐴)𝑖 ∙ 𝜎 = (
𝑉𝑜𝑙

𝑙0
(𝑔𝑒𝑛)

∙
𝑙𝑀𝑇

𝑙𝑀𝑇
(𝑔𝑒𝑛)

)

𝑖

∙ 𝜎         (1)   

 

OpenSim software [5] was exploited to estimate gait 

outputs on both the models; inverse kinematic, inverse 

dynamic, static optimization and joint reaction analysis 

were performed on all the trials. Results were averaged 

on the gait stance cycle. 
 

Results  

Whereas the general trend is maintained, differences in 

the force peaks were observed in the knee joint; in 

particular generic model overestimated the first peak 

during stance phase and underestimated the second 

peak, with respect to subject-specific model outputs 

(Figure 1). 

 
Figure 1: Vertical component of the joint reaction for 

generic (blue dot) and subject-specific (red dot) models.  

 

Discussion 

Subject-specific modelling provided outputs that were 

different from those obtained with the generic model, 

depending on the degree of personalization. Since 

developing a subject-specific model is a data-greedy and 

time-consuming task, the decision on what kind of 

model to exploit depends on the application the 

simulation is intended to. For example, when 

musculoskeletal modeling is intended to determinate 

forces to be used in finite element analysis, trustier 

loading conditions – provided by subject-specific 

models – is indeed preferred. 
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Introduction 
Meniscus is a semi-lunar fibrocartilage structure that is 
integral to the proper knee joint functioning, due to load 
distribution and amortization. Although knee joint 
forces (KJF) during isokinetic knee extensions have 
been already described, none of these studies have 
analyzed a change in KJF after surgical intervention, 
especially in meniscus treatment. This is an important 
problem because proper healing of a meniscus can be a 
key factor in osteoarthritis prevention.  
The aim of this study was to create a simple mechanical 
model of the knee extension, that will use data usually 
collected in the treatment process in order to calculate 
tibiofemoral force (TF) and to investigate a change in its 
course after the meniscus treatment. 
 
Materials and methods 
Data were selected from the patients included and 
analyzed in study [3] and treated according to the 
arthroscopic surgical technique presented in [1]. The 
study group was restricted to 28 patients (8 women and 
20 men) according to the following inclusion criteria: 
medial meniscus tear, without lateral meniscus lesions 
and with at least one isokinetic test of the operated knee 
joint in the follow-up period up to five years after the 
surgery. Exclusion criteria were tears of the ligaments, 
their reconstruction, as well as partial meniscectomy. 
In order to calculate TF, we formulated a two-
dimensional mechanical model of the shank and tibial 
articular surface during isokinetic examination. The 
model was based on the model presented in [4] and it 
can be applied only to knee extension. We assumed that 
the temporary center of rotation during shank extension 
is localized at the point of contact between tibia and 
femur, and torque measured in isokinetic test in 
concentric-concentric mode is balanced by torque 
exerted by patellar tendon. 
The coordinate system in this study was placed on tibial 
plateau, according to the methodology described in [6]. 
The distance between tuberosity of the tibia and the 
center of rotation (tibiofemoral contact point) as well as 
angle between patellar tendon and tibial long axis were 
measured separately for every patient, based on MRI 
scan of extended knee. Then, in order to calculate 
location of contact point in a function of knee flexion, 
we applied results of the study [2], where authors 
provided tibiofemoral cartilage contact points on the 
medial tibial plateau at different flexion angles during in 
vivo weight-bearing lunge. Similarly, we applied results 

from the paper [5] to calculate angle between patellar 
tendon and tibial long axis in every knee flexion, so it 
could be used with data measured in isokinetic test. 
 
Results 
The mechanical model formulated in this study 
estimates tibiofemoral force as a function of the knee 
flexion, dependent on torque measured in isokinetic test. 
This characteristic was calculated for every patient, 
separately for every isokinetic test performed 
postoperatively, usually 6, 12 and 24 months after 
meniscus regeneration. Results presented as the example 
in Fig.1 shows that the course of tibiofemoral force 
changes with time after the surgery what may be a result 
of meniscus healing and restoration of its biomechanical 
function in the knee joint. 

 
Figure 1: TF calculated with the use of developed 
model: 6 (blue) and 24 months (red) after the surgery. 
 
Discussion 
The point seems to be not the difference in the 
magnitude of the TF, but the nature of its change 
together with the change of knee flexion. 
Mechanical model presented in this study allows to 
merge clinical data usually collected during patient 
treatment process, like MRI scans in knee extension and 
isokinetic tests of the knee joint, in order to estimate TF 
course, which is believed to be an important parameter 
in meniscus treatment and osteoarthritis prevention.   
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Introduction 

Bracing is a common method of treatment for scoliosis, 

which rectifies the unwanted curves in the patient’s 

spine through applying corrective forces [1]. The 

method of treatment is based on the overcorrection of 

curves by pushing the spine in the opposite direction of 

the unwanted curves, which is expected to result in the 

reduction of Cobb angle. The functionality of bracing 

has been mostly investigated from a statistical 

standpoint, and the role of biomechanical factors in this 

regard has not been extensively tackled yet [2].  In this 

study, we aimed to provide a biomechanical analysis to 

investigate the performance of a specific type of part-

time brace, i.e. the Providence brace, using experimental 

and in-silico tools.  

 

Methods 

A patient with mild scoliosis (Cobb angle: 17), who was 

using a night-time Providence brace, was chosen for this 

study. Applied forces from the brace on the patient's rib 

cage and pelvis were measured using a Novel Pliance-

xf-16(-32) force pad in her supine position (Fig. 1). 

Moreover, a finite element model of the patient's lumbar 

spine was developed. The measured forces, in the 

experimental part, were imported into the model, and the 

normal stress distribution on the scoliotic lumbar 

vertebral growth plates was obtained, and alterations in 

the Cobb angle were observed when wearing the brace, 

and without using the brace. Finally, a comparison was 

made between the normal stress distributions and Cobb 

angle of the model with- and without the Providence 

brace, and in supine and sitting positions, respectively.

 
Figure 1: Method used to obtain brace forces on the 

patient’s body. 

 

Results 

The measured mean forces applied by the brace were 

29.40 N, 24.75 N, 22.429 N, and 37.61 N in the posterior 

pelvis, anterior pelvis, superior thorax, and inferior 

thorax, respectively. Furthermore, results of the FE 

model showed that there is curvature overcorrection, 

and the Cobb angle was reduced from 17 degrees, in the 

initial configuration, to 3.4 degrees right after using the 

brace. The stress distribution in the patient's growth 

plates, with the brace in the supine position, deviates 

from that of the scoliotic individual's stress distribution 

while was not wearing the brace (Fig. 2. a). It was 

observed that by wearing the brace, unbalanced stress 

distribution on the growth plates caused by the scoliotic 

spine's curvatures, can be compensated, i.e. regions in 

growth plates that experience high compressive stresses 

in sitting position undergo tensile stress while using the 

brace (Fig. 2. b).  

 
Figure 2: (a) Normal stress distribution on the upper 

growth plates of lumbar vertebrae, resulted from FEA, 

(b) Normal stress distribution changes along upper L4 

growth plates width. 

 

Discussion 

Results of this work indicate that a night-time brace, 

here Providence brace, can cause alteration in normal 

stress distribution within the lumbar vertebrae growth 

plates, which can consequently amend the asymmetric 

distribution of stress, and ultimately reduce the Cobb 

angle, in agreement with x-ray photography of the 

patient. The long-term goal of this research is to design 

more efficient braces, through discovering new aspects 

of the biomechanics and mechanobiology of scoliosis. 
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Introduction 

Adolescent idiopathic scoliosis (AIS) shows a specific 

geometrical pattern of spinal deformity: a lateral 

deviation of the apical vertebra, an axial rotation of the 

scoliotic curve and a flattening of the back. These 

features were recently combined in a severity index 

which was developed to detect early those curves at risk 

of progression [1]. The severity index was preliminary 

validated in a cohort of 65 patients with Risser sign < 3, 

i.e. patients who still have growth potential and 

therefore high progression risk. However, the accuracy 

of the severity index according to major curve location 

was not studied; this is an important aspect because a 

scoliotic curve in the thoracic or lumbar region might 

not present the same pattern of deformity. In the present 

work, the effect of the location of the scoliotic curve on 

the severity index was analyzed. 

 

Methods 

AIS patients were included in six clinical centers from 

four countries (France, Hong Kong, Lebanon, Italy). 

Inclusion criteria were: Cobb angle < 25°, age > 10 years 

and Risser sign < 3. They were followed radiologically 

until decision of treatment (“progressive patients”) or 

until they reached skeletal maturity with no scoliosis 

progression (“stable patients” Risser ≥ 3 and Cobb angle 

< 25°). All patients underwent biplanar radiography 

(EOS system, EOS Imaging, Paris, France) and 3D 

reconstruction of the spine [2-4]. Three-dimensional 

geometrical parameters of the scoliotic curve were 

automatically computed: spinal torsion, apical vertebral 

axial rotation, inter-vertebral axial rotation at the end 

vertebrae, the hypokyphosis index [1] and Cobb angle. 

These parameters were combined in a linear 

discriminant analysis based on an existing database of 

53 asymptomatic subjects, 17 moderate scoliosis and 30 

severe ones. The model outputs an index between 0 and 

1, i.e., the severity index. In this work, the index was 

further weighted with a multiplicative factor of 1, 0.8 or 

0.7 for patients with Risser 0, 1 or 2, respectively Values 

lower than 0.4 suggest a stable patient while higher than 

0.6 a progressive one. An index in-between is 

considered undetermined. Patient were grouped by 

major curve location: thoracic (T, apex above T12), 

thoracolumbar (TL, apex in T12 or L1) or lumbar (L, 

apex below L2). 

 

Results 

205 patients were included (171 girls and 34 boys, age 

12 ± 1 years). 96 patients (47%) were progressive while 

109 were stable (53%). 82% were correctly classified as 

stable or progressive. Positive predictive value was 

78%; index’s performance is reported in Table 1. 

 

 All T TL L 

N 205 88 52 65 

Correctly classified (%) 82 83 81 82 

Sensitivity (%) 87 93 74 89 

Specificity (%) 78  73 88 77 

Table 1: Sensitivity and specificity of the severity index 

by curve topology. 

 

Discussion 

The index’s specificity was only marginally affected by 

curve location, while its sensitivity was higher in T and 

L curves than in TL ones. Further analysis should be 

conducted on TL curves to determine if they present a 

different pattern when they tend to progress; for 

instance, TL curves are between the stiffer spinal region 

of the ribcage, and the more compliant lumbar spine. 

Nevertheless, the index showed robust results which are 

promising for its dissemination in clinical routine. 
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Introduction 

One of the main functions of the spine is to protect the 

spinal cord; another is to distribute weight while the 

body is walking, running, or even standing [1]. When 

the function or mechanical properties of the spine are 

impaired, disease occurs [2]. One disease of the spine is 

osteoporosis. Seeking to combat spinal diseases, 

including osteoporosis, biomechanical engineers and 

surgeons work together to explore properties of the 

spine and improve or discover new treatments. [3] 

The aim of the current research was to investigate 

experimentally the mechanical properties of each 

vertebra in a spayed female eight-year-old dog (bitch). 

 

Methods 

For our analysis, we used a spayed female mongrel dog 

that was approximately eight years old and weighed 28 

kg. The dog had been euthanized in accordance with 

good veterinary practice following diagnosis of a 

mammary gland tumor. After euthanasia, an autopsy 

was performed. During the autopsy, the lumbar segment 

was removed and subsequently stored in the freezer at -

20 °C until testing. The day before the test, the segment 

was removed from the freezer and thawed gradually in 

saline. When the lumbar section was completely 

thawed, the muscles and tissues were removed, and the 

vertebrae were separated. During this process, the 

vertebrae were kept moist.  

 
a) b)  

Figure 1: a) Spayed dog vertebras (Th11-L5) b) 

Mecmesin MultiTest 2,5-i microcompression machine. 

 

The compression tests were performed using a 

Mecmesin MultiTest 2,5-i microcompression machine 

(Mecmesin Limited, Slinfold, UK). The Mecmesin 

AFG25 load cell had a controlled load of measured 

accuracy at ±0.01 mm, and it exerted a compression 

force in the range of 2–2500 with accuracy at ±0.1% 

where crosshead speed accuracy was ±0.1%. Each 

vertebra (Figure 1a) was compressed with a force of 950 

N. The velocity was chosen equal to 1 mm/min. The 

vertebrae were adjusted for cyclic loads and selected to 

work for 10 cycles. After the experiment, the axis of 

each vertebra was measured. After installing a sample, 

cyclic loading was applied (Figure 1b). 

 

Results 

Comparison of experimental and theoretical data 

obtained in the first load/unload cycle are presented in 

Figure 2. The coefficient of determination R2 of fitted 

load/unload in the first cycle was [0.9996, 0.9999]. 

Meanwhile, R2 of fitted displacement in the first cycle 

was [0.9999, 0.9998].  These results show good 

agreement of the fitted curve with experimental data. 

 
Figure 2: Load displacement relations.  

 

Discussion 

Collected experimental data of vertebra load and unload 

are approximated by using the expressions below: 

 

 𝐿𝑘(𝑡) = ∑ 𝑎𝑖𝑘𝑡
𝑖6

𝑖=0  (1) 

 𝑑𝑘(𝑡) = 𝑑0𝑘 + 𝑑1𝑘𝑡 (2) 

 

where Lk is external load, dk is displacement, t is the 

independent parameter (time), and aik and dik are 

material constants for each load/unload cycle k. The 

numerical optimization was applied using the 

scipy.optimize.curve_fit function [4]. 
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Introduction 

Clinical imaging for spinal deformity typically consists 

of a standing x-ray of the whole spine and a supine MRI 

of only the pathological spinal levels. This does offer 

coherent data for the development of subject-specific, 

biomechanical spine models that reflect actual clinical 

symptoms. Additionally, muscle parameters such as 

cross-sectional area (CSA) and moment-arms measured 

from imaging modalities are not perpendicular to the 

scan slices and must be corrected in order to be 

appropriately used in models.  

 

Objectives: 1) To develop and validate a method for 

estimating of subject-specific sagittal spinal geometry in 

different postures from vertebral body center (VBC) 

data in a reference posture (standing). 2) To correct for 

the cosine between the MRI axial scan plane and 

dominant fiber line-of-action for muscle parameters 

(CSA and moment-arms) in these postures.  

 

Materials and Methods 

Imaging 

Thoracic Spines of six healthy participants (age 26±6 y, 

BMI 24±3 kg/m2) were imaged (0.5T Open Upright MR 

scanner) in four postures (supine, standing, flexion, and 

sitting).  

 

 
Figure 1: A) Sagittal MR image. B) CSA, A-P and M-L 

distances of erector spinae (ES) and transversospinalis 

(TS) on Axial MR image. C) Geometric construct of 

sagittal spinal curvature (standing). D) Estimated spine 

geometry (flexion) rigidly registered to ground truth 

data (MRI in flexion) showing registration error. 

VBCs from T1 to T10 were marked on sagittal MR 

images (Fig 1A). CSA, anterior-posterior (A-P) and 

medial-lateral (M-L) were computed for two muscles— 

erector spinae and transversospinalis on axial MR 

images (Fig. 1B).  

 

Sagittal Spine and Muscle Geometry Estimations 

Sagittal spinal curvature was approximated using a 

circular spline parameterized with the segment angles 

(kyphosis or lordosis Cobb angle) and segment lengths 

(assumed constant) (Fig 1C). The subject-spine 

geometry in any other posture was estimated by 

modification of these parameters and normalization with 

the reference posture. The estimated spine geometry was 

validated against the corresponding MRI data by rigid 

registration using coherent point drift method [1] (Fig. 

1D). From the model, the dominant muscle fiber line-of-

action of erector spinae and transversospinalis was 

computed for each posture. A correction factor based on 

published literature was then computed and applied to 

the muscle parameters [2].  

 

Results 

The maximum registration error between the estimated 

spine geometry and MRI data was small (average 

RMSE~1.2%). The correction factor reduced muscle 

parameters (~5% for erector spinae and ~25% for 

transversospinalis) when compared to raw, uncorrected 

MRI data.  

 

Discussion 

Compared to all existing methods for quantitative 

evaluation of sagittal spinal geometry [3], our method is 

simple, reliable, computationally inexpensive and easily 

digitizable for clinical images. Another novelty of this 

work is reporting trunk muscle properties for postures 

other than supine. Overall, our data contributes to the 

growing literature of trunk geometry evaluation and is 

preliminary step in clinically relevant subject-specific 

modelling. 
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Introduction 

Replication and estimation of neck muscle activations 

during impact events is still a great challenge in 

biomechanics. Experimental in-vitro studies have 

underlined the importance of neck muscle forces as 

these can alter the ultimate load [1], but little is still 

known about how neck muscles are activated in-vivo 

prior to impacts. In neuromusculoskeletal modelling, 

EMG-assisted methods combine experimental EMG 

signals with optimisation procedures to generate muscle 

activation patterns that satisfy both experimental muscle 

excitation patterns and the calculated joint moments. 

The aim of this study is to evaluate the use of EMG-

assisted neuromusculoskeletal modelling to investigate 

neck muscle function in preparation for collisions. 

 

Methods 

One academy level front-row rugby player performed 

lab-based scrummaging and tackling using an 

instrumented scrum machine and tackle simulator as 

well as functional neck movements. Full body 

kinematics, neck flexors and extensors EMG, and full 

body MRI scans were collected.  

A neuromusculoskeletal modelling pipeline that tracks 

experimental joint moments was used to simulate 

muscle activation patterns. Two neuromuscular solution 

modalities were assessed: static optimisation (SO) and 

EMG-assisted methods. An MRI-derived OpenSim 

model (Figure 1) was used and its muscle parameters 

calibrated in CEINMS [2] in two different ways: one 

where all the model’s MTU strengths were calibrated 

(EMGa) and a second were 44 MTUs were prescribed 

with estimations obtained from segmented MRI scans 

(EMGaMRI).  

 

 
Figure 1:The population specific ‘Rugby 

Model’(https://simtk.org/projects/csibath) was adapted 

by using MRI scans of the neck region to create 

wrapping surfaces and update muscle parameters. 

 

The calibrated models were used in CEINMS to 

estimate muscle activations and MTU forces by tracking 

experimental joint moments and EMG linear envelopes 

in an EMG-assisted optimisation approach in remaining 

trials. Correlative measures across each trial were used 

to access model performance by comparing the results 

to experimental joint moments and recorded EMG 

values and against pure Static Optimisation. 

 

Results 

The EMGaMRI neuromuscular solutions tracked 

experimental net joint moments (NJM) with the same 

accuracy than SO. The EMGa and EMGaMRI models 

successfully tracked experimental excitations for the ten 

MTUs corresponding to the four measured muscles 

(Figure 2). 

 

 
Figure 2: Root mean square error (RMSE) and R2 for NJM 

and muscle activation across all neck movements. 

 

Conclusion 

EMG-assisted models can reproduce net joint moments 

with MTU activations that i) track experimental EMG 

measurements, ii) do not saturate nor display “on-off” 

behaviour, iii) closely follow experimental co-

contraction ratios and v) are estimated without a priori 

objective function. This is a key step forward to 

investigate cervical spine injury mechanisms during 

impact events 
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Introduction 

Screw fixation is a surgical technique in which screws 

and rods are inserted to connect vertebrae to relieve 

symptoms of spine diseases. The screws insertion 

trajectory plays a significant role in arising stress 

concentrations leading to localized bone failure events, 

screw loosening and breakage [1]. As such, 

investigating the effect of screws insertion trajectory 

on the vertebral mechanical response is crucial to find 

the trajectory that can minimize the onset of stress 

concentrations and loosening phenomena. Nowadays, 

finite element (FE) modeling is widely adopted to 

investigate the vertebral mechanical response [2] and 

thus can be adopted to explore the impact of different 

screw insertion trajectories on vertebral fracture risk. 

The aim of this study is to evaluate through an 

extended patient-specific FE analysis the mechanical 

response of L4 vertebra after screw fixation by varying 

the screws insertion trajectory to understand its impact 

on vertebral fracture load, patterns and stress 

distributions [3]. 

 

Methods 

A patient-specific 3D FE model of non-osteoporotic L4 

vertebra bilaterally instrumented with pedicle screws 

was generated. The vertebral geometry was derived by 

segmenting the computed tomography (CT) images. 

The CAD models of two non-cannulated pedicle 

screws were designed, virtually inserted in the vertebra 

model with a depth of 30 mm, and then simultaneously 

rotated around their insertion points in mediolateral 

and craniocaudal directions (Figure 1) to maintain 

fixed the entry point and guarantee different insertion 

trajectories. Nine trajectories were investigated 

(combination of three craniocaudal and three 

mediolateral screws insertion angles). The screws-

vertebra system was then discretized with 10-node 

tetrahedral elements. Isotropic heterogeneous CT-

based material properties were computed for the 

vertebra integrating a custom algorithm ensuring an 

accurate material properties identification of the thin 

vertebral cortical layer. For screws, a Young Modulus 

of 110 GPa and a Poisson’s ratio of 0.4 were chosen 

(Ti-6Al-4V). Physiological motions were simulated 

(i.e., flexion, extension, axial rotation and lateral 

bending). The mechanical response of screws-vertebra 

system was analyzed through a progressive damage 

procedure, considering a stress-based criterion. Results 

were analyzed in terms of fracture load and patterns, as 

well as stress distributions. 

 
Figure 1: Craniocaudal, mediolateral trajectories [3]. 

 

Results 

The screws trajectory significantly affected the 

vertebral mechanics (high variability in fracture loads, 

ranging from 3139 N to 7680 N, and fracture patterns). 

In 83% of the cases, the fracture was brittle. 

Conversely, the caudiomedial trajectory showed a 

ductile-like fracture in all loading cases that is more 

appropriate to describe the vertebral failure due to the 

large amount of trabecular bone that can undergo large 

plastic deformations prior to the fracture. Moreover, 

the stress analysis revealed that, among all trajectories, 

the caudiomedial one exhibited significant differences 

(p-values<0.05) in terms of Von Mises and maximum 

principal stress distributions compared to all other 

configurations, avoiding excessive stresses in 

trabecular bone and screws. Reducing the stresses in 

trebecular bone and screws is crucial to avoid 

trabecular bone failure and subsequent screws 

loosening and breakage 

 

Discussions 

Based on the results, a caudiomedial trajectory may be 

more suitable in preventing postoperative vertebral 

fractures, in according with [4]. The results highlighted 

that the screws’ insertion trajectory significantly 

impacts the vertebral fracture mechanism. As such, the 

implant positioning should be considered carefully and 

can significantly affect the postoperative period since 

an inappropriate choice may lead to a bone structural 

integrity reduction increasing the fracture risk. 

Additional work will be necessary to extend the present 

results to osteoporotic patients, for which the optimal 

trajectory may be different from that for a healthy 

subject. 
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Introduction 

In contrast to cervical discectomy and fusion, total disc 

replacement (TDR) aims at preserving the motion at the 

treated vertebral level. Spinal motion is commonly 

evaluated with the range of motion (ROM). However, 

more qualitative information about cervical kinematics 

before and after TDR is still lacking. Therefore, the aim 

of this in vitro study was to investigate the influence of 

cervical TDR on ROM, centers of rotation (COR) and 

three-dimensional helical axes.  

 

Methods 

Six fresh frozen human cervical functional spinal units 

(FSUs) (C4-5, mean age 32 years, range 19-47 years) 

were biomechanically characterized in the intact state 

and after implantation of a cervical disc prosthesis 

(MOVE-C, NGMedical, Germany). Additionally, to be 

able to test the prosthesis under in vivo conditions 

regarding temperature and abundant ambient water, hot 

water steam was used to create a warm and humid test 

environment with 37 °C. 

In vitro experiments using pure moment loading without 

preload have been shown to produce reliable cervical 

kinematics [1]. Thus, following internationally accepted 

recommendations [2], each FSU was quasistatically 

loaded with pure moments up to ±2.5 Nm in 

flexion/extension (FE), lateral bending (LB) and axial 

rotation (AR) in a universal spine tester [3] for 3.5 cycles 

at 1 °/s. Motion tracking was performed for each 

vertebral body individually using Vicon motion capture. 

For each third cycle of motion the ROM was evaluated 

and an established method used to determine the helical 

axis and COR and to project them into three planar 

X-rays [1].  Statistical analysis was performed in IBM 

SPSS Statistics 27 using a Friedman-test and post hoc 

correction with Dunn-Bonferroni-tests (p < 0.5). 

 

Results 

In FE and AR, the ROM after TDR deviated less than 

5 % from the respective intact condition, while in LB the 

ROM after TDR was decreased less than 20 % 

(Table 1). No statistical differences between the ROM 

in the intact condition and ROM after TDR were 

detected. 

The position and orientation of the helical axes after 

cervical TDR was in good agreement with the results of 

the intact specimens in all three motion directions 

(Fig. 1). The COR in FE and AR before and after TDR 

closely matched, while in LB the COR after TDR were 

more caudal. 

 int+steam TDR+steam 

FE 1.00 1.03 

LB 1.00 0.84 

AR 1.00 1.03 

Table 1: Median total ROM before and after TDR in FE, 

LB and AR. Values were normalized to the condition 

int+steam for each specimen individually, then median 

was calculated. 

 

 
 

Figure 1: Helical axes in FE (left), LB (middle) and AR 

(right) of one intact specimen (top) and after TDR 

(bottom). 

 

Discussion 

The results of this in vitro study indicate that ROM of 

the intact cervical spine can be restored with a cervical 

artificial disc prosthesis. Additional to the widely used 

parameter ROM, also the three-dimensional motion 

pattern was investigated. The kinematics after cervical 

TDR are in good agreement with the kinematics of the 

intact specimens under in vitro conditions. This intact 

kinematics also closely match in vivo data [4]. 

From these results it can be concluded that this tested 

unconstrained artificial cervical disc may replicate the 

quantity as well as the quality of motion of the intact 

cervical spine under in vitro conditions. Future studies 

with other types of prostheses are needed. 
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Introduction 

Long thoracolumbar fixation is frequently used in 

combination with sacropelvic fixation for severe spinal 

deformity correction in order to decrease the 

instrumentation failure and pseudarthrosis at the 

lumbosacral joint. The consolidated techniques for 

sacropelvic fixation include iliac and S2 alar-iliac 

screws [1,2]. The purpose of this finite element study is 

to characterize the effects of triangular titanium 

implants (iFuse Implant System, SI-BONE, Inc., Santa 

Clara, CA, USA) in combination with iliac screws on 

L5-S1 and SIJ motion and rod, S1 pedicle screw and 

iliac screw stresses so as to evaluate the effectiveness of 

these innovative configurations. 

 

Methods 

After the validation of the intact model against in vitro 

data [1], four T10-pelvis instrumented models were 

created: pedicle screws and rods in T10-S1 (PED); 

pedicle screws and rods in T10-S1, and bilateral iliac 

screws (IL); pedicle screws and rods in T10-S1, bilateral 

iliac screws and triangular implants inserted bilaterally 

in a sacral alar-iliac trajectory (SAI, Fig 1); pedicle 

screws and rods in T10-S1, bilateral iliac screws and two 

bilateral triangular titanium implants inserted in a lateral 

trajectory (LAT). The triangular implants were not 

connected to rods. The models were tested under pure 

moments of 7.5 Nm in flexion-extension, lateral 

bending, and axial rotation. The moments were applied 

to the upper endplate of the T10 vertebra. Measured 

metrics included flexibility and instrumentation stresses. 

 

Results 

This study demonstrates that sacropelvic fixation 

effectively enhanced L5S1 stabilization and reduced the 

sacroiliac flexibility. L5S1 and SIJ motion was reduced, 

respectively, by 85-95% and 55-80% after iliac fixation; 

the addition of triangular titanium implants reduced the 

SIJ motion by 80-90% but did not change the L5S1 

motion. PED resulted in the highest S1 pedicle screw 

stresses. IL demonstrated significantly lower S1 pedicle 

stresses; triangular titanium implants further reduced it. 

Triangular implants had a protective effect on the iliac 

screw stresses, especially when placed in the SAI 

trajectory, except for the lateral bending (Fig. 2). IL 

resulted in higher posterior rod stresses; Rod stresses 

were mostly unaffected by the addition of triangular 

titanium implants. 

 

 

 
Figure 1: Configuration with pedicle screws, bilateral iliac 

screws and triangular implants inserted bilaterally in a sacral 

alar-iliac trajectory, rods not shown. 

 
Figure 2: Comparison of the maximal stresses in the right iliac 

screw in flexion, extension, lateral bending in ipsilateral 

direction (the same of the side of the implant), lateral bending 

in contralateral direction, axial rotation in ipsilateral 

direction (the same of the side of the implant) and axial 

rotation in contralateral direction. 

Discussion 

The combination of triangular titanium implants with 

iliac screws for sacropelvic fixation resulted in a 

protective effect on the iliac screws themselves, as well 

as the S1 pedicle screws. This combination can, also, 

reduce the residual flexibility of the SIJ, suggesting a 

possible role in patients needing reinforced fixation. 

With regard to posterior rods, triangular implants did not 

have a protective effect on the L5-S1 and S1-S2 rods. 
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Introduction 

There are a number of new tissue-sparing interventions 

for disc degeneration in development, such as injectable 

hydrogels for nucleus augmentation. Current pre-

clinical testing standards were developed primarily for 

semi-rigid implants and do not take account of the 

complex interactions between the hydrogel and the 

tissue. In vitro testing presents several challenges as the 

mechanical properties of the disc change with hydration 

and time [1]. The objective of this work was to assess 

the long-term mechanical behavior of intervertebral 

discs by utilizing novel sequential state testing.  

 

Materials and Methods 

Bovine bone-disc-bone units (total n=42) were 

subjected to sequential mechanical testing where discs 

were tested in (1) native, (2) degenerated, and (3) treated 

states. At stage (2), artificial degeneration was 

enzymatically induced in the discs by injecting papain, 

followed by a 24-hr static hold at 42C and subsequent 

injection of an inhibitor. A sham degenerate procedure 

control group was also completed in which saline was 

injected in place of the enzyme and inhibitor. At stage 

(3), the degenerate discs were injected with 0.3 ml or 1 

ml of a peptide:glysosaminoglycan mixture [2]. A 1 ml 

injection control group which substituted the peptide 

with saline was also completed. Each mechanical testing 

stage consisted of a hold period under static load 

followed by cyclic compressive loading between ~350 

and 750N at 1Hz. The mechanical behavior of the discs 

over different numbers of cycles in each of the different 

states was investigated. A minimum of 1000 cycles was 

applied at each stage, and the final test on each specimen 

was extended up to 20000 cycles. Specimens were 

tested to different final states: native (n=8), degenerate 

(n=8), saline degeneration (n=6), 0.3 ml treated (n=8), 1 

ml treated (n=6), and 1 ml saline:glysosaminoglycan 

mixture (n=6). Cycle hysteresis and stiffness of the discs 

was calculated. Linear regression was used to compare 

low cycle stiffness to the stiffness at 20000 cycles to 

enable prediction of mechanical behavior.  

 

Results 

All specimens in all states showed that, as the number 

of cycles increased, the hysteresis decreased (Figure 1) 

and the stiffness increased. The artificial degeneration 

consistently increased the stiffness of the disc, and the 

sham degenerate procedure did not result in a significant 

change of stiffness. Varying degrees of stiffness 

restoration were observed where the best restoration was 

found in the 1 ml treatment group. Disruption to the 

smooth stiffness profile was observed in the treated 

groups, appearing to be specimen and treatment 

specific. The stiffness at 20000 cycles was compared to 

the stiffness at earlier time points through each final test 

(Figure 2). The root mean squared error (RMSE) 

reduced up to 8% with diminishing returns as cycle 

number was increased. 

 
Figure 1: Example hysteresis loops for one specimen 

 
Figure 2: Comparison of stiffness for individual 

specimens at different numbers of cycles  

 

Discussion 

A method was developed to consistently determine 

intervertebral disc mechanics across multiple states 

through a longitudinal testing protocol. A window of 

shortened cyclic testing period was found sufficient to 

indicate the high cycle behavior, potentially reducing 

the test time from six hours to 45 minutes at each stage.  
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Introduction 
Lumbar spinal stenosis (LSS), or the narrowing of the 
spinal canal at the lumbar level, is one of the most 
commonly diagnosed and treated pathologic conditions 
affecting the spine. Despite its increasing prevalence in 
the aging population, the optimal surgical treatment 
remains elusive [1]. Recently, different types of 
interspinous process (ISP) devices have been developed 
as alternative to spinal fusion [2]. An ISP device serves 
not only as a distractor, but also as a stress absorber 
providing rigid, dynamic stabilization in the treatment 
of LSS. This study aimed to comparatively analyze 
spinal biomechanics with rigid and flexible ISP devices, 
as compared to fusion, during daily activities using 
validated parametric poroelastic finite element models. 
  
Materials and Methods 
Using a validated parametric poroelastic FE model of 
the human spine [3], five subject-specific pre-operative 
models were developed based on the images of 5 LSS 
patients. The validity of the FE models was evaluated 
based on in-vitro [4] and FE studies [5]. Parametric FE 
models of those lumbar spines were then regenerated 
based on post-operative images for 4 different clinical 
cases: (A) posterior fusion (PSF) (B) rigid ISP device 
(i.e., X-Stop), and (C) flexible ISP device (i.e. DIAM) 
at the L4-L5 level. The models were compared after 8h 
rest (200N), following 16h cyclic compressive loading 
of 500-1000N (40 and 20min, respectively). In addition, 
different movements (i.e., flexion, extension, lateral 
bending and axial rotation) were simulated using 10 
N.m moment before and after cyclic loading (Fig.1B). 
Biomechanical responses, including range of motion 
(ROM), intradiscal pressure (IDP), stress in the annulus 
fibrosus (AF), and collagen fiber strain were analyzed 
under the same loading and boundary conditions. The 
results were compared using one-way ANOVA tests 
(significant at p<0.05). 
 

Results 
The intact FE model results were well comparable with 
in-vitro [4], as well as, FE studies [5]. The flexible 
DIAM demonstrated slightly increased ROM at the 
instrumented level (Fig. 1A), but decreased ROM at 
adjacent levels, as compared to the PSF (Fig. 1B). 
During cyclic loading, disc height loss, fluid loss, axial 
stress, and collagen fiber strain in the adjacent IVDs 

were higher for the PSF construct when compared to 
intact discs and flexible DIAM (Fig. 1C). 

 
Figure 1: ROM for (A) instrumented and (B) Adjacent 
levels, (C) variations of results for adjacent IVD. 

Discussion 
This study provided validated patient-specific FE 
models towards biomechanically-informed clinical 
treatment of LSS. Increased ROM, AF stress, and fiber 
strain at adjacent spinal levels were observed for the PSF 
group, as compared to the intact and ISP device groups. 
This suggests an increased risk of disc degeneration at 
the adjacent levels due to rigid fixation. Similarly, disc 
height loss and fluid loss were significantly higher at 
adjacent levels in the PSF group after 16h cyclic 
loading, suggesting altered fluid-solid interaction of the 
adjacent IVDs. 
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Introduction 
Screw loosening has occurred with rates up to 60 % for 
osteoporotic and less than 15 % for non-osteoporotic 
patients [1,2]. In the literature, most cases perform 
pullout tests, but screw loosening is usually the result of 
a "windshield-wiper effect", starting with failure of the 
screw-bone interface as a result of bending [3]. Hence, 
it would be advantageous to estimate the risk of screw-
bone interface failure in order to decide where screw 
augmentation should be performed or if reducing 
distraction forces applied during surgery is required. 
Could the risk be directly estimated without radiation 
during screw insertion intra-operatively? The purpose of 
this in vitro experiment was to correlate the screw 
insertion torque with a bending force necessary to create 
screw loosening in non-osteoporotic vertebrae. 
 
Methods 
In total, 100 pedicle screws were implanted into both left 
and right pedicles of 50 single vertebrae (14 donors, T9-
L4, mean age 41±8) with a median bone mineral density 
(BMD) of 145 (120-299) mgCaHA/cm3 which was 
measured with QCT. After pre-drilling (2.5x20), the 
appropriate screw (5.5x40, 5.5x45, 6.5x40, 6.5x45, or 
6.5x50) was implanted into the pedicle while measuring 
the insertion torque (Fig. 1A). Both endplates were 
embedded in PMMA and fixed in a material testing 
machine. As seen in Fig. 1B, a bending force was 
applied on the screw head until reaching a displacement 
of 1 mm (5 N pre-load, 10 mm/min). Afterwards, first a 
univariate and then a multiple mixed linear model were 
calculated (SPSS; significant level 0.05). 
 

 
Figure 1: A) Custom made screw driver with strain 
gauges for torque measurement. B) Setup for axial 
loading of ball screw head in material testing machine. 
 
Results 
The bending force increased linear with the insertion 
torque (multiple; p=0.0002) (Fig. 2). The length and the 
diameter of the screw as well as the vertebral level had 
a significant impact on the bending force in the 
univariate model (p<0.0001) but not in the multiple one. 

BMD did not affect the bending force (univariate; 
p=0.2483). The screw diameter showed a slight trend for 
the multiple model (p=0.0584). 
 

 
Figure 2: Linear regression between insertion torque 
and bending force for all 100 tested pedicle screws. 
 
Discussion 
The correlation of insertion torque and the bending force 
suggests an alternative prediction method for screw 
loosening which could improve the outcome of 
surgeries and patients’ safety. This is potentially a 
simple, intra-operative, and radiation free method. 
Differences between the left and right pedicle, which 
could be due to the operator or the pedicle morphology, 
were statically tested and considered. Further 
experiments could further investigate the influence of 
screw thickness or add to the new findings for non-
osteoporotic specimens in this study. Here, the use of a 
dynamic testing method would provide a deeper 
mechanical understanding. Non-osteoporotic specimens 
could, perhaps, indicate a minimum BMD level at which 
an impact in the clinic is likely to occur. 
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Introduction 
Adolescent idiopathic scoliosis (AIS) is a 3D deformity 
of the spine, the severity of which is quantified by the 
Cobb angle (Fig.1a). Predictive model for the detection 
of the progression of scoliosis has been developed by 
accounting for geometrical parameters of the scoliotic 
curves [1]. In this regard, biomechanical parameters 
such as trunk muscle activation and intervertebral 
loading could provide additional advantageous 
information. Although not measurable in vivo due to the 
invasiveness of the procedures, such parameters can be 
obtained by the subject-specific characterization based 
on musculoskeletal modelling approach. The present 
study exploits a validated thoracolumbar spine model 
with articulated ribcage [2], recently adapted for the 
characterization of the scoliotic spine [3], and evaluates 
the effect of accounting for the biomechanical 
parameters on the prediction of scoliosis progression.  
  

 
Figure 1: Frontal and lateral radiographic images of 
one subject (a,b) and musculoskeletal model (c,d,e). 
 

Methods 
A dataset of 100 AIS subjects in the early adolescence 
(age>10 years, Risser sign 0-2) with mild scoliosis (10-
25°) at first examination, and identified after at least 6-
months follow-up period as ‘stable’ (Risser>2, increase 
in Cobb angle <10°) or ‘progressive’ (Risser 0-2, 
increase >10°) was exploited (60 and 40 subjects, 
respectively). The radiographic images acquired at first 
examination by EOS system (EOS Imaging, France) 
(Fig.1a,b) were processed for obtaining the 3D 
orientations of the thoracolumbar vertebrae and the 
pelvis. Such parameters were used to characterize the 
subject-specific musculoskeletal model (Fig.1c,d) in 
AnyBody software (AnyBody Technology, Denmark) 
[3]. Asymmetry of multifidus and erector spinae muscle 
activity, as well as intervertebral lateral shear, were 
calculated inside the curve (the most severe in case of 
more than one curve) and at apex and upper and lower 
end levels (Fig.1e). Two sets of predictors for the 
classification of stable and progressive cases were 
compared. The ‘reduced’ model accounted for 12 

predictors: age, sex, Risser sign, Lenke type, Cobb 
angle, number of curves, spino-pelvic and sagittal 
alignment, and the geometrical parameters of the 
scoliotic curve. The ‘full’ model also accounted for the 
computed biomechanical parameters (11 additional 
predictors). Six different classification algorithms were 
compared by repeated cross-validation approach: 
support vector machine (SVM), predictive discriminant 
analysis (PDA), naïve Bayes (BAY), decision tree 
(DET), k-nearest neighbors (KNN) and ensemble 
approach (ENS). The best fitting ones (providing the 
largest accuracy) were exploited to compare the 
classification performance (sensitivity and specificity) 
for the reduced and full model. 
 

Results 
PDA, BAY and ENS were identified as the best fitting 
algorithms (Table1). In these cases, no significant 
differences were found in the median value of sensitivity 
and specificity between the reduced and full model 
(Fig.2).  
 

 SVM PDA BAY DET KNN ENS 
reduced 67% 77% 78% 71% 60% 77% 
full 64% 73% 80% 68% 64% 77% 

Table 1: median accuracy from cross-validation. 
 

 
Figure 2: box and whiskers plots for classification 
performance. 
 

Discussion 
Accounting for biomechanical parameters did not 
enhance the prediction of scoliosis progression. 
Potential clinical application is not supported at this 
stage. However, the exploited dataset accounted a 
moderate number of subjects, and larger sets should be 
evaluated to refine the classification models and 
consolidate the results. 
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Introduction 

Proximal junctional failure (PJF) is a surgical 

complication following spinal instrumentation surgery 

which can involve soft tissue disruption, junctional 

severe collapse, or instrumentation breakage [1]. PJF is 

a multifactorial complication with several risk factors 

including the implant type used at the upper 

instrumented vertebra (UIV). The use of softer fixations 

such as hooks at the UIV or tethers (bands) at the 

adjacent level decreased the mobility gradient compared 

to more rigid pedicle screws and may prevent PJF [2]. 

Yet, biomechanical studies analyzing the impact of 

sublaminar bands with additional tensioning on loads 

distribution have not yet been performed. 

The aim was to compare different vertebra-rod anchor 

types and determine the configuration that minimizes 

PJF risks in terms of loads at the proximal segment. 

 

Methods 

A patient-specific multi-body spinal model was built 

and validated [3,4] using MD Adams 2014 Multibody 

Dynamics Simulation Solution (MSC Software, Santa 

Ana, CA). The model was personalized to simulate the 

actual surgery followed by standing and upper-body 

flexion of six adult spine deformity patients who 

underwent posterior spinal fixation and had developed 

PJF with junctional subluxation. Using a full-factorial 

design approach, 12 different anchor configurations 

were simulated, by combining: 

i) upper instrumentation implant type: pedicle screws 

(PS), supralaminar hooks (SH), PS with sublaminar 

band at the adjacent level with low (SB-50N) and high 

(SB-350N) tension; 

ii) rod stiffness: high (CoCr, 6mm diameter), medium 

(CoCr, 5.5mm), and low (Ti, 5.5mm). 

The loads held by the anterior spine functional spinal 

units (FSU) and the instrumentation of the 72 

simulations then were analyzed using Kruskal-Wallis 

statistical tests. 

 

Results 

The actual instrumentation procedures were simulated, 

and the main clinical sagittal and coronal angles were 

within 5° of the actual postoperative surgical outcome. 

SH didn’t impact the anterior load distribution at the 

PJSS and increased the sagittal moment held by the 

vertebra-implant connection compared to PS (Table 1). 

Using 50N tension SB smoothed the anterior sagittal 

moment transition. With 350N tension SB, the sagittal 

moment held by the adjacent level (UIV+1) decreased 

significantly but it increased the moment held one level 

above (UIV+2). It also increased the loads held by the 

rods around the UIV. 

Decreasing rod stiffness decreased the sagittal moment 

at the vertebra-implant connection (0.7Nm with 5.5 mm 

Ti vs 1.0Nm with 6 mm CoCr, p<0.05). 

 
 PS SH  SB-50N SB-350N 

UIV+2 FSU 13.4±4.0  13.2±4.2 15.4±4.0 16.2±4.0* 

UIV+1 FSU 13.5±4.5  13.3±4.8   8.3±4.1   2.6±1.4* 

UIV FSU 8.1±5.7  5.8±5.3   7.8±5.6   7.4±5.5 
Implant 0.7±0.3    2.8±1.5*   1.9±2.0   0.8±0.5 

Rods 0.9±0.6  2.3±1.1   1.9±0.8   5.9±1.9* 

Table 1: Sagittal moments (Mean±SD, in Nm) on the 

anterior spine and the instrumentation for different 

implant configurations and statistical analysis 

compared to PS (*: p<0.05) 

 

Discussion 

This numerical study revealed significant variations in 

representative bending moments for clinical cases with 

confirmed PJF [4]. 

The vertebra-to-rod type of connection significantly 

impacted the bending moments across the instrumented 

spine. SB with low tension at the top of the construct 

smoothed the anterior load distribution and reduce PJF 

risks. However, higher tension SB increased the risks of 

junctional subluxation at the UIV+2 level and rod 

breakage. Decreasing the rod stiffness may decrease the 

risk of vertebra-implant failure, but it increased the risk 

of rod breakage due to its lower ultimate strength value; 

the optimal configuration remains to be determined. 
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Introduction 
The intervertebral disc (IVD) has an important role in 
the load distribution on the adjacent vertebral bodies 
and in the entire spine motion [1]. Pathological
and injuries of the disc occurring during surgical 
treatment could have a mechanical impac
motion, stability, and in the surrounding tissue
compression of nerve roots posteriorly)
this work was to evaluate the consequences of different 
types of intervertebral disc lesions on the 
biomechanics, in terms of posterior disc height, range 
of motion (ROM), stiffness and strain distribution. 
 
Materials and method 
Eight fresh cadaver thoraco-lumbar FSU’s were 
prepared. The soft tissue around the disc and 
bodies, and the posterior element were remove
leaving the anterior ligament intact.The 
horizontally aligned. The extremities were potted into 
acrylic cement. A white-on-black speckle pattern was 
sprayed on the specimens to measure 
and strains with Digital Image Correlation 
specimens were tested in flexion and extension. 
Surface images were recorded by a 3D
(Q400, Dantec). Image correlation 
using optimized parameters [2]. The 
were analyzed to compute the change in 
height, ROM, transition displacement, 
and elastic stiffness [3]. Each specimen
sequentially through five conditions (Fig
 INT: with the intact disc; 
 2CUTS: two vertical incisions on the lateral side;
 4CUTS: four incisions, forming a square, without 

removing any part of the annulus fibrosus (AF);
 SQR: after removing the squared plug 
 NUCL: after removing the nucleus pulposus.
All the defects were executed manually in the opposite 
side to that observed by DIC. 

Figure 1: The IVD in the different conditions
portions represent the incisions and removed material
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The intervertebral disc (IVD) has an important role in 
the load distribution on the adjacent vertebral bodies 

Pathological lesions 
and injuries of the disc occurring during surgical 
treatment could have a mechanical impact on the spine 

and in the surrounding tissues (e.g. 
compression of nerve roots posteriorly). The aim of 
this work was to evaluate the consequences of different 
types of intervertebral disc lesions on the human spine 

of posterior disc height, range 
of motion (ROM), stiffness and strain distribution.  

lumbar FSU’s were 
disc and vertebral 

and the posterior element were removed, 
The FSU’s were 

he extremities were potted into 
black speckle pattern was 

sprayed on the specimens to measure displacements 
strains with Digital Image Correlation (DIC). The 

specimens were tested in flexion and extension. 
urface images were recorded by a 3D-DIC system 

 was performed 
The displacements 

change in posterior disc 
transition displacement, transition load 

specimen was tested 
sequentially through five conditions (Fig. 1): 

on the lateral side; 
forming a square, without 

removing any part of the annulus fibrosus (AF); 
squared plug of the AF; 

the nucleus pulposus. 
All the defects were executed manually in the opposite 

 
The IVD in the different conditions: the blue 

removed material. 

Results and discussion
The posterior disc height showed a significant 20% 
decrease in flexion, and 23% decrease in extension 
from INT to NUCL. These
clinical observation [4] according to presence of 
nucleus inside. A general decreasing trend of the ROM 
was observed in both loading configurations, but there 
were no statistically significant differences between the 
five discs conditions. The level of disc damage did not 
significantly impact the 
transition load and elastic stiffness.
distributions were observed for maximum (
minimum (Ɛ2) principal strain
extension (Fig. 2). 

Figure 2: Results for flexion for the 
Left: specimen with the speckle pattern on the testing 
machine. Top right: ROM 
distribution of Ɛ1 and Ɛ2 on the lateral side of the FSU.
 

Conclusions 
The results have shown that sequential damage of the 
annulus fibrosus does not significantly alter the spine 
biomechanics in terms of range of motion, stiffness and 
strain distribution. The main effect observed was the 
posterior disc height reduction after the nucleus 
removal due to the lack of support caused by the 
nucleus loss. 
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Introduction 

Human locomotion has been thoroughly analyzed in 

many aspects, but most studies refer to lower limbs [1], 

and do not pay much attention to movements of the 

spine [2, 3]. It is however well known that chronic- or 

disease-related reduction of trunk mobility may 

significantly affect the locomotor pattern.  

In the present study we aim at describing the typical 

behavior of the spine during walking in healthy controls, 

by analyzing few synthetic parameters that can easily be 

obtained from gait analysis. 

 

Method 

Ten healthy young subjects, 5 males, 5 females (aged 25 

± 2 years; body mass 68.2 ± 14.2 kg; body height 171.2 

± 12.2 cm; data shown as average ± standard deviation) 

were analyzed while walking barefoot at their natural 

cadence along a straight pathway. The experiment was 

performed in a gait analysis laboratory equipped with 

six TV-cameras and a Smart-E motion analyzer (BTS, 

Milan, Italy). Kinematic data were collected at 60 

frames/sec. Retroreflective markers were positioned on 

the lower limbs, pelvis, and column according to the 

LAMB protocol [4]. In particular, the cervical process 

C7, the point of maximum kyphosis, and the Sacrum 

were considered. In order to include the lower extremity 

of the spine in our model, an additional virtual point was 

created in the local reference system of the Pelvis. This 

point approximately corresponded to the Coccyx, and 

together with the markers located on the Sacrum and 

maximum kyphosis, allowed to derive a schematic 

representation of the lumbar curve. The kyphosis curve 

was schematically represented by the segments defined 

by the Sacrum, the point of maximum kyphosis and C7. 

To synthetically represent spine mobility, we analyzed 

the time course of the distance between C7 and Coccyx 

(spinal length) over the gait cycle. Data were averaged 

across strides and over at least three walking trials for 

each subject. 

 

Results 

Figure 1 represents the time course of the spinal length 

of one representative subject (25 years old, 1.72 m 

height, 72 kg of mass). The range of motion of the 

average curve is about one centimeter, and two peaks of 

appear at approximately the ipsilateral (0%) and 

contralateral (50% of stride cycle) heel strike. 

   
Figure 1: Time course along the gait cycle of the spine 

length of a normal young subject during walking at 

natural velocity. Average curve (blue line) and +/-SD 

(blue band) over three trials are represented. The red 

line displays the average value of column length 

obtained during upright standing. 

 

Interestingly, the average spinal length along the 

walking cycle was considerably greater than during 

standing upright. From a group level, spine length was 

on average 1.6% longer during walking than standing  

(Student’s t-test, p<0.05). Accordingly, the angle of 

lordosis decreased from standing to walking on average 

by 3.5 deg (Student’s t-test, p<0.05), while the angle of 

kyphosis did not show significant variations across 

conditions. 

 

Discussion 

During walking, spine length was increased in 

correspondence of the beginning of the double support 

phase. Spine length was longer during walking than 

during upright standing. Lengthening of the column was 

associated to decreased lumbar lordosis and not to spinal 

kyphosis. The retroversion of pelvis can be responsible 

for this phenomenon. The relationship between these 

biomechanical variables describing spine mobility 

during walking may be relevant in investigating gait 

alterations related to spinal musculoskeletal diseases 

and low back pain.  

 

References 
1. Ferrari et al., Gait Posture, 28(2):207–216, 2008 

2. Crosbie et al., Gait Posture, 5:6–12, 1997 

3. Frigo C, Clin. Biomech., 18:419–425, 2003 

4. Farinelli et al., Applied Sciences, 10(5):1606, 2020  

319



 

 26th Congress of the European Society of Biomechanics, July 11-14, 2021, Milan, Italy 

APPLICATION OF REDUCED ORDER MODELLING TECHNIQUES FOR 
STRESS ANALYSIS IN SPINE FIXATION 

Marco Sensale (1,2), Leonardo Geronzi (1,3), Marco Evangelos Biancolini (3,4), Tanguy Vendeuvre 
(5), Michel Rochette (1), Enrico Dall’Ara (2) 

 
1. ANSYS, France; 2. University of Sheffield, UK; 3. University of Rome “Tor Vergata”, Italy; 4. RBF Morph 

srl, Italy; 5. Poitiers University Hospital, France 

 

Introduction 

The posterior pedicle screw fixation is a widespread 

surgical treatment of vertebral fractures [1]. Loosening 

and failure of screws are complications that could result 

in loss of correction and kyphosis [2]. Experimental and 

numerical studies showed that the diameter of screws is 

predominant in influencing the stability of the 

instrumented spine after the surgery [3]. The effect of 

the diameter can be studied numerically by means of 

computed tomography (CT)-based finite element (FE) 

models. Nevertheless, parametric modelling is based on 

time-consuming workflows and can be used to test only 

some configurations of the diameter within the range of 

variation. The goal of this study was to use a reduced 

order model (ROM) based technology to estimate local 

mechanical quantities continuously in the range of 

variation of the parameters. A mesh morphing pipeline 

to build a parametric model with consistent meshes 

suitable to the application of the method was needed. 

 

Methods 

The pre-operative CT-scans of the thoracolumbar spine 

of three anonymized patients were processed to obtain 

the geometry of three lumbar vertebrae (L2, L3, L4). 

Two simplified pedicle screws (no thread, diameter 

D=6.5mm, length L=45mm) were inserted by a Boolean 

subtraction in the vertebrae. Two methods were used to 

change the diameter of the screws from 5.5mm to 

7.5mm: a traditional computer aided design (CAD)-

based workflow and a mesh morphing based one with 

RBF Morph™ [4]. Subject-specific FE models were 

used to simulate a quasi-static compressive load 

virtually transmitted through the rods to the head of 

screws (100N vertical load on each screw). The inferior 

endplate was fixed in the three directions. Both bonded 

(linear) and contact conditions (nonlinear, friction 

μ=0.3) at the screw-vertebra interface were tested. The 

Ti-6Al-4V screw was simulated as homogenous linear 

elastic material (E=102GPa, ν=0.36) and the bone as 

heterogeneous linear elastic material (E as function of 

the bone mineral density, ν=0.3). 10-nodes, 1.0mm size 

tetrahedrons were used for the bone and 20-nodes, 

0.6mm size hexahedrons were used for the screws [5]. 

The max deflection (dmax) of the head of the screws and 

the max von Mises stress (σVMmax) of the screws were 

compared for models obtained with the traditional 

workflow or the morphing pipeline. A ROM of the 

deflection (d) and a ROM of the von Mises stress (σVM) 

on the screws were built with Ansys Static ROM 

Builder, for both linear and nonlinear models. The 

results from models with D=5.5, 6.5 and 7.5mm were 

used as training, while the results from models with 

D=6.0 and 7.0mm were used as validation. The 

maximum relative ROM error was reported. 

 

Results 

The average difference in dmax between standard and 

morphed models was lower than 1% and 4% for the 

linear and nonlinear cases, respectively (Table 1). The 

average difference in σVMmax was lower than 1% and 5% 

for the linear and nonlinear cases, respectively. The 

average maximum relative ROM error in d was lower 

than 1% (linear) and 2% (nonlinear) (Table 2). The 

average maximum relative ROM error in σVM was lower 

than 2% (linear) and 3% (nonlinear). 

 

D 

(mm) 

% diff - dmax % diff - σVMmax 

Linear Nonlinear Linear Nonlinear 

5.5 0.7±0.3 3.5±2.4 0.9±0.7 4.3±0.5 

6.5 0.0±0.0 0.4±0.4 0.8±0.4 1.3±0.5 

7.5 0.6±0.2 1.3±0.3 0.4±0.3 4.8±0.3 

Table 1: Differences (mean ± st dev) between 

morphing and remeshing. 

     

D 

(mm) 

Max % err - d Max % err - σVM 

Linear Nonlinear Linear Nonlinear 

6.0 0.6±0.2 1.5±0.2 1.7±0.5 3.0±0.6 

7.0 0.4±0.1 1.3±0.4 1.1±0.2 2.6±0.8 

Table 2: ROM error (mean ± st dev) compared to 

morphing approach. 

 

Discussion 

The results of the present study show that the deflection 

and the von Mises stress on the pedicle screws can be 

predicted for any given diameter between 5.5 and 

7.5mm with good accuracy (average max error of about 

5%). This approach will be used to optimize the size of 

the screws in a large cohort of patients in future studies.  
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Introduction 

Altered load sharing in spine segments has been 

identified as one biomechanical factor potentially 

inducing degenerative changes at levels adjacent to an 

interbody fusion, named adjacent segment degenera-

tion (ASD) [1]. With a radiological prevalence between 

36 % and 84 %, ASD represents one major complication 

after lumbar spinal fusion [2]. The mechanisms leading 

to different loading patterns are introduced by changes 

in height, angle, and material and immobilization of at 

least one functional spinal unit (FSU). Compensation 

mechanisms may shift the sagittal balance and the center 

of rotation (CoR), causing an increased loading of the 

posterior column and posterior shear force [3]. The aim 

of the present study was to review active hybrid 

lumbosacral models compared to finite element (FE), 

musculoskeletal (MS) and iterative-coupled hybrid 

models of the lumbosacral spine (LSS), in terms of their 

capability to represent the mechanisms affecting load 

sharing in segments adjacent to an interbody fusion. 

 

Methods 

Modeling parameters within simulative models 

affecting the prediction of load sharing mechanisms 

were reviewed. Principle assumptions of FE and MS 

models were summarized and compared to the 

formulation of both iterative-coupled hybrid models and 

active hybrid models. Potentials for studying load 

sharing mechanisms adjacent to interbody fusions with 

active hybrid LSS models were concluded. 

 

Results 

In general, two major modeling aspects for the 

simulative prediction of load sharing mechanisms exist, 

loading conditions and intervertebral joint formulations. 

On one hand, muscle lines-of-action, muscle forces and 

the modeling of the intraabdominal pressure influence 

the applied loading on FSU components. On the other 

hand, mechanical responses of the joint depend on 

material model formulations, stiffness and damping 

properties, pre-tensioning of ligaments, and the ability 

of moving CoR. In both, FE and MS models, modeling 

assumptions disadvantageously influence the prediction 

of load sharing mechanisms, a simplified formulation of 

loading conditions by a follower load [4] in FE and 

reduced intervertebral joint stiffness definitions between 

rigid bodies in MS. In iterative-coupled hybrid models, 

loading conditions from MS inverse dynamics are 

transferred to FE models. Iterative analyses (Figure 1A) 

enabling model convergence in terms of intervertebral 

joint properties, leading to quasi-static kinematically 

converged models [5]. However, the use of iterative-

coupled hybrid models neglects passive resistance 

effects of both trunk musculature and the ligamentous 

spine [6, 7]. In contrast, active hybrid models (Figure 

1B) combine MS and FE methods within a single model 

and incorporate interactions between passive and active 

spine structures. Thus, enabling further analyses espe-

cially in terms of pre-tensioning interdependencies, 

muscle force optimizations with ligamentous objectives 

and stabilizing effects of the musculature on the 

ligamentous spine. 

 
Figure 1: Modeling principles of (A) iterative-coupled 

hybrid and (B) active hybrid LSS models focusing on the 

FSU adjacent to an interbody fusion. 

 

Discussion 

Considerable insight has been gained within this study 

concerning potentials for simulating load sharing 

mechanisms in segments adjacent to lumbar interbody 

fusions. With active hybrid models, advantages of FE 

and MS methods for the study of load sharing 

mechanisms are combined, allowing improved analyses 

of compensation mechanisms, CoR movement, and 

mechanical responses. Future work will focus on the 

simulative verification of these findings by comparing 

load sharing mechanisms of a passive hybrid LSS model 

compressed by a follower load [8] with an active hybrid 

LSS model including a comprehensive muscle set and 

intraabdominal pressure effects. 
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Introduction 
Spinal nerve compression is often due to stenosis of the 
foramen, associated with intervertebral disc 
degeneration. In ageing population minimal invasive 
surgical (MIS) solutions can reduce the complication 
and provide good outcome. Percutaneous cement 
discoplasty (PCD) is a MIS procedure, that has been 
recently developed for the polymorbid ageing 
population with vacuum disc degeneration [1].  The 
mechanical impact of PCD on the spine stability and on 
the stress/strain in the surrounding tissues have not been 
investigated yet.  A previous preliminary work on 
porcine spines demonstrated interesting trends and 
confirmed the potential benefits of discoplasty on 
degenerated discs.  This study aimed at: (1) testing the 
stability of human spine segments after discoplasty by 
monitoring the disc height and the range of motion, (2) 
assessing the strains on the specimen surface for 
potentially dangerous peaks. 
 

Methods 
27 fresh-frozen human thoraco-lumbar FSUs were 
obtained from 15 cadaveric spines (35-86 y.o.).  The soft 
tissues around the vertebral bodies were removed, 
leaving intact the ligaments.  The specimens were 
aligned with the intervertebral disc horizontal; the 
extremities were potted with acrylic cement.  In order to 
measure surface strains with Digital Image Correlation 
(DIC), a white water-based speckle pattern was sprayed 
on the specimens previously stained with methylene 
blue (Fig. 1).  The specimens were tested in flexion and 
extension under 50% body weight axial load combined 
to an offset.  Images were analysed by a 3D-DIC system 
(Q400, Dantec) using optimized parameters.   

 
Figure 1: Experimental set-up in flexion. The Region of 

Interest (ROI) of DIC is located around the IVD. 

The Range of Motion (ROM) and the Posterior Disc 
Height (PDH) were derived. The displacements and 
principal strains were also computed [2].  Each 
specimen was sequentially tested under two conditions: 
- Simulated degeneration: the intervertebral disc was 

manually emptied through a hole in the annulus.  
- after acrylic cement (Mendec Spine, Tecres) 

injection (discoplasty).  
 
Results and Discussion 
The PDH was significantly restored by discoplasty for 
both flexion and extension, increasing by 41% and 35% 
respectively.  The ROM was significantly reduced in 
flexion due to the action of the posterior elements, but 
not significantly in extension.  First and second principal 
strain concentrations were located on the disc surface for 
both motions (Fig. 2).  Discoplasty decreased strain 
averages and concentrated first principal strain at the 
mid-height disc, while the second principal strain was 
clearly located along the endplates.  Additionally, strain 
peaks were smaller after discoplasty, reducing the risk 
of local tissue damage. 

 
Figure 2: True principal strains (Ɛ1 and Ɛ2) at peak 
load in extension after nucleotomy, and discoplasty. 
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Introduction 

Natural spinal tissues have unique dynamic properties. 

For instance, vertebral bone and intervertebral disc 

tissues show a frequency-dependent response, 

producing non-linear deformations under different 

loading conditions [1]. These may absorb shock energy 

and stabilize the spine but may also amplify the load 

input through resonance. Therefore, it is crucial to 

investigate the full dynamic response of spinal implants 

and related biomedical materials to ensure compatibility 

with the host tissue and fitness for purpose. Silicon 

nitride is a promising bioceramic for spinal implants [2]. 

In this study, the dynamic response of silicon nitride has 

been evaluated using novel and efficient testing 

methods, at both the material and structural level.  

 

Methods 

For the free vibration test, silicon nitride beams (SN) 

and zirconia beams (TZP) of 40mm*4mm*0.5mm were 

prepared. Then the fundamental vibration frequency of 

the beam material was measured experimentally by 

using a non-contact vibration measurement technique 

and the damping ratio was calculated from the envelope 

of the free vibration response using a logarithmic 

decrement. Porous silicon nitride cylindrical samples 

were fabricated with porosity range from 66% to 76%. 

Quasi-static compression tests were applied to test the 

Young’s modulus and compressive strength of the 

porous samples. As quasi-static compressive tests do not 

predict well the behavior of structures during impact, a 

drop tower test [3] was employed to evaluate the impact 

response of porous silicon nitride scaffolds. Force of 

impact was measured using a piezoelectric load cell and 

the impact process was recorded by a high-speed video 

camera. 

 

Results 

The damping ratio was calculated by means of the free 

vibration decay response of the cantilever beam. Fig.1 

(A) shows the comparison of the free vibration response 

of the different cantilever beams. The free vibration 

amplitudes decayed faster for the SN beam than for the 

TZP beam. The exponent of the envelope curve is also 

higher for the SN beam, reflecting the increased 

damping ratio, which is in good agreement with the 

damping ratio calculated using the logarithmic 

decrement as given in Fig.1(C). For the damped 

frequency, the SN beam is also significantly higher than 

the TZP beam. 

The results of the quasi-static compression test showed 

that Young’s modulus and compressive strength 

decreased non-linearly as porosity increased. On the 

other hand, the results of drop tower testing showed that 

the average ultimate strength of porous silicon nitride 

with ~76% porosity was 29.19 ± 4.37 MPa at impact at 

a speed of 1.7m/s, which is significantly lower than the 

compressive strength (50.01 ± 1.81 MPa) under quasi-

static compression.  

 
Figure 1: (A) Displacement vs. time curve, (B) Damped 

frequency, and (C) Damping ratio of the damped silicon 

nitride beam and zirconia beam. 

 

Discussion 
The results of free damped vibration tests of cantilever 

beams showed that a silicon nitride beam has a higher 

damping ratio than a zirconia beam. Ceramics with 

similar Young's moduli therefore can have different 

energy dissipating capacities. Porous implants have 

been proposed to promote osseointegration and reduce 

stress shielding. This study has demonstrated that 

increasing porosity of silicon nitride scaffolds can 

decrease the Young’s modulus of scaffolds effectively. 

During the drop tower test, the interface between the 

dropped ball and scaffold may create a local stress 

concentration, which initiates failure of the scaffold. 

This test provides the mechanical behavior of silicon 

nitride scaffolds under impacts at extremely high strain 

rates, adding valuable data to allow the pre-clinical 

assessment of potential catastrophic failure modes of the 

implant or implant-bone interface.   

Overall, silicon nitride possesses high stiffness and 

strength, but low damping properties. Altering the 

porosity of silicon nitride is a possible way to tailor its 

dynamic response.   
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Introduction 

Low back pain (LBP) is a common cause of disability, 
which affect 70-85 % of us in our lifetimes [1]. Previous 

studies have shown a link between intervertebral disc 

(IVD) degeneration and LBP [2]. Degeneration changes 

the mechanical behavior of IVDs and alters the load 

distribution over the vertebral bodies that can affect the 

mechanism of spinal fracture [3]. The aim of this study 

was to 1) compare 3D internal strains in degenerate and 

non-degenerate human IVD under axial compression 

and 2) to investigate whether there is a correlation 

between strain patterns and failure locations.  

 

Methods  

9.4T MR images were obtained of ten human lumbar 

IVDs. Five were classed as degenerate (Pfirrmann = 

3.6 ± 0.3) and five were classed as non-degenerate 

(Pfirrmann = 2.0 ± 0.2). MR Images were acquired a) 

before applying load, b) after 1 kN of axial compression, 

and c) after compression to failure using a T2-weighted 

RARE sequence (resolution = 90 µm). Digital Volume 

Correlation (DVC) was then used to quantify 3D strains 

within the IVDs, and failure locations were determined 

from analysis of the failure MRIs and real-time 

fluoroscopic images captured during the failure tests. 

 

Results 

The average axial strain (ɛyy), minimum 3D principal 

strain, and maximum 3D shear strain in the loaded discs 

were all significantly larger in the degenerate compared 

to non-degenerate IVDs, particularly in the posterior and 

lateral annulus (Figure 1). Specifically, axial strain was 

-5.37 ± 0.90 % in the degenerate vs -3.39 ± 0.88 % in 

the non-degenerate discs (p=0.03), minimum 3D 

principle strain was -9.28 ± 0.76 % in the degenerate vs 

-6.51 ± 0.56 % in the non-degenerate discs (p=0.002), 

and maximum 3D shear strains were 8.07 ± 0.65 % in 

the degenerate vs 5.72 ± 1.02 % in the non-degenerate 
discs (p=0.01). Generally, peak tensile and shear strains 

were observed close to the endplates for all IVDs. All 

samples failed through the endplates with fractures in 

the nucleus region in all non-degenerate samples, and 

fractures in the lateral annulus regions in all degenerate 

samples (Figure 2(a)). Additionally, combining the 

strain distributions in the transverse plane of the IVD 

tissue with the location of endplate fracture 

demonstrated that endplate fractures were always 

located in the high axial strain regions in the degenerate 

IVDs (Figure 2(b)) [4]. 

 
Figure 1: 3D strain maps of axial (ɛyy) and min principal 

strains for non-degenerate and degenerate IVDs [4].  

 

 

Figure 2: Normalised locations of endplate fracture in 

each of the samples tested (a). Axial strain distributions 

in the transverse plane of a degenerate IVD overlaid by 

the location of endplate fracture (b). Regions inside the 

dashed lines indicate high axial strain regions, and 

black crosses denote locations of fracture [4]. 

 

Conclusion 

Degeneration caused significant changes to strain 

distributions within IVDs during axial compression, 

particularly at the lateral and posterior annulus. 

Degeneration also caused a shift of endplate fracture 

from the nucleus region to the annulus region. The fact 

that endplate fractures were seen in regions with high 

axial strains in the degenerate IVDs makes it reasonable 

to conclude that IVD degeneration plays an important 

role in the mechanism of vertebral fracture, and axial 

strains could be used to identify locations with higher 
risks of fracture in degenerate IVDs [4].  
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Introduction 
In the oncological field, the evaluation of the 
mechanical weakness of metastatic vertebrae and the 
rational for their stabilization is still a challenge.  The 
Spine Instability Neoplastic Score (SINS) is the current 
scoring system that aims to aid the clinicians in deciding 
whether surgery is needed to stabilize the spine [1].  The 
SINS relies on radiographical and subjective 
parameters, but due to the metastasis variability, the 
actual outcomes are often catastrophic (fracture) or 
possibly leading to unnecessary treatment [2]. 
The aim of this work was to identify the metastatic 
features (among those evaluable in the clinical practice), 
that explain the variation of the mechanical competence 
of the metastatic vertebra, in comparison to the clinical 
spine characterization provided by the SINS. 
 
Materials and Methods 
Thirty-five spine segments, consisting of a metastatic 
vertebra, a control vertebra and two external vertebrae, 
were obtained from an ethically approved donation 
program.  Each spine segment was scanned with a 
quantitative computed tomography (qCT) in order to 
evaluate the type of the metastasis, the position within 
the vertebral body, and measure the volume of the 
metastasis with respect to the vertebral body.  
Biomechanical tests were performed loading each spine 
segment in four different conditions: flexion, right and 
left lateral bending, and pure compression. A state-of-
the-art Digital image Correlation (GOM Aramis 12M) 
with four 12MPixels cameras was used to evaluate the 
strain distribution [3] on the vertebral body surfaces of 
the metastatic and control vertebrae.  The 
Biomechanical Ratio (BR) was defined as the ratio 
between the minimum principal strain on the metastatic 
vertebra and the control vertebra.  The BR was used as 
a surrogate of the competence of the metastatic vertebra 
in direct comparison with the control one.  Finally, the 
correlations between the different metastatic features 
and the BR were analyzed. 
 
Results 
The vertebrae with lytic metastasis showed more critical 
BR (>1) with respect to those with mixed or blastic 
metastasis (Fig, 1).  Significant correlation was found 
between the size of lytic metastasis and BR (r2=0.42).  
Poor or non-significant correlations were found for 
blastic or mixed metastasis (Fig. 2). The correlation 
between lytic size and BR was further improved 
(R2=0.72) when the position of the lesion with respect to 
the load direction (ipsilateral and contralateral scenario) 
was taken into account (Fig. 2). 

 
Fig. 1: effect of the metastasis type and loading condition 
(Flexion, Right and Left Lateral Bending, Pure Compression) 
on the BR.  Different behavior was observed for the different 
metastasis (Kruskal-Wallis, p = 0.016).  

  
Fig. 2: Correlation between the size of the lytic metastasis in 
ipsilateral (X) and contralateral (O) scenario and the BR. 
 
Discussion 
While there was a weak significant correlation between 
SINS and BR for the considered specimens (r2=0.12) 
[4], the combination of metastasis type, lesion size and 
position, explained 72% of the variability.  In particular, 
this strong agreement was obtained for the lytic lesions, 
which affected largely the vertebral mechanical 
properties.  Blastic and mixed metastases, instead, 
showed a range of minimum principal strains similar to 
the control vertebrae. This evidence suggested to 
include the metastatic features as additional parameters 
to better identify metastatic spines which require a 
surgical consultation. 
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Introduction 

Being able to non-invasively determine spinal loading 

during functional activities is crucial for better 

understanding spinal disorders and to improve treatment 

modalities. In this work, we present a novel approach for 

creating subject-specific musculoskeletal full-body 

models with a detailed spine, modelled according to the 

external back profile obtained from motion capture data. 

  

Methods 

As a basis, we created OpenSim-based female and male 

full-body models by combining a fully articulated 

thoracolumbar spine and rib cage model [1,2] with a 

standard lower body model. Virtual markers were added 

to enable motion capture-driven simulations based on a 

previously described configuration [3]. Subject-specific 

models were created by scaling the lengths and masses 

of the individual segments as well as by adjusting 

position and orientation of the intervertebral joints (IVJ) 

based on a 4th order polynomial fit through the sagittal 

plane coordinates of the markers placed over the spinous 

processes. For validating spinal curvature adjustments, 

we conducted a radiographic analysis using radio-

opaque skin markers attached to the back of three 

healthy adults. To ensure the suitability of the models 

for estimating spinal loading during functional 

activities, we conducted motion capture-driven 

simulations based on data from 17 additional healthy 

adults and compared the model predictions with in vivo 

measured data obtained from the OrthoLoad database. 

 

Results 

IVJ positions were predicted with an average mean error 

of 0.99±0.68 cm on the frontal and 1.21±0.97 cm on the 

transverse axis (Figure 1). 

 
Figure 1: Radiographic evaluation of subject-specific 

skin marker-derived spinal curvature adjustments with 

joint center position and orientation prediction errors.   

The mean prediction error for vertebral body orientation 

in the sagittal plane was 4.74°±2.78°. 

Estimated segmental compressive forces showed similar 

characteristics but were considerably larger as compared 

to the in vivo measured data (Figure 2). 

 
Figure 2: Compressive joint reaction forces at the level 

L1/L2 predicted by our subject-specific models (blue) 

and obtained from the OrthoLoad database (orange). 

 

Discussion 

This novel method for creating subject-specific 

musculoskeletal full-body models showed improved 

accuracy for inverse kinematics-based spinal curvature 

estimation. In addition, our models were able to perform 

joint reaction force estimations for a variety of 

functional activities (including such with large trunk 

inclinations) with minimal intra-subject variability and 

clearly distinguishable loading curves between subjects, 

indicating that the simulation pipeline and the reference 

models are robust. The proposed workflow represents a 

powerful tool to address a variety of issues relevant to 

spinal loading in a scientific and clinical context. 
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Introduction 

Growth-friendly instrumentation constructs for early-

onset scoliosis (EOS) include distraction-based and 

growth guidance systems [1]. Biomechanical data are 

very limited to assist surgeons in their decision-making 

with regard to the most appropriate surgical solutions for 

a give patient [2]. Surgeons have to choose between 

fundamentally different systems and deal with implant 

pullout, implant migration, rod breakage and bone 

fracture [3]. The goal was to develop patient-specific 

biomechanical spine model to assess intraoperative 

correction and forces in the instrumented spine. 

 

Methods 

Geometric models reconstructed from preoperative 

radiographs of upright, prone, and suspension positions 

were used to build a simplified spine model (Fig. 1). 

Stiffness matrices were used to model intervertebral 

load-displacement relations incorporating the effects of 

rib cage, intervertebral joints, ligaments and muscles. 

The stiffness matrices were calibrated such that Cobb 

angles in simulated upright, prone and suspension 

positions agreed with those measured on the 

reconstructed models. Proof-of-concept simulations 

were done for growth guidance and growing rod 

(distraction-based) systems. 

 

 
Figure 1: a) Geometric models reconstructed from 

preoperative radiographs; b) Simplified spine model 

 

Results 

Cobb angles in simulated upright, prone, and suspension 

positions were within 5° to those measured on geometric 

models reconstructed from preoperative radiographs. 

Typical primary stiffness coefficients are presented in 

Table 1. Simulated Cobb angles with the four types of 

constructs (Fig. 2) were 33°, 31°, 36°, and 30°, 

respectively. Bone-implant forces were primarily in the 

transverse plane with growth guidance construct (Fig. 3) 

and in the caudocranial direction with the growing rod 

construct.  

 
Figure 2: Model views: a) Growth guidance; b) 

Growing rods; c) Growth guidance and growing rod; d) 

Growing rod and growth guidance 

 

 
Figure 3: 3D bone-implant force vectors 

 

 x-axis 

(posteroanterior) 

y-axis 

(left-right) 

z-axis 

(caudocranial) 

 T9-T10 translational stiffness (N/m) 

 5.9825E+4 9.739E+4 5.0E+5 

 T9-T10 rotational stiffness (Nm/Rad) 

 98.221335 91.673245 114.59156 

 L2-L3 translational stiffness (N/m) 

 8.8181E+4 1.3864E+5 6.25E+5 

 L2-L3 rotational stiffness (Nm/Rad) 

 27.370595 33.934955 99.42581 

Table 1: Typical primary stiffness coefficients 

 

Discussion 

The EOS spine model exhibited the spine behavior in 

terms of Cobb angles in upright, prone, and suspension 

positions. The model allowed simulations of EOS 

instrumentation using growth guidance and growing rod 

systems to assess deformity correction and forces in the 

instrumented spine. Postoperative spinal growths are 

expected to be different because of significant 

difference in force patterns in the instrumented spine. 
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Introduction 
Vertebrae affected by metastases have an altered bone 
tissues distribution that may reduce the load bearing 
capacity. A comprehensive characterization of the 
metastatic vertebrae is fundamental to identify, and 
consequently treat, those at high risk of fracture. Digital 
Volume Correlation (DVC) is a technique that allows to 
measure the displacement and the strain field within the 
bone, through time-lapsed testing within a micro-
computed tomography (µCT). Thereby, it could provide 
a local characterization of the entire metastatic vertebra. 
However, its effectiveness on tissues with highly 
variable trabecular pattern, as those affected by the 
different types of metastases (blastic, lytic, mixed), 
remains unclear. The aim of the study was to evaluate 
the potential of a global DVC approach to study the 
deformation in human metastatic vertebrae.  
 
Materials and Methods 
Fresh-frozen human thoracolumbar spines, with mixed 
or lytic metastases, were obtained through an ethically 
approved donation program. Ten segments consisting of 
two central vertebrae (one with metastases and one 
control) were prepared. Each specimen was mounted in 
a jig and µCT scanned (Scanco VivaCT80, current 
114mA, voltage 70kVp, isotropic voxel size: 39 µm). 
Each unloaded specimen was scanned twice (the second 
time only a central portion with metastases was 
scanned). Then, each specimen was compressed until 
failure (1200-5000 N) and scanned again. DVC analysis 
(BoneDVC) was performed with nodal spacing of 50 
voxels [1]. The systematic and random errors were 
computed for each component of strain and for the 
principal strains, as well as the standard deviation of the 
error (SDER: standard deviation of the average of the 
absolute values of the six strain components [2]). The 
median of the principal compressive strains (eps3) were 
computed in metastatic and control vertebrae for each 
specimen. Differences between the median values were 
tested with Mann-Whitney test for each specimen. 
 

Results  
The SDER values ranged over a wide interval from 118 
to 840 µe over the sample. Larger systematic and 
random errors were found in the coronal plane in 8 
specimens out of 10. The values of eps3 for metastatic 
and control vertebrae were significantly different (Fig. 
1, p<0.0001) for five specimens. In most vertebrae with 
mixed lesions, the eps3 was 20-40% lower than the 
controls. In vertebrae with lytic lesions the eps3 was 
200-600% higher than the controls. The distribution of 
eps3 in the metastatic vertebrae was highly 
heterogeneous (Fig 2). 

 
Fig1: Median values of the minimum principal strains (eps3) 
for metastatic, lytic and mixed, and control vertebrae. 
 

 

Fig2: Distribution of minimum principal strains in a lytic (A) 
and mixed (B) metastatic vertebra on µCT cross section.  
 

Discussion 
SDER was similar to that found on previous studies on 
human healthy vertebrae [3].  
For each specimen the eps3 for the control and 
metastatic vertebra were significantly different. 
However, the lesion increased or decreased the strain in 
relation to the type of metastasis, highlighting the 
importance of considering the lesion type in assessing 
the vertebral mechanical behaviour. In vertebrae with 
mixed metastases, the blastic regions experienced lower 
strains when compared with normal tissue or lytic 
regions within the same vertebra (Fig.2). Thus, the 3D 
strains field is related to the distribution of the bone 
tissue within the vertebral body.   
In conclusion, this study highlights the potential of a 
global DVC approach to study the effect of different 
lesion types on the local deformation of human 
metastatic vertebrae.  
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Introduction 

Osteoporotic fractures are a major health issue because 

they increase morbidity and mortality [1]. Areal bone 

mineral density (aBMD) measurement with dual-energy 

X-ray absorptiometry (DXA) is the reference technique 

to evaluate fracture risk, but its sensitivity is low [2]. 

Finite element models (FEMs) based on quantitative 

computer tomography (qCT) were developed to allow 

vertebral strength estimation with personalized 

mechanical properties and geometry. They provide a 

validated assessment of vertebral intrinsic strength [3]. 

However, during a CT scan, the subject is evaluated in 

a supine position, which does not allow personalized 

loading conditions while sagittal alignment has been 

proven to evolve with age. Also, an abnormal forward 

spinal inclination was found in subjects consulting for 

osteoporosis, even for those without vertebral fractures 

[4]. The purpose of this study was to analyze the impact 

of postural alignment changes with age on vertebral 

strength using finite element analysis and 

barycentremetry. 

Methods 

117 subjects were included, 61 male (M) and 63 female 

(F) from 20 to 83 years old. Three groups were formed, 

a young group: 20 to 40 years, 61 subjects (32M, 29F); 

an intermediate group: 40 to 60 years old, 33 subjects 

(16M, 17F) and an elderly group : 60 years and over, 29 

subjects (13M, 16F). EOS biplane radiographs were 

acquired in standardized free standing position, 

allowing 3D reconstruction of the spine and body 

envelope [5,6]. Spinal and pelvic parameters were 

measured on the 3D reconstructions. A barycentremetry 

method [7] allowed to compute the mass the of upper 

body above L1, chosen as the study vertebra, as well as 

the position of the center of mass (CoM) of this segment 

against the center of the L1 upper endplate (lever arm). 

To isolate the impact of this lever arm on vertebral 

strength, a previously validated L1 vertebra FEM [3] 

was used. Vertebral strength of the same model (same 

geometry and same mechanical properties) was 

successively computed applying the personalized lever 

arm of each subject (figure 1a).  

Results 

A combination of an increase in thoracic kyphosis and 

cervical lordosis with a loss of lumbar lordosis was 

observed between the young and the older groups. In 

addition, pelvic tilt was significantly higher in the older 

group than in the other two age groups.  

The sagittal postural alignment alteration with age 

resulted in a variation of the lever arm of the center of 

mass above L1, from 1 mm backwards for the young 

group, to 7 and 24 mm frontwards, respectively for the 

intermediate and the elderly group (figure1b).  

Figure 1: (a) Example of the personalized loading conditions 

on the FEM, (b) Antero-posterior distance (mean and 1*SD) 

between the upper body center of mass above L1 and the 

center of L1, (c) computed strength (mean and 1*SD) with 

personalized boundary conditions 

As a result, the vertebral strength decreased from 2547 

N for the young group to 1820 N for the older group 

(figure 1c).  

Conclusion 

Posture alteration with age was found consistent with 

the literature [4]. Based on barycentremetry, lever arm 

of the subjacent center of mass yielded simplified 

loading conditions. Further refinement of the loading 

model could be considered. However, given the current 

results, for a unique vertebral model (same mechanical 

properties and geometry), posture alteration with age 

reduced significantly vertebral strength. Postural 

alignment seems essential to be considered in the 

evaluation of osteoporotic patients. Also, subject 

specific FEMs for strength estimation should not only 

take into account  subject specific geometry and material 

properties, but also subject specific loads. 
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Introduction 

Most daily life movements require bending of the 

lumbar spine around all three anatomical axes 

simultaneously [1]. Nevertheless, the relationship 
between multiaxial loads on the spine and resulting 

biomechanical material response have not yet been fully 

understood. Due to limited experimental data most finite 

element (FE) models of the lumbar spine, a widely used 

tool for analyzing biomechanical behavior, could only 

be validated for simplified uniaxial motions, which 

limits the possibilities for effective interpretation of 

physiological motions [2]. In this study, in-vitro tests 

applying a new test protocol with multiaxial bending 

moments on the human lumbar spine were performed 

and used to validate a corresponding FE model. 
 

Methods 

Range of motion (RoM) of 10 human lumbar spine 

specimens (L2-L5) were tested with uniaxial moments 

in all three directions as well as combined loadings - 

axial rotation (AxRot) with previously applied moments 

in lateral bending (LatBend) and flexion 

(Flex)/extension (Ex). A humidified chamber at body 

temperature was included in the test set up [3]. An FE 

model was calibrated using the uniaxial and validated 

using the combined loading RoM data of the performed 

experiments. 

 

Results 

RoM in AxRot was reduced for all combined loading 

conditions and segmental levels compared to uniaxial 

loading (all P<0.001). RoM in AxRot declined stronger 

in combination with Ex than in Flex (all P<0.0001). A 

direction-dependent behavior in combination with 

LatBend was not noted (P>0.05). For all segmental 

levels and directions, the simulated results stand in good 

agreement with the experimental data (all R2>0.79, 

Fig.1). 

 

Discussion 

A reduction of RoM in AxRot with combined Ex is 
concordant with previous studies [4,5]. Comparing the 

results for combined loading in Flex with these studies, 

a dependency of the RoM on the applied follower load 

is assumed. Underlying results of the in-vitro study and 

the FE simulation suggest, that the restriction of RoM in 

AxRot in combination with Flex, Ex and LatBend, is 

caused by additional loading of both, the facet joints as 

well as the intervertebral disc (IVD). This study presents 
a validated FE model of the lumbar spine for multiaxial 

loading conditions. The applied method and the 

experimental data of the in-vitro study can be used for 

further investigations of the kinematics of the spinal 

complex.  

 
 

Figure 1: Experimental and simulated RoM curves in 

AxRot for previously applied bending moments (BM) in 
Flex, Ex and LatBend. Offsets in x- and y-directions are 

equal to average RoM and applied moment in 

Flex/Ex/LatBend direction, respectively.  
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Introduction 
Repetitive lifting (fatigue) and rapid application of high 
compressive loads (sudden overload) cause disc injuries 
and herniation [1-3], potentially impinging nerve roots. 
Fatigue under different combinations of postures 
(flexion, lateral bending, and axial rotation) may result 
in altered six degree of freedom (6DOF) mechanics. No 
study has characterised 6DOF mechanics in these 
postures, nor compared failure mechanics after fatigue.  
This study aimed to compare the effect of fatigue 
loading on 6DOF mechanics and sudden overload 
failure properties between three combinations of 
simulated postures. 
 

Methods 
The initial 6DOF properties of twenty-four dissected 
sheep lumbar segments (L4-L5), with facet joint 
capsules and associated ligaments intact, were measured 
in a hexapod robot [4]. Specimens were then randomly 
assigned into one of three combined postures: 13° 
flexion and 2° left axial rotation (F+R); 10° left lateral 
bending and 2° left axial rotation (LB+R); 13° flexion 
and 10° left lateral bending (F+LB), under which 10,000 
cycles of combined fatigue loading at 1 Hz with 1.7 MPa 
of compression were applied [5]. Post-fatigue 6DOF 
properties were then immediately measured after fatigue 
loading. Specimens were rotated to their assigned 
posture and failed at 400 mm/min in compression [2]. A 
repeated measures ANOVA was performed to identify 
significant differences in 6DOF stiffness or phase angle 
(a measure of energy absorption) after fatigue within 
each posture. A one-way ANOVA compared failure 
stress and stiffness between postures with post-hoc 
multiple comparisons using a Bonferroni adjustment. 
Failure mode was determined by visual inspection. 
 
Results and Discussion 
Significant decreases in 6DOF stiffness (Table 1) for all 
fatigue postures was measured in right lateral shear 
(p<0.035), left/right axial rotation (p<0.045) and flexion 
(p<0.012). In addition, posterior shear stiffness 
significantly decreased after fatigue loading in F+R 
(p<0.001) and F+LB (p=0.031). Extension stiffness 
significantly decreased only after F+LB fatigue 
(p=0.040). No significant change was measured in 
anterior shear or left/right lateral bending after fatigue 
for all postures. Facet joint laxity may contribute to 
stiffness decreases since fatigue loading was applied at 
extreme ranges of motion. Phase angle significantly 
increased (Table 1) after fatigue in left lateral shear and 
anterior shear for LB+R (p<0.030) and F+LB (p<0.015), 
while right lateral shear only increased in F+LB 
(p=0.021). Left/right lateral bending phase angle 

significantly increased for F+R (p<0.045) and LB+R 
(p<0.010). Left axial rotation phase increased only for 
F+R (p=0.024), while right axial rotation increased for 
LB+R (p<0.010) and F+LB (p<0.015). Significant 
increases in flexion and extension phase angles were 
seen in F+R (p<0.015) while only extension increased 
for LB+R (p=0.015) and flexion for F+LB (p=0.003). 
Overall, significant increases in phase angle indicated 
that specimens absorbed more energy after fatigue 
loading in their respective loading directions.  
 
There was no significant difference in sudden overload 
failure stress between the three postures (p=0.142). 
While the overall effect of posture was significant for 
stiffness during the overload failure test (p=0.045), 
post-hoc comparisons revealed LB+R to be marginally 
not significantly stiffer than F+LB (p=0.05). All 
remaining comparisons between each respective posture 
revealed no significant differences (p>0.242). Visually, 
posterior or posterolateral herniations were more 
common in F+R (28%) and F+LB (52%) compared to 
LB+R (0%).  

a   
Table 1: Stiffness and phase angle p-values for all 
significantly affected directions after fatigue loading. 
 

Conclusion 
Postures that included flexion were the only 
combinations that led to posterior or posterolateral 
herniations. Postures with flexion showed reduced 
posterior shear stiffness, while postures with lateral 
bending reduced left lateral shear stiffness. A reduced 
ability to resist shearing deformation may lead to disc 
annulus tearing from large interlamellar shearing 
strains. Combined loading in F+LB may explain the 
higher susceptibility to posterolateral herniation. 
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F+R LB+R F+LB F+R LB+R F+LB

Left Lat Shear 0.007 0.017 0.002 0.013

Right Lat Shear 0.032 0.007 0.010 0.021

Anterior Shear 0.020 0.005

Posterior Shear 0.000 0.031

Right Lat Bending 0.043 0.006

Left Lat Bending 0.013 0.023

Left Axial Rotation 0.034 0.045 0.040 0.024

Right Axial Rotation 0.000 0.002 0.001 0.010 0.011

Extension 0.040 0.014 0.015

Flexion 0.001 0.009 0.004 0.004 0.003

Stiffness Phase Angle
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Introduction 
Low back pain (LBP) is an emerging problem in 
society, as the lumbar region is a leaning site for spinal 
diseases to occur. The number of spinal fusion 
surgeries for treatment of diseases as herniation, 
stenosis and spondylolisthesis is increasing. As not 
only the intervertebral disc (IVD) is affected/removed 
during spinal fusion, the aim of this work was firstly to 
understand how ligament degeneration links with LBP 
by determining the role of each ligament per movement 
and secondly to evaluate the impact of IVD height 
reduction in degenerative changes. This framework 
enhances the separation of cause-effect mechanisms in 
degenerated spines. Thus, treatment decisions can 
benefit from these finite element (FE) simulations of 
different scenarios to support clinical practice [1]. 
 
Methods 
Two different L3-L5 FE models were developed to 
simulate the abovementioned degeneration/intervention 
scenarios. The first originated from computed 
tomography (CT) images of a healthy 40-year-old 
woman, while the second was based on a 78-year-old 
woman with marked IVD height reduction on the L4-
L5 level (figure 1) [2]. The segmentation software was 
ITK-Snap [3], followed by Solidworks® for IVD 
inclusion and Abaqus® for FE simulation (both from 
Dassault Systèmes SolidWorks Corp., USA).  
 

 
Figure 1: Healthy and degenerated spine models. 

 
The FE models included the seven major ligaments of 
the lumbar spine: anterior longitudinal ligament (ALL), 
posterior longitudinal ligament (PLL), facet capsular 
ligament (FCL), ligamentum flavum, interspinous 
ligament, intertransverse ligament and supraspinous 
ligament (superficial ligaments). Four phases for 
ligament removal around L4-L5 were followed, using 
the healthy model [4]: (i) removal of superficial 
ligaments, (ii) FCL removal, (iii) PLL removal, and 
(iv) ALL removal. Ligament degeneration was then 
implemented in both models, being modelled as an 
age-related phenomena in two phases: (i) stiffness 
decrease (i.e. relaxation) due to reduced mobility, and 
(ii) increase in ligament stiffness due to growing 

collagen cross-linking. In all cases, a pre-load of 100 N 
and a moment of 7.5 Nm were applied on the top of 
L3, with full restriction of L5 movements [5]. The 
main outcome was the relative changes in the range of 
motion (ROM). IVD degeneration was implemented 
only on the reduced height model, by gradually 
increasing the stiffness of different components, while 
reducing the annulus fibres mechanical response.  
 
Results  
The outcomes for the healthy IVD model, after 
ligaments removal, revealed that the superficial 
ligaments and FCL had no influence for extension 
movements, being ALL the most influential ligament 
in that case (ROM increase of 14% when removed). In 
flexion, FCL removal caused a decrease of ROM up to 
19%. After ligament stiffness reduction, there was a 
4% ROM increase in flexion when FCL was 
degenerated, and 1% increase in extension with ALL 
degeneration. For the model with height reduction, 
ALL (extension) and FCL (flexion) remained the most 
active ligaments in extension and flexion. However, 
their influence was increased, which could be observed 
on the 11% ROM growth after FCL degeneration.  
 
Discussion 
It was interesting to observe that, with IVD and/or 
ligaments degeneration, ROM variation trends were 
very similar with both models. This confirms literature 
indications that ALL and FCL rule the movement, but 
also that such trends are not altered along the 
degenerative process [6]. It must also be highlighted 
that, when comparing the outcomes between models 
with different levels of IVD degeneration, it was 
verified that ROM relative changes with mild ligament 
degeneration were slightly higher in the model with the 
most advanced stage of IVD degeneration. This is a 
strong indication that ligament degeneration is 
primarily linked with IVD degeneration. Further 
studies will consider more complex material models 
and a wider patient database. 
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Introduction 

Vertebral osteophytes are degenerative bony growths. 

The osteophytes can limit the range of motion, cause 

pain, and damage the surrounded tissues [1].  Thus, 

clinicians tend to treat them as degenerative condition, 

but the actual mechanical role of the osteophytes in the 

spine is still unclear.  Indeed, the biomechanical 

consequences of osteophytes has never been evaluated 

in multi-vertebra segments under pseudo-physiological 

loading condition, and their effect on the surrounding 

tissues is still unknown.  The aim of this study was to 

evaluate how the osteophytes affect the vertebral body 

in terms of strain distribution. 

 

Methods 

Three segments were isolated from human spines, 

obtained through an ethically-approved donation 

program.  Each segment included a vertebra with at least 

an osteophyte, and a control vertebra, without any 

osteophytes.  The spine segments were CT-scanned to 

detect the position and the type of the osteophytes 

(Fig.1).  Segments with bony bridges between two 

vertebrae were excluded from this study.  Each segment 

was loaded non-destructively in four conditions: pure 

compression, flexion, left and right lateral bending.  The 

strain distribution on the entire spine segment was 

measured using Digital Image Correlation (GOM 

Aramis 12M) with 4 cameras.  The average minimum 

principal strain was evaluated over the entire vertebra to 

evaluate the overall effect.  Additionally, to evaluate the 

local effects, a reduced region of interest (ROI) 

containing the osteophytes and surrounding bone was 

defined.  The principal strain was evaluated on that ROI 

and on a corresponding ROI, in the corresponding 

position on the control vertebra.  The ratio between the 

strain in the two ROIs was computed to evaluate if local 

differences exist osteophytic and normal vertebrae. 

 
Fig. 1: Coronal slice and 3D rendering  of an 

osteophytic L1 vertebra included in a T11-L2 segment. 

Results 

Pure compression and right/left bending clearly showed 

an heterogenous strain distribution in the vertebra with 

osteophyte.  The minimum principal strain was in the 

order of -9000ue around the osteophytes, while strains 

smaller than -4000ue were experienced by the rest of the 

vertebra (Fig. 2).  In general, a clear difference in the 

average deformations between vertebra with 

osteophytes and control was observed.  By contrast, in 

the local area, the ROI with the osteophyte showed 

minimum principal strains up to three times larger than 

the strain over the same ROI of the control vertebra.

 
Fig. 2: Minimum principal strains in right bending 

(lateral view) and pure compression (frontal view). The 
red circle highlights the osteophyte area. 

 

Discussions 

The preliminary results highlighted clear differences 

between vertebrae with and without osteophytes, 

especially in local strains distribution.  Previous studies, 

investigating mechanical function of the osteophytes 

revealed a protective mechanism that they can provide 

to the vertebra against fractures [2,3].  Here, thanks to a 

full-field strain analysis, we observed that the amount of 

mineralized tissues, typical of the osteophytes, lead to 

strain concentrations around the osteophytes itself.  This 

suggests improving the knowledge around the 

osteophytes and their behavior during daily motor tasks. 
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Introduction 

Proximal Junction mechanical Failure (PJF), is one of 

the most severe complications in sagittal imbalance 

spine surgery [1]. The global alignment and proportion 

(GAP) score has been proposed as an effective predictor 

for PJF [2]. It uses Pelvic Incidence (PI)-based 

proportional radiographic parameters in the sagittal 

plane, but does not explicitly include biomechanical 

descriptors or global body balance. Hence, the aim of 

this study is to explore whether full sagittal balance and 

biomechanical descriptors can improve the 

discrimination of PJF. As such, a retrospective patient 

cohort was used to assess the GAP score. We further 

tested the contribution of the Femoral Obliqueness 

(FOA) and Pelvic Compensation Angles (PTCA), 

included in the Full Balance Index (FBI) [3], and the 

Bending Moment (BM) at the upper fusion level. Cut-

off analyses and integrating normalized GAP, FBI and 

BM lead to introduce new score: Sagittal Alignments 

and Mechanical Integrated Score (SAMIS). 

Methods 

We selected 112 patients out of the IRCCS database: 57 

as control, including stable proximal junction kyphosis 

(after 1 year), and 55 as failure, i.e., fracture of Upper 

Instrumented Vertebra (UIV) or of UIV+1, pullout of 

instrumentation at UIV and sagittal subluxation [2]. 

Inclusion criteria were: Age from 50 to 75, Pelvic 

tilt>20𝑜, SVA>5cm, First immediate standing 

radiograph after surgery, At least 1-year follow-up, 

Cobb angle between UIV and UIV+2 >15𝑜. Biplanar 

low-dose EOS radiographs were collected, 3D full-spine 

models were reconstructed by using the ster-EOS 

software and spinopelvic sagittal parameters (Fig. 1) 

were calculated.  

 
 

Figure 1: Spinopelvic sagittal parameters 

The GAP score was calculated as follow [2]:  

 GAP=RPV+RLL+LDI+RSA+Age factor (1) 

RPV: Relative Pelvic Version; RLL: Relative Lumbar Lordosis; LDI: 

Lordosis Distribution Index ;RSA: Relative Spinopelvic Alignement 

Furthermore, FBI was calculated to quantify full body 

sagittal balance [3]. Also, BM was calculated as the 

upper body mass times the effective distance to body 

centre of mass at UIV+1. This effective distance was 

calculated through the Huygens-Steiner theorem [4]:  

        𝑑𝑒𝑓𝑓  = (
𝐼𝑧𝑒𝑓𝑓,𝑈𝐼𝑉+1

∑ 𝑆𝐵𝑀𝑖
𝑈𝑝𝑝𝑒𝑟
𝑖=1

)−
1

2 (2) 

The AUC of the GAP, FBI and BM to discriminate PJF 

cases were analyzed through the Receiver Operating 

Characteristic (ROC) curve. Parameter Cut-off analyses 

further provided quantitative thresholds to characterize 

the control and failure groups. 

Results and discussion 

Using 3D shape information, we confirmed that the 

GAP score is able to discriminate possible PJF cases 

(Table 1), as pointed out by [2]. FBI and BM were also 

reliable candidates to predict PJF (Table 1). 
Table 1: ROC analysis for GAP, FBI and BM 
 

AUC 
Confidence 

interval 

Threshold based on 

maximizing Youden Index 

GAP Score 0.8739 0.70 to 0.92 7 

FBI 0.8856 0.71 to 0.93 30 

BM at UIV+1 (Nm) 0.9216 0.83 to 0.97 6 

Then, in order to optimize the exploitation of the GAP 

score, FBI and BM at UIV+1, three integrated scenarios 

were explored in Table 2. 
Table 2: AUC & confidence intervals for integrated scenarios 

Integrated Scenario AUC Confidence interval 

FBI+BM 0.9339 0.85 to 0.97 

GAP+BM 0.9301 0.84 to 0.96 

GAP+FBI+BM 0.9502 0.87 to 0.98 

Consequently, a new score was proposed based on 

normalizing the components respect to the threshold 

values which calls Sagittal Alignments and Mechanical 

Integrated Score (SAMIS): 
     SAMIS = (0.142×GAP) + (0.033×FBI) + (0.166×BM) (3) 

GAP improvement using SAMIS is shown in Fig. 2. 

 
Figure 2: GAP improvement by introducing SAMIS 

Importantly, including BM in the SAMIS best improved 

PJF discrimination (Fig. 2), highlighting the relevance 

of external mechanical loads in the prognosis of the 

surgical management of adult spine deformity. This 

further shows the potential of biomechanical analyses, 

e.g., finite element analyses, to understand PJF. 
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Introduction 

Adult spine deformity (ASD) is an abnormal alignment 

of the vertebral column in the elderly population. Finite 

Element Models (FEM) have been proposed as effective 

tools to study the biomechanical etiology of ASD but 

require structured mesh models, difficult to generate 

automatically. To address this limitation, we propose a 

novel tool to generate patient-specific (P-S) FEM 

models of the thoracolumbar spine. The method is based 

on a Statistical Shape Model (SSM), built from a 

retrospective patient cohort. We included the modelling 

of intervertebral discs (IVD), including all disc tissues, 

and we validated quantitatively the quality of the 

approach for individual case modelling. 

Methods 

We selected 42 non operated patients out of the IRCCS 

Istituto Ortopedico Galeazzi database. Inclusion criteria 

were: age 50-75, pelvic tilt>20𝑜, SVA>5cm. 30 cases 

had pure sagittal deformity and 12 cases had both 

sagittal and coronal deformity. EOS biplanar images 

were collected and 3D thoracolumbar spine surface 

models were reconstructed with the software sterEOS. 

The overall modelling pipeline is shown in Fig. 1. 

 
Figure 1: Pipeline of developing P-S spine structured meshes 

To train the SSM, all 3D surface models were aligned in 

a common reference using Procrustes Analysis. Then, a 

Principal Component Analysis (PCA) allowed to reduce 

the dimensionality of the data and learn the principal 

modes of shape variation. The shape model was then [1]: 
 x = x_mean + Pb     (1) 

where x_mean is the mean shape, P is the orthogonal 

shape variations matrix (principal vectors of the 

covariance matrix), and b is the weighting shape vector. 

New spine shapes could be generated by varying b. An 

adaptation method was developed to find the best b 

value, to fit the patient data, generating a dense vector 

field (in our case parametrized via Thin-Plate Splines 

[2]) representing the deformation from the mean shape 

to the P-S shape. A reference structured FE mesh of the 

mean shape was built, and mesh morphing was 

performed by using the P-S deformation field. 

Intervertebral disc (IVD) meshes between two adjacent 

vertebra endplates were interpolated using the Coherent 

Point Drift (CPD) [3] surface matching algorithm. 

Results and discussion 

The main SSM shape variation modes are shown in 

Fig.2, for our population, highlighting coupled spino-

pelvic patterns. 

 
Figure 2: Three main modes of variation from the SSM 

Fig. 3 shows one specific case, for which SSM-derived 

spino-pelvic parameters could be verified (Fig.3). 

 
Figure 3: Specific case generated by SSM 

The quality of the structured P-S mesh achieved through 

TPS & CPD is reflected through Table 1 parameters. 

While the geometrical approximation was excellent (see 

Euclidian distance), the automatically adapted structural 

mesh had enough quality for FE simulations. The 

internal structure of the IVD was also nicely adapted, as 

reflected by nucleus pulposus (NP) volumetric 

proportions that compared well with the literature [4]. 
      Table 1: Result of mesh quality for structured meshes 

 Euclidean 

Distance 

Mesh 

Error 

Mesh 

Warnings 

Aspect Ratio 

> 10 

Max Angle on 

Quad Faces > 160 

NP 

Proportio(%) 

Vertebras  

Min. 1.423 0% 1.265% 0.145% 0.256% - 

Max. 1.846 0% 8.156% 0.935% 0.478% - 

IVDs  

Min. 0.00018 0% 0.158% 0.587% 0.592% 41.378 [4] 

Max. 0.00069 0% 8.634% 4.789% 1.035% 47.357 [4] 

We reported a novel framework for the generation of P-

S FE structured models of the spine for ASD patients, 

combining SSM and mesh morphing techniques. This 

tool shall greatly benefit systematic biomechanical 

analyses for ASD treatment planning. 

References 
1. Cootes, T. F., et al., Comp. Vision & Image J, 61(1), 1995 

2. Bookstein, F L, et al., IEEE Trans. on Patt. Analyses, 11(6), 1989 

3. Myronenko, A, et al., IEEE Trans. on Patt. Analyses, 32(10), 2010 

4. Newell, N, et al., Mech. Behavior of Biomed. Mat. J, 69,2017 

Acknowledgements 

Funds received from DTIC-UPF, IMIM, IRCCS Istituto Ortopedico Galeazzi & 

Spanish Government (RYC-2015-18888, MDM-2015-0502). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Mean Model or P-S 

Unstructured 

Mesh Model 

Structured Template Mesh 

Vertebra by 

Vertebra 

Mesh 

Morphing 

TPS 

IVD Mesh 

Morphing 

Template 

P-S 

Vertebra 

CPD 

Template 

Outer 

Structured 

Surface of 

Gap Between 

Adjacent 

Vertebras 

P-S IVD 

Structured Mesh 

3D Reconstruction 

 

 

Statistical Shape Model 

PCA 

Mesh Registration 

335



 

 26th Congress of the European Society of Biomechanics, July 11-14, 2021, Milan, Italy 

ENZYMATIC DIGESTION WITH CHONDROITINASE OR PAPAIN: 
METHODS TO INDUCE DISC DEGENERATION FOR IN VITRO TESTING? 

 
Jan Ulrich Jansen (1), Graciosa Quelhas Teixeira (1), Andrea Vernengo (2), Sibylle Grad (2), Cornelia 

Neidlinger-Wilke (1), Hans-Joachim Wilke (1) 
 

1. Institute of Orthopaedic Research and Biomechanics, University Ulm, Germany; 
2. AO Research Institute Davos, Switzerland 

 
Introduction 
Freshly isolated intervertebral discs (IVDs) from bovine 
tails are commonly used in vitro for biomechanical and 
biological investigations because of a limited 
availability of native human disc specimens. However, 
their characteristics correspond to very young human 
discs rather than to degenerated ones. Chondroitinase 
ABC (ChABC) and papain have been used to induce 
matrix degradation in bovine IVDs, thereby simulating 
disc degeneration in vitro. However, biomechanical 
changes, such as range of motion (ROM), resulting from 
enzyme degradation have not been evaluated yet. 
Hence, the aim of this study was to treat bovine IVD 
organ cultures with ChABC or papain to create 
“degeneration” for in vitro experiments and to evaluate 
ROM, disc height, macroscopic morphology and 
glycosaminoglycan (GAG) content. 
 
Methods 
In total, 18 single motion segments (CY3/4) from 18 
fresh bovine tails were embedded in PMMA. ChABC 
(0.25 U/ml), papain (65 U/ml), or DPBS as control (n=6 
per group) was injected into the nucleus pulposus. 
Subsequently, specimens were cultured for 7 days under 
free-swelling condition, hypoxia (6% O2) and 37°C, 
with medium exchange at day 3. Complex loading, as a 
combination of lateral bending, flexion-extension (both 
± 10°) and axial compression (150 N) was applied for 1 
hour to mitigate disc swelling during incubation (day 7). 
The ROM and the change in IVD height were 
determined before and after enzyme treatment and after 
complex loading. IVDs were processed for histology 
with Safranin-O/Fast-Green-Staining and for GAG 
quantification using DMMB assay. Statistics: Shapiro-
Wilk, Mann-Whitney-U, and Friedman test (p≤0.05). 
 
Results 
At day 7, all specimens digested with papain developed 
a cavity in the IVD space, whereby ChABC specimens 
macroscopically stayed intact (Fig. 1A). During 
incubation with papain, the disc height decreased 
whereas it increased for ChABC and control (p≤0.009). 
Complex loading led to a decrease of the disc height in 
all groups (p≤0.004). After the 7-day incubation period, 
the ROM decreased for ChABC and control but not for 
papain (representatively shown in flexion/extension) 
(Fig. 1B; p=0.002). Complex loading increased the 
ROM significantly in all groups (p≤0.028). According 
to the histological staining and GAG quantification, 

both enzymes induced GAG loss, but papain showed a 
more pronounced effect in the nucleus pulposus (Fig. 2). 
 

 
Figure 1: A) Exemplary macroscopic results of 4 IVDs 
per group. B) ROM after incubation and subsequent 
complex loading normalized to the intact condition. 
 

 
Figure 2: Sulphated GAG content after testing at day 7. 
 
Discussion 
Cavities and resulting significant biomechanical 
changes highlight a stronger digestion of the tissue for 
papain treatment than for ChABC, supported by the 
GAG content. The increase in ROM and loss in height 
for the papain specimens indicate a similar behavior as 
described for human discs with cavities resulting, for 
instance, from disc herniation or nucleotomy [1]. The 
specific digestion of GAG by ChABC led to milder 
structural defects and biomechanical changes; thus, it 
mimics more closely real disc degeneration occurring 
without cavities. ChABC induced milder than expected 
degeneration, so in future work, higher concentrations 
will be studied. Overall, these findings enhanced our 
understanding of the biomechanical impact (especially 
ROM) of enzyme digestion of IVDs using ChABC and 
papain, and might enable in future studies the targeted 
simulation of different disc pathologies in fresh young 
bovine tail discs for testing purposes. 
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Introduction 

Dynamic stabilization devices are under development to 

treat spine disorders. Unlike arthrodesis, the goal is now 

to maintain intervertebral mobilities. To transmit loads 

and control movement, a spinal unit involves 

interdependent components: two vertebrae, an 

intervertebral disc, facet joints, and the muscular-

ligamentous system. When one of these elements fails 

(disc degeneration, osteoarthritis, etc.), stability and 

load transfer are disturbed and generate pain. In that 

case, arthrodesis was the traditional surgical treatment. 

However, the hyper rigidity of this technique can create 

complications in the long-term (screw loosening, 

disease of the adjacent segment, etc.). “Soft” systems, 

also called “dynamic” devices, are developed to restore 

load sharing and allow movements similar to those of 

the natural unit. This innovative concept associated with 

the high variability between human beings makes it 

difficult to design such devices; the rigidity criterion 

becomes the key to the specifications [1] to reduce 

intradiscal pressure. The present study focused on a 

spine dynamic device, the BDyn implant, the objectives 

were to improve the geometry, the choice of the polymer 

material, and some components. 

 

Methods 

Dynamic spinal implants have been classified into two 

groups: anterior and posterior devices. The BDyn 

implant (Figiure 1) is a flexible pedicle screw-based 

posterior dynamic stabilization device composed of two 

metal rods and two polymeric elements.  

 

 
 

Figure 1: Dynamic stabilization device BDyn (S14 

Implants). 

 

Static axial tension tests were carried out for five 

different elastomeric materials (no#1 up to no#5 in order 

of increasing rigidity). The device was then tested under 

dynamic loading (fatigue) using a “spinal” assembly 

according to the protocol imposed by the international 

standard ISO 12189, for the multi-criteria analysis, a 

geometric and mechanical model of the BDyn was 

produced (Figure 2). The construction was based on data 

from the experimental biomechanical analysis. To 

optimize the BDyn implant, the study could combine 

design variables (materials, stiffness of components, 

etc.) with observed variables ΔEi and β [2]. 

 
 

Figure 2: Dynamic mechanical experiment - Geometric 

and mechanical model. 

 

Results 

Static test results were expressed as relative values 

compared to material #1. For a 2 mm-displacement, the 

load ratio of materials #2 and #3 were respectively 2.4 

and 2.5mm. For material #4 this ratio reached 5.8 and 

6.7mm for material #5. Material #1, silicon initially 

used, deteriorated for a displacement remaining under 2 

mm; it cannot ensure the BDyn functions. The measured 

loads for materials #4 and #5 are twice higher as those 

of material #1. Previous tests showed that such loads 

may cause sliding between the implant and the screw's 

head.  

Discussion 

According to the features provided by the material 

manufacturers, material #2 shows better resistance to 

hydrolysis and oxidation (aging) than material #3. The 

results of these static trials, therefore, led to select 

material #2 for the following fatigue tests. Each of the 

six fatigue tests achieved five million cycles. No broken 

screw was found and no degradation of metal 

components of the implants was observed. The results 

show the BDyn influence on the final position of the 

vertebra. The closer β is to zero, the better the solution 

since the implant makes it possible to balance the disc 

degeneration. The angle β is relatively large for #2 (1.2°) 

and decreases regularly from #1 to 0.6° for grades #3 

and #4 respectively. 
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Introduction 

Tensile, compressive and torsional deformation of the 

Intervertebral Disc (IVD) is primarily contributed by the 

AF by undergoing combined tension, compression and 

shear. Such multi-faceted deformation exhibited is due 

to the fiber reinforced composite structure, with 

collagen fibers embedded in a proteoglycan and water 

matrix. At nanoscale, deformation of an AF lamella is a 

result of mechanical contributions from collagen, 

proteoglycan and collagen-proteoglycan shear 

interactions, with collagen undergoing a combination of 

backbone stretch and intermolecular sliding [1], 

hyaluronan component of proteoglycans undergoing 

backbone straightening followed by intermolecular 

sliding [2] and aggrecan contributing to maintaining 

water concentration levels. However, interactions 

between collagen and hyaluronan at the nanoscale has 

not investigated, and its role in AF mechanics have not 

been established.  

Present study, employing MD simulations, provides 

insights into the nanoscale mechanistic role of collagen-

collagen (C-C), hyaluronan-hyaluronan(H-H) and 

collagen-hyaluronan (C-H) interfaces on the mechanics 

of outer AF. 

 

Methodology and Framework 

The atomistic model of hyaluronan is constructed using 

the monomers N-acetyl Glucosamine and Glucuronic 

acid. The methodology adopted to construct the 

atomistic model hyaluronan is outlined in authors’ 

previous work [2]. The atomistic model of collagen 

microfibril developed using a residue sequence used in 

earlier works [3]. The atomistic model of C-H interface 

is developed by concatenating the structures, shown in 

Fig 1.  

All MD simulations are performed using the LAMMPS 

code using a combination of CHARMM27 and 

CHARMM36 forcefield, in a water concentration of 

~65% (mean of the outer AF). Due to the directional 

nature of collagen fibres in the AF, tensile deformation 

of collagen, hyaluronan and the interface is studied in 

two directions – axial and transverse. The quasistatic 

deformation and stress computation framework is 

outlined in author’s previous work [2]. 

 
Figure 1: Atomistic Models of C-C, H-H and C-H 

Interfaces. 

Results and Discussion 

Results show H-H interface exhibits a stiffer behaviour 

than C-H and C-C Interfaces under axial tension (Figure 

2(a)), but lower strength in both axial (Figure 2(a)) and 

transverse directions (Figure 2(b)). This is due to the 

presence of strong water bridges owing to the more 

hydrophilic nature of hyaluronan molecules. But the 

ability of hyaluronan to form intramolecular H-bonds 

results in the rupture of water bridges during axial 

tension, resulting in a lower peak strain for the H-H 

interface.  Results indicate that the stiffness of H-H 

interface provides initial stiffness of the AF lamella as 

postulated in earlier works [4]. Due to lower strength of 

H-H Interfaces, deformation of AF lamella in the 

direction of fibers is guided by interfibrillar sliding, 

resulting from intermolecular sliding of hyaluronan 

molecules, which is an essential mechanobiological 

artefact of AF [5]. 

 
Figure 2: Virial stress-strain - (a) Axial and (b) 

Transverse Tension 

 

Conclusion 

Water bridges provides stiffness to the interfaces but the 

formation of intramolecular H-bonds in hyaluronan 

results in rupture of water bridges under axial tension. 

This results in intermolecular shear between hyaluronan 

molecules, thus contributing to inter-fibril sliding, 

which is an important artefact governing cellular 

mechanobiology in AF.  
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Introduction 

Annulus Fibrosus (AF), the fibrous outer jacket of the 

intervertebral disc (IVD), aid in transferring motion 

along the spine by undergoing a combination of tensile, 

compressive and shear deformation, owing to its fiber-

reinforced composite structure[1]. However, disc 

degenerative conditions change the chemo-mechanical 

interactions between the constituent biomolecules in 

AF, thus impairing IVD functionality. Understanding 

the nanoscale mechanical behaviour of constituent 

biomolecules in AF and its interactions with each other 

can bring forth important evidence regarding the 

mechanics of AF at multiple length scales. Present study 

investigates the effect of chemical environment on the 

nanoscale mechanics of hyaluronan in the extrafibrillar 

matrix (EFM) of AF using explicit molecular dynamics 

(MD) simulations.  

 

Methodology and Framework 

The atomistic model of hyaluronan is constructed using 

the monomers N-acetyl Glucosamine and Glucuronic 

acid. The methodology adopted to construct the 

atomistic model hyaluronan is outlined in authors’ 

previous work [2,3] (Figure 1). The tensile and 

compressive (z-direction) tests are conducted in – (i) 

plain hydration (~75% water), and (ii) 150 mM NaCl, 

based on the physiological environment and water 

content in a healthy AF tissue. All MD simulations are 

performed using the LAMMPS code using a 

combination of CHARMM27 forcefield. The quasistatic 

deformation and stress computation framework is 

outlined in author’s previous work [2].  

 
Figure 1: Representative atomistic model of the 

hyaluronan component in the EFM of the AF 

 

Results and Discussions 

The virial stress-strain plots obtained are shown in 

Figure 2. The elastic modulus in axial tension for 

hydrated model, in plain hydration and ionic 

environments, is lower compared to unhydrated model. 

This is because hyaluronan forms stable intramolecular 

H-bonds [4] which shield the formation of hyaluronan-

water intermolecular H-bonds leading to a reduction in 

the water-bridges formed. This reduces the load-transfer 

across the hyaluronan-water-hyaluronan interface. At 

higher strains, owing to the stiffening of hyaluronan 

backbone due to bridging of charges [5], the stress 

carried in ionic environment is higher. During Axial 

Compression, elastic moduli of hydrated model are 

higher than unhydrated model. Because the hydrostatic 

pressure and coiling of hyaluronan due to compression 

leads to an entrapment of water molecules through 

intermolecular H-bonds by rupturing the intramolecular 

H-bonds. This favors the formation of water bridges 

which aid in bearing the compressive loads.  

Overall, analyses show that intramolecular and 

intermolecular H-bonds play a significant role in 

governing the nanoscale mechanics of hyaluronan by 

governing the formation and rupture of water bridges. 

Furthermore, this study contributes towards 

understanding the structure-function relationship of 

constituent biomolecules in the AF and has implications 

in gaining significant insights into the mechanics of AF 

at multiple length scales 

 

 
Figure 2. Virial Stress versus strain plot in (a) Axial 

Tension and (b) Axial Compression 

. 
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Introduction 

Although low back pain is one of the major health issues 

of the present day, causes are often poorly understood. 

Many symptoms, however, are associated with changes 

in intervertebral discs (IVD) that are subject to early 

degeneration [1]. Degeneration (deg.) is a complex 

process in which the structure and mechanical properties 

of IVD alter, characterized by reductions in water 

content, height, compliance, and swelling pressure 

[1,2,3]. Understanding spinal kinematics is essential to 

diagnose degenerative conditions at an early stage. A 

correlation between deg. and altered kinematics is well 

known. More differentiated classifications of these 

kinematic alterations to individual spinal changes, 

however, are still a matter of debate [2]. Changes in the 

IVD material properties have been extensively studied 

[3,4]. We assume that these changes have relevant 

influences on the lumbar vertebral instantaneous axes of 

rotation (IAR). Therefore, in this study, we investigate 

how the IAR motion patterns alter in lateral bending as 

a result of different degrees of L4/5 IVD degeneration, 

modeled by changes in material properties. 

 

Methods 

We use a calibrated and validated passive hybrid model 

[5] of the ligamentous LSS built in ArtiSynth [6]. The 

lumbosacral spine (LSS) model consists of L1-S1 rigid 

vertebrae interconnected with hyperelastic fiber-

reinforced finite element IVD, ligaments, and facet 

joints. To simulate an increasing grade of L4/5 IVD 

deg., material properties (bulk modulus K and shear 

modulus G) of the anulus ground substance (Mooney-

Rivlin) and nucleus pulposus (Yeoh) are altered. The 

materials are fully described by two elastic moduli, 

assuming homogeneous isotropic linear elasticity, 

which allows a conversion between Young's modulus E 

and Poisson's ratio ν with K and G. Based on previous 

studies [3,4,7] for anulus and nucleus, respectively, ν 

have been reduced from 0.41 and 0.499 till 0.35 and 0.4, 

and E have been increased up to factors of 4 and 1.5. For 

deflections, vertebra L1 or L4 is alternately loaded with 

a ±7.5 Nm bending moment in frontal plane. The LSS is 

preloaded via a path optimized [5] follower load (FL). 

 

Results 

For the intact L4/5 IVD, IAR progressions of L4 

vertebra are smoothest and IAR patterns are least 

sensitive to variations in preload (500-700 N FL). L4 

IAR patterns differ considerably when the LSS or solely 

subsections (L4-S1 and L4-L5) are deflected (Figure 1). 

Alterations are more pronounced in moderately deg. 

IVD but differ for varying preloads. Motion coupling is 

strongest at 700 N preload and moderately deg. IVD. 

Facet joint contacts determine the IAR of the vertebrae 

to a large extent in case of strong coupling. Anteriorly 

IAR tend to tilt further upward in degenerating IVD. 

IAR patterns of adjacent vertebrae are little changed. 
 

 
Figure 1: IAR of L4 vertebra for intact (A), moderately 

degenerated (B), and severely degenerated (C) IVD. The 

sections shown are cut to the sagittal and frontal plane. 

IAR in green and red for left and right lateral flexion. 

 

Discussion 

Altered IAR motion patterns become apparent in 

simulated deg. L4/5 IVD due to changes in the material 

properties. The results suggest essential coupling 

mechanisms with the adjacent levels, an increased 

sensitivity to compression, and support findings to an 

elastic stiffening in severely degenerated IVD due to 

densifications of the structure [3]. However, predicted 

IAR pattern changes are less definite than found 

experimentally [1,2]. This highlights the multifactorial 

influence of degenerations on the kinematic response. 

Sole variations of hyperelastic material properties are 

only one relevant factor, which is why in future studies 

further structural changes as well as time dependencies 

and transport processes should be considered. The 

simplifying loading modes may also limit comparability 

to in vivo findings. To simulatively account for in vivo 

similar conditions, the current passive hybrid model 

may be extended to include skeletal muscles and solved 

inversely in the context of redundancy problems. 
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Introduction 

Vertebroplasty has been used both in the treatment of 

painful vertebral compression fractures (VCF) as well as 

a prophylactic procedure to reinforce the intact but weak 

vertebral bodies, showing significant and rapid pain 

relief in these patients [1,2]. Previous studies have 

shown, however, that this procedure greatly increases 

the failure strength of augmented vertebrae, thereby 

inducing new fractures in the adjacent levels [3-5], 

while others did not find such high incidence. Whether 

augmenting the fractured vertebrae increases the risk of 

adjacent-level fractures remains unclear. The purpose of 

this study was to evaluate the influence of endplate-to-

endplate cement injection in failure load and stiffness 

after prophylactic vertebroplasty. 

Methods 

Ten specimens consisting each of a central vertebral 

body with its attached intervertebral discs and upper and 

lower adjacent vertebrae were harvested from eight 

human cadavers and screened for bone mineral density. 

Each specimen was placed in a custom-made fixation 

apparatus (E10000, Instron, Canton, MA) and subjected 

to cyclic sinusoidal dynamic compression (500-1000 N, 

1 Hz, 1800 cycles) before and after vertebroplasty. The 

material used for augmentation was commercial bone 

cement (Biomet, Warsaw, IN) which injection was 

controlled by fluoroscopy in order to achieve endplate-

to-endplate filling. The augmented specimens were 

further cyclically loaded at steps of increasing load for a 

total of 4800 cycles and afterwards compressed along 

their central axis at a constant displacement rate of 0.5 

mm/s until failure occurred. All specimens were CT 

scanned after augmentation and after the fracture test. 

Pressure was measured in the upper and lower endplates 

of the adjacent vertebrae using a pressure mapping 

sensor (4000, Tekscan, Boston, MA). Segmentation and 

calculation of the cement and vertebral volumes (Figure 

1) was performed in 3D Slicer - version 4.11.0. The first 

peak of the force-displacement curves defined failure 

load and elastic stiffness was the slope of the linear 

portion. Cement volume fraction (CVF) was defined as 

the ratio of cement and vertebral volumes. Linear 

regression analysis was used to determine the 

correlation of the mechanical results with augmentation 

features. The degree of association was measured by 

Pearson’s correlation coefficient (r). 

 

Results 

The average volume of cement injected to the central 

vertebral bodies was 10.8 ± 2.2 cm3 and mean CVF was 

27.4 ± 5.2 %. Mean failure load was 5472.2 ± 1546.7 N 

and the mean stiffness of the specimens was 3083.3 ± 

885.4 N/mm. The results show that CVF correlates 

positively with both failure load (r = 0.177) and stiffness 

(r = 0.421). Failure load is positively correlated with 

stiffness (r = 0.339). No relation was found between the 

augmented regions and the fracture location in both 

central and adjacent vertebrae.  

 

 
 

Figure 1: Endplate-to-endplate cement distribution (in 

red, CVF = 29.5 %) achieved in one of the specimens. 

Top to bottom: axial view, coronal view, sagittal view. 

 

Discussion 

The results of this study are in accordance with previous 

studies that demonstrated that an endplate-to-endplate 

filling pattern can have a strong effect on the strength 

and stiffness of augmented vertebrae. The results 

obtained by Berlemann et al. [3] for example show, 

however, that there was a trend towards lower failure 

loads with increased filling with cement, pointing to a 

possible risk of fractures in the adjacent, non-augmented 

vertebrae. These results were contrary to our findings. 

Further investigation is needed to understand the 

reported differences. 
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Introduction 

Spine biomechanics are commonly measured by 

external sensors such as motion capture and 

accelerometers. However, these surface measurements 

cannot directly measure intersegmental biomechanics of 

the lumbar spine and have been shown to underestimate 

spine angles. A great deal of research has been focused 

on the estimation and modelling of vertebral kinematics 

of the lumbar spine using static trials only. Thus, the 

purpose of our study was to investigate errors associated 

with soft tissue deformation throughout the flexion 

range of skin-based spine kinematics (accelerometers 

and motion capture) by comparing these surface 

measures to quantitative fluoroscopy (QF) in a healthy 

population. 

 

Methods 

Twenty female participants (age 46.3±9.20 years) 

completed guided standing flexion and extension trials 

while measuring synchronized QF [1], motion capture 

and accelerometer data. The sensors were fixed over the 

spinous processes of vertebras L2, L4, and S1. Changes 

in intersegmental angles (L2-L4, L4-S1, and L2-S1) 

from upright standing were compared between the three 

measures at mid and maximal range positions during the 

movement trial with a general linear MANOVA and 

Tukey post-hoc tests. The full movement trials will be 

compared with a Bland-Altman analysis. 

 

Results 

Preliminary data is presented in this abstract. Changes 

in angle were significantly different between the 

measurement methods for L2-L4 segment during guided 

flexion and for the L2-L4 and L4-S1 segment during 

guided extension (p<0.05). The Tukey post-hoc test 

showed that the motion capture and accelerometers were 

comparable (p=0.625-1.000) but that the skin-based 

sensors underestimated the change in angle in 

comparison to QF (p<0.05). The maximum change in 

lumbar angle (L2-S1) during flexion was 29.89±1.73° 

for QF, 17.31±14.91 for motion capture, and 

20.40±11.79° for accelerometers. The maximum change 

in lumbar angle (L2-S1) during extension was -

10.98±4.05° for QF, -11.35±6.05 for motion capture, 

and -9.43±6.05° for accelerometers. The lumbar angles 

(L2-S1) at mid and maximal range positions were not 

significantly different between the three measurement 

methods for both guided flexion and extension 

(p=0.548-0.984). 

 
Figure 1: Average Change in lumbar flexion angle and 

the 95% confidence interval (shaded areas) of 20 

participants during the guided flexion trial. 

 
Figure 2: Average Change in lumbar extension angle 

and the 95% confidence interval (shaded areas) of 20 

participants during the guided extension trial. 

 

Discussion 

Our results suggests that total lumbar and 

intersegmental angles vary during dynamic movement 

when measured directly (QF) or indirectly (skin 

markers). Skin-based markers underestimate the actual 

change in vertebral angle. Angles measured by 

accelerometer and motion capture are comparable 

throughout spine range of motion. 
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Introduction 
The intervertebral disc (IVD) is the connective tissue 
between adjacent vertebrae which provides stability, 
movement, and transmits loading through the spine [1]. 
IVD degeneration is a multifactorial disorder, and this 
may lead to degenerative disc disease, which can result 
in substantial pain and disability [2]. Understanding the 
mechanisms behind IVD degeneration is critical in 
developing and evaluating treatments and therapies for 
degenerative disc disease [3]. Existing models of IVD 
degeneration disrupt the structure of the disc through 
injury (e.g. needle puncture) [4], hyperphysiological 
loading [5], or biochemical degradation of extracellular 
matrix components [6]. These investigations provide 
valuable details behind IVD degeneration mechanisms; 
however, there is still a need for clinically relevant disc 
degeneration models. This study employed mechano-
optical analyses to provide novel data with which to 
understand how micro-structural changes are linked to 
IVD load-recovery behaviour.  
 
Methods 
Sinusoidal cyclic loading was applied to isolated disc 
specimens (IVD including the adjacent two vertebrae) 
from bovine tails. Two experimental groups were tested: 
control (CTL) and overload (OVL). All specimens were 
submerged in a 37℃ saline bath. Both groups were 
subjected to 2 hours static preconditioning (0.5 MPa) 
followed by eight periods of 2-hour sinusoidal loading 
(0.5 ± 0.3 MPa at 1 Hz) and 1-hour static loading (0.2 
MPa). The first 8 hours of the protocol was used to 
equilibrate specimens. The OVL group differed from the 
CTL group in the 4th period, where a hyperphysiological 
cyclic load (2.6 ± 1.0 MPa at 5Hz) was applied 
(Figure 1). The results were evaluated in terms of the 
cumulative disc height (CDH), which was the change in 
the disc height after the recovery period with respect to 
a baseline (the height after the 8-hour equilibration 
stage), stiffness and microstructure was assessed using 
polarised light and multi-photon microscopy. 
 

 
Figure 1: Overload regime which includes 
loading/recovery periods and testing stages.  

Results and Discussion 
The CDH did not differ significantly between the CTL 
and OVL groups during the equilibration period. 
Similarly, no significant difference was observed in the 
CDH at any time point with respect to the baseline for 
the CTL group. This suggests that static 
preconditioning, and first two loading period were 
satisfactory in stabilising the specimens load-recovery 
behaviour. The CDH between the CTL and OVL groups 
was statistically significant in periods 4 to 8 (p<0.046). 
Similarly, within-subject significance in CDH with 
respect to the baseline was only detected in the overload 
group (p<0.027) (Figure 2). This suggests that 
overloading may cause disc height loss which is not 
recovered in subsequent physiological loading and 
recovery periods. In contrast, no statistical differences 
were identified in the stiffness. Imaging revealed minor 
disruptions in the tissue components of the OVL group 
when compared with the CTL group (Figure 3), with 
disruption to the nucleus pulposus and cartilaginous 
endplates. The damage initiated resembles mild to 
moderate disc degeneration, as disc height was lost, but 
the stiffness was unaltered. Therefore, this 
hyperphysiological loading may be valuable to further 
investigate the onset of IVD degeneration.  

 
Figure 2: Cumulative disc height comparison.   

 
Figure 3: Microstructural analysis of the samples.   
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Introduction 

At present, the modelling of human lumbar spinal 

segment is giving significant contributions in the 

understanding of spinal functional mechanisms, and 

consequently, it is helping to shed light on clinical 

issues. Nevertheless, the existing multi-segmental 

multibody models are mainly validated by recurring to 

data obtained from single functional units’ studies 

which do not fully reflect the real behaviour of the 

vertebrae once they are combined [1]. Therefore, this 

study is intended to provide both an extensive and local 

characterization of a validated rachis phantom, in terms 

of its global stiffness and single vertebrae’s kinematic 

patterns. This would lead to an exhaustive validation of 

an entire lumbar spine 3D multibody model. 

 

Methods 

A joint approach, embracing experimental tests and 

multibody modelling, was adopted. The experimental 

protocol consisted in 4 different motion-controlled loads 

(flexion, extension, compression, and torsion), designed 

for a linear-torsion test machine (Instron E3000) and 

applied to a validated Sawbones lumbar spinal phantom 

(T12 to S1, SKU3430) in its elastic field. The range of 

motions were limited in order to perform conservative 

tests and not to overcome the Neutral Zone of the single 

FSUs [2]. 

 
Figure 1: Left and center: experimental setup and 

kinematic study for the flexion and compression 

loadings. Right: the lumbar spine multibody model. 
 

Relative displacements between vertebrae, 

postprocessed in GOMcorrelate environment, were also 

included by the means of planar motion tracking: 

markers were positioned on the vertebral bodies 

surfaces and on their transverse and spinous processes. 

Furthermore, a multibody model was implemented from 

the Sawbones CAD geometry in MSC Adams. In 

accordance with the phantom, the passive elements of 

the spine were included in the model: ligaments were 

modelled as pre-strained non-linear tension-only 

springs, while IVDs were represented as bushing 

elements oriented coherently with the adjacent 

vertebrae’s endplates [3,4]. To properly compare the 

results, the experimental loading protocol was replicated 

in the numerical environment. 

 

Results 

Starting from data obtained by experimental testing, the 

global whole lumbar segment stiffnesses were computed 

(Table 1).  In the investigated ROM, an almost linear 

behaviour of the dummy was enregistered. Accordingly, 

the stiffnesses were obtained as the slopes of the angle 

(T12-L5) - force linear approximation curves (R2>0.93). 

The results also revealed a strong correspondence 

between the experimental and numerical models’ 

kinematic behaviours, with the largest deviation at the 

maximum amplitude of the motions equal to ± 8%. 
 

Motion Experimental Numerical 

Flexion 1.49 ± 0.06 Nm/deg 1.75 Nm/deg 

Extension 3.45 ± 0.07 Nm/deg 3.03 Nm/deg 

Compression 94.4 ± 0.64 N/mm 87.8 N/mm  

Torque 2.7 ± 0.01 Nm/deg 2.8 Nm/deg 

Table 1: Results and comparison between experimental 

and numerical lumbar spines’ stiffness concerning the 

global stiffnesses for different motion-loadings. 

Experimental data reports the mean and standard 

deviation of 6 replications.  
 

Discussion 

The novel multibody model appears to be a promising 

tool for reliable insights into the dynamic behaviour of 

lumbar column. Hence, in a short-term perspective, this 

model could be further exploited to simulate 

pathological conditions and their corresponding post-

operative outcomes, as well as to compare the effects of 

different surgical strategies. Finally, if coupled with 

spinal musculature, the model could elucidate load 

sharing patterns for many kinds of motions. 
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Introduction 

The use of fluoroscopy allows for continuous in-vivo 

intervertebral lumbar spinal motion quantification, the 

outputs of which are critical to informing 

musculoskeletal models. Furthermore, recent studies 

using standardised image acquisition protocols have 

indicated that the sharing of motion between lumbar 

levels during bending may be a mechanical marker in 

low back pain [1].  

 

Objective 

The aim of this study was to determine the level-by-level 

distribution of continuous intervertebral rotation for L2-

S1 during lumbar flexion and return using a standardised 

weight bearing protocol in a healthy population. 

 

Methods 

Low dose continuous fluoroscopy image sequences 

(recorded at 15 frames per second) were acquired from 

a sample of 131 asymptomatic participants during an 

active, weight-bearing lumbar flexion and return motion 

using a bending protocol that minimized accessory 

movements. Intervertebral rotations in the sagittal plane 

were extracted for each level (L2-S1) in each frame and 

transformed into the proportional contribution to the 

total L2-S1 angle. Mean and ± 95% confidence interval 

(±CI95) values across all participants were computed at 

each 1% increment of the L2–S1 ROM. Data were 

separated, to distinguish the flexion and return-to-

neutral portions of the bending task. Statistically 

significant differences between each level’s 

contribution motion was detected by the absence of 

±CI95 bands overlap [2]. 

 

Results 

Full data sets were extracted from 127 participants, 

48.8% female, mean age of 38.6 years [range: 21-70]. 

The proportion of motion performed by each level at 

moderate and full flexion was similar to previous studies 

[3]. However, our results also show that there are 

differences in the contributions to bending throughout 

the motion both between levels and within levels as 

participants progress throughout the task [Figures 1 and 

2].  Across the study population, each intervertebral 

level had its own characteristic motion signature, with 

significant differences (p<0.05) between each levels 

contribution throughout the motion, despite their 

variability. These findings are likely related to a 

combination of loading, motor control and inter-joint 

material properties.  

 

 
Figure 1: Average segmental contribution to lumbar 

flexion and the 95% confidence interval (shaded areas). 

 

   
Figure 2: Average segmental contribution to lumbar 

Return-to-neutral and the 95% confidence interval 

(shaded areas). 

 

 

Discussion 

This is the largest data-set available to date to present 

normative values for continuous segmental 

contributions to motion in the lumbar spine. Unlike 

previous studies of similar size [4], segmental 

contribution to motion was found vary throughout the 

task. The percent contribution patterns in flexion and 

return are distinctly different as one would expect with 

the different muscle contractions. 
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Introduction 

Corrections of degenerative lumbar scoliosis and 

sagittal malalignment are associated with significant 

complications. Major complications are rod fractures 

and pseudarthrosis, especially in the lumbosacral 

junction [1]. The hypothesis of this study is that the use 

of interbody cages and/or multiple rods could decrease 

movement and reduce stress on the primary rods and 

thus prevent complications. The objective of the current 

work is to evaluate and compare the L5-S1 range of 

motion (ROM), and the maximal stresses on the primary 

rods for various instrumentation configurations using a 

finite element model (FEM). 

 

Materials and Methods 

The study was performed using a FEM of the 

lumbosacral spine (L1–pelvis). Various combinations of 

interbody cages and device configurations (bilateral 

single vs. double rod) were investigated. The 

instrumentation consisted of 5.5 mm diameter of CoCr 

rods, which reached from L2 to the pelvis for the 

principal rod and from L3 to the pelvis for the secondary 

rod. Three configurations, 1 bilateral rod (Config1), 1 

bilateral rod + interbody cage at L5-S1 (Config2), and 

double rod + interbody cage (Config3, shown in 

Figure1) were simulated. Intact and instrumented model 

configurations were validated in terms of ROM and 

strains in the principal rods against experiments from the 

literature. Loading was applied by pure moments of 7.5 

Nm in flexion (FL), extension (EX), lateral bending 

(LB) and axial rotation (AR) to the superior vertebrae 

(L1). The pelvis was fully constrained. Results are 

evaluated in terms of L5-S1 ROM and maximum of von 

Mises on the primary rods.  

 

Results 

The comparison of L5-S1 ROM for the intact and all 

three instrumented configurations in FL, EX, LB and 

AR are presented in Table1. All tested instrumentation 

configurations reduced systematically the mobility of 

the spine. 

 

 Intact Config1 Config2 Config3 

FL 8.42° 0.39° 0.00905° 0.0069° 

EX 2.76° 0.313° 0.024° 0.015° 

LB 2.5° 0.033° 0.0075° 0.0068° 

AR 1.0° 0.1° 0.032° 0.037° 

Table 1: Comparison of ROM at L5-S1. 

 

The maximal von Mises Stress in the principal rods in 

all three configurations are shown in Table 2.  

 

 Config1 Config2 Config3 

FL 195 MPa 178 MPa 170 MPa 

EX 157 MPa 142 MPa 142 MPa 

LB 86 MPa 69 MPa 69 MPa 

AR 139 MPa 146 MPa 109 MPa 

Table 2: Comparison of maximal von Mises Stress in the 

principal rods in all three configurations. 

 

 
Figure 1: Sagittal (a) and posterior (b) illustration of 

the configuration config3. 

 

Conclusion 

The study evaluated the mechanical performance of 

various instrumentation configurations after the 

correction of sagittal imbalance. The results showed that 

multi-rod constructs and interbody cages increase the 

stability of the construct, which results in reduced ROM 

and stress on primary rods. Out of the tested 

configuration, the bilateral double-rod configuration 

with interbody cages reduces the stress on the spinal 

fixators at best, resulting in a minimal risk of rod 

breakage. 
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Introduction 
A decreased tactile acuity in patients with non-specific 
chronic low back pain (NSCLBP) results in an 
increased two-point discrimination (TPD) threshold 
compared to healthy controls (1). The training of the 
TPD resulted in a reduction of the TPD threshold of 
11.79mm in patients with NSCLBP (2). 
 
Currently, TPD is performed with a calliper by an 
accompanying physiotherapist. The use of a home 
based TPD device would be beneficial for an 
independent training. 
 
Aim of the project 
Usability and acceptability of a novel, automated 
tactile acuity training device (TacTile) in patients with 
non-specific chronic low back pain (NSCLBP) 
. 
 
Material & Methods 
In total six participants with NSCLBP participated in 
the study. A home based training has been performed 
with the TacTile during three weeks, in total 20 Min a 
day. Qualitative and quantitative assessments have 
been performed such as pain intensity and Oswestry 
disability index.  
Additionally, feedback of the users has been collected 
in a questionnaire in particular to acquire “Median 
System Usability Scale score” and “adherence rate”. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1: Novel device placed at the lower back to apply 
a stimulus by small motors (solenoids). Recognition of 
one or two automated punctures had to be confirmed 
through an app.  

 
 
 

Results 
The “Median System Usability Scale score” for the 
application of the TacTile device over 3 weeks showed  
71.25 out of 100 points. Median adherence rate has 
been 85.7%. 
No significant reduction in the pain intensity or in the 
Oswestry disability Index has been detected (Fig. 2). 
 

  
Fig. 2: Pain intensity development and Oswestry 
disability index over three weeks.  
 
Statements of participants 
“For me it was easy to handle, but this has to be the 
aim, because different people should be able to use it.”  
 
“If you don’t put it on properly or not perfectly, there 
is a small gap between the bandage and the back and 
then the pressure is not correct.”  
 
“I can’t tell if it had an effect on the back pain.”  
 
 
Conclusion 
• The TacTile training and the device were well 

accepted by the participants 
• Tactile was considered as helpful device to train 

the sensory perception of the lower back 
independentlyat home 

• The therapy should be integrated in a multimodal 
treatment approach in combination with other 
treatments 

 
The device needs to integrate more patients in an 
extended study to proove a reduction in pain or in the 
two-point discrimination distance. 
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Introduction 

One major goal of posterior fixation surgery for 

complex spinal deformities is to achieve optimal 3D 

correction, while achieving a balanced spinal alignment 

and preventing curve progression. However, multiple 

strategies combining widely variable instrumentation 

parameters, such as the number of fused levels, screw 

patterns, rods curvatures/stiffnesses, and correction 

maneuvers are possible [1]. In silico patient-specific 

models can be used to virtually test the biomechanical 

impact of different instrumentation strategies, while 

providing detailed information to support the surgical 

decision-making process [2,3]. 

The aim of the present modelling study was to assess the 

correlations between instrumentation parameters and 

the resulting 3D correction of a representative thoracic 

scoliosis case. 
 

Methods 

A patient-specific biomechanical model of a thoracic 

scoliotic curve was built using MD Adams 2018 (MSC 

Software, Santa Ana, CA) [2,3]. An established 

algorithm analyzed a variety of different widely-used 

instrumentation parameters [3]: 

i) upper instrumented vertebra (UIV: from T3 to T6); 

ii)  lower instrumented vertebra (LIV: from L1 to L3); 

iii)  screw patterns [1]; 

iv) differential concave-convex rods curvature: 30°-

15°, 45°-15°, 60°-15°, 45°-30°, 60°-30°, 60°-45°; 

v) rod stiffness (material/diameter): low (Ti/5.5mm), 

medium (CoCr/5.5), high (CoCr/6). 

The simulated primary correction maneuvers were 

concave rod rotation and en bloc derotation. 

Factorial ANOVA and correlation analyses quantified 

how the number of fused vertebrae and implant density 

(i.e. screws per instrumented level), as clinical 

(independent) variables of interest, impacted the 3D 

correction (dependent variables) in terms of Cobb angle, 

thoracic kyphosis (TK) and apical vertebral rotation 

(AVR) across the 1080 simulated instrumentation 

strategies. 
 

Results 

The Cobb angle was mainly affected by the LIV and 

UIV (explaining 84% and 11% of its overall variance), 

TK by rod curvature and UIV (56% and 36%), while 

AVR by LIV, UIV, and rod curvature (35%, 32% and 

19%). Linear interactions contributed <5%. 

3D correction was more correlated with the number of 

fused vertebrae rather than with implant density. The 

Cobb angle significantly improved with distal LIV for a 

given number of fused vertebrae (p<0.05, Figure 1.a), 

and using high-stiffness rods. TK significantly improved 

using higher curvatures and differentially contoured rods 

(Figure 1.b), especially with increasing the number of 

fused vertebrae (from 9 to 13, p<0.05), and using a more 

cranial UIV. AVR was marginally impacted (<5°), 

compared to Cobb and TK, by the simulated 

instrumentation parameters.  

 
Figure 1: Correlation between Cobb (a) or TK (b) vs. the number 

of fused vertebrae, respectively, grouped by the lowest 

instrumented vertebra and concave-convex rod curvature. 

r=Pearson correlation coefficients (p<0.05). 
 

Discussion 

The presented in silico patient-specific approach 

provided unprecedented details over a much wider range 

of instrumentation parameters compared to the 

published literature [2]. A trade-off between mobility 

(number of unfused vertebrae) and correction across 

multiple anatomical planes was required for the thoracic 

curve herein considered. Such information could 

support the surgeon in the decision-making process, 

while enabling to optimize the 3D correction [3]. 
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Introduction 

Measuring the joint motion under physiological loads is 

fundamental for the comprehension of the normal and 

impaired musculoskeletal function [1]. Present measure-

ment techniques in vivo are however invasive [2,3] or 

imprecise [4]. Dynamic magnetic resonance imaging 

(DMRI) represents an emerging technology that may 

overcome these limitations [5]. This work presents a 

procedure to quantify the knee kinematics under physi-

ological loads and about 90° of knee flexion. The accu-

racy of a new registration algorithm is also discussed. 

 

Methods 

Clinostatic MRI of the right knee of three healthy vol-

unteers were acquired (G-Scan Brio, Esaote SpA, 0.25 

T, 3D-HYCE) and segmented (MITK Workbench 2018) 

to reconstruct the reference geometry of the femur, tibia, 

and fibula bones. The scanner was then rotated 90° to 

allow weight bearing. The volunteer stood with the right 

leg in the scanner, while the contralateral leg was sup-

ported by a MR compatible hydraulic rig (Fig. 1.a), 

which guided the knee flexion by lowering the movable 

step at controlled velocity. The knee flexion was rec-

orded through a planar DMRI (2D-HYCE S Gradient 

Echo), producing a slice of 5 mm in thickness every 2.9 

seconds (roughly 75 frames per motion). The exam was 

performed on 2 planes (Fig. 1.b). The tibio-femoral kin-

ematics was reconstructed by a new proprietary algo-

rithm, which automatically register the patient bones on 

the two planes. The algorithm sensitivity to the first 

guess was investigated by perturbing the initial bone po-

sition and orientation up to ±10° and ±10 mm on each 

component, for a total of 1458 combinations. To estab-

lish a reference motion for validation, five static weight-

bearing MRI (3D-HYCE) were also acquired, roughly 

every 20° along the patient flexion. To evaluate the al-

gorithm accuracy and sensitivity to the plane choice, 

simulated DMRI were generated from the static scans.  

Results 

On simulated DMRI, orientation and position MAE 

were 0.71° and 0.36 mm when tracking a single bone 

(femur) with 3 orthogonal planes (axial, coronal and 

sagittal), and 1.38° and 1.66 mm when reconstructing 

tibio-femoral motion with two optimized planes (Fig. 

1.b). Table 1 report orientation and position MAE be-

tween real DMRI reconstructed and static MRI approx-

imated knee motion. For the investigated combinations, 

the initial guess did not affect the algorithm output. 

 

Discussion 

Numerical results on simulated data show that the regis-

tration procedure may be accurate enough for clinical 

purpose. The difference between simulated and real data 

accuracy may be ascribed to several factors, mainly a 

not perfect synchronization of the two DMRI motions, 

and differences between static and dynamic evaluation 

of the tibio-femoral kinematics. The results described 

well the typical pattern of the tibiofemoral motion (Fig 

1.c). The approach can be used for the in-vivo, loaded 

characterization of joint pathology and for model vali-

dation. 
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         (a)                                                                (b)                    (c) 
 

Figure 1: Setup for the DMRI scans (a). Registration of femur and tibia on DMRI acquired on two optimized planes (b). 

Comparison between tibio-femoral motion reconstructed from DMRI and approximated from static MRI for one knee (c). 

 Rot. MAE [°] Trans. MAE [mm] 

Knee 1 1.63 ± 1.15 1.67 ± 1.06 

Knee 2 2.39 ± 2.19 1.51 ± 0.56 

Knee 3 3.05 ± 1.47 1.16 ± 0.73 
 

Table 1: MAE between DMRI reconstructed and static 

MRI approximated knee motion for the 3 volunteers. 
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Introduction 
In severe adolescent idiopathic scoliosis (AIS), 

pulmonary function impairment has usually been 

evaluated though respiratory function tests, which 

partially explain the patient’s underlying functional 

limitations leading to respiratory deficiency. One of the 

key elements of active respiration is the intercostal 

space, where thin muscles with alternating pennation 

angles facilitate the thoracic component of inspiration 

and expiration [1]. However, no previous report has 

evaluated the pulmonary impairment of adolescent with 

idiopathic scoliosis considering the rib kinematics and 

the mechanical properties of intercostal muscles (ICM), 

because of the measurement difficulty. In this work,  the 

distance between ribs was measured with 

ultrasonography and ICM mechanical properties were 

estimated with shearwave elastography during 

breathing. 

 

Method  
Twenty-eight female subjects between 10 and 17 years 

old (22 asymptomatic subjects and 6 AIS patients) 

underwent ultrasound measurement of the intercostal 

space (figure 1).  

 

 
Figure 1 Ultrasound image of the intercostal space. The 

plus signs indicate the muscle insertions which were 

tracked to estimate ribs distance. Ribs cross-sections 

are also visible. The color chart represents local 

Young’s modulus.  

30-second movies of ultrasonography and shearwave 

elastography were acquired at the T8-T9 right and left 

intercostal spaces during normal breathing.  ICM 

insertions in the ribs (Figure 1) were tracked in each 

frame with a sampling frequency of 2.5Hz. The distance 

between the ribs was measured, and the breathing cycles 

were identified. Shear wave speed (SWS) in the ICM 

was measured synchronously with ultrasonography (at 1 

Hz) and interpolated in terms of percentage of breathing 

cycle. Measurements were repeated on 4 subjects by two 

operators to assess reproducibility. 

 

Results  
Asymptomatic subjects showed symmetric inter-rib 

movement and ICM SWS, with no significant 

differences either during inspiration or exhalation (p > 

0.5). Reproducibility was 3 mm (17% coefficient of 

variation). Scoliotic patients showed symmetric ICM 

properties during exhalation (p=0.17), but significantly 

stiffer ICM in the convex side than in the concave during 

inspiration (p=0.02). AIS patients also showed smaller 

movements of the ribs (1.5 mm) when compared to 

asymptomatic subjects (2.4 mm, p=0.025 and p=0.016 

for the distance between ribs at exhalation and 

inspiration, respectively). 

 

Discussion 
Asymptomatic subjects seem to have symmetric motion 

of ribcage sides and mechanical properties of the IC 

muscles, which was expected. AIS subjects appeared 

symmetrical during full exhalation, but their convex side 

appeared stiffer than the concave during full inspiration. 

This could be linked to the almost-horizontal orientation 

of the convex-side ribs in severe scoliosis. 

The study confirms that the approach was feasible to 

measure local rib kinematics and mechanical properties. 

These findings complement the previous studies on 

quasi-static ribcage kinematics [2-3] by bringing 

information on a full cycle of breathing and, for the first 

time, on AIS patients. This approach was also feasible 

for the assessment of the IC muscle mechanical 

properties in AIS subjects during an entirely breathing 

cycle, completing previous work using this approach but 

which was only limited to an average value during the 

cycle [4]. Results must now be confirmed on a larger 

cohort of AIS patients,  
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Introduction 
The evaluation of the stiffness of a body part has been 
extensively used by physicians to detect numerous 
pathologies that affect tissue mechanical properties. 
Neuromuscular conditions like dystrophy and spasticity 
may alter muscle tissue elasticity and viscosity. 
Evaluating tissue stiffness has been traditionally carried 
out through qualitative manual palpation when the tissue 
is within reach or via invasive biopsy. Elastography is a 
noninvasive stiffness imaging method aimed at 
improving upon the accuracy, resolution and 
measurement depth. It typically uses ultrasound or 
magnetic resonance modalities to image mechanical 
waves in the tissue under examination. The 
interpretation of the behavior of such waves leads to the 
mapping of the relevant mechanical parameters, such as 
elasticity and viscosity values. Magnetic Resonance 
Elastography (MRE) [1] has become the gold standard 
for staging liver fibrosis. Unlike liver, skeletal (striated) 
muscle is highly anisotropic with different elastic 
properties along versus across the muscle fibers. This 
makes interpretation of MRE measurements more 
difficult, but also offers the prospect of more 
information that may have clinical value if one can 
actuate wave motion in multiple directions in order to 
capture the direction-dependent properties of the tissue.  
The novelty of our current research is the introduction 
of a new kind of actuation system, which induces 
torsional shear wave motion into the region of interest. 
Its initial application to anisotropic phantoms, similar to 
muscle, is summarized here [2].  
 
Methods 
The muscle tissue mimicking phantom is made of 
PDMS (184 Silicon from DOW) fibers with a diameter 
of 100 um, inserted in a soft plastic matrix. Such a 
phantom is inserted into a cylindrical pyrex tube that is 
connected to a stepper motor in a way to provide 
torsional oscillatory motion to the cylindrical tube along 
its axis (See Fig. 1). The phantom within the test tube, 
in turn, is subjected to radially converging torsional 
transverse wave motion [2]. The stepper motor is 
connected to a gradient amplifier system, that contains 
both the MRI gradients and the Motion Encoding 
Gradient MEG (needed to encode the signal into its 
phase component); its activation is triggered by a Matlab 
sequence that possesses the correct tuning for each of 
the parameters of the process (MEG cycles, MEG 
amplitude, vibration frequencies, displacement 
amplitude for the motor, etc.). Once the complex wave 
images have been obtained, they can be extracted in the 
form of matrices and undergo reconstruction (the 

process of estimating a mechanical property map based 
on the measured wave motion). A novel strategy is 
employed in the present study, called Transformation 
Elastography, in which a directional filtering process is 
first used to estimate the anisotropic ratio ϕ. The wave 
image is then spatially distorted by this ratio in order to 
make the anisotropic problem seem isotropic [2-3], after 
which a conventional reconstruction algorithm for 
isotropic materials (e.g. direct inversion) is employed. 
 
 
 
 
 
  
 
 

Results and Discussion 
Prior to the experiment, a numerical simulation study 
using finite element analysis (FEA) was conducted to 
understand the torsional shear wave field in a 
transversely isotropic material with its axis of isotropy 
orthogonal to the axis of the cylindrical container.  The 
TE approach to inversion and reconstruction was found 
to provide a more accurate estimate of anisotropic shear 
storage and loss moduli, as compared to an isotropic 
assumption, and with minimal additional effort (simply 
distorting geometry based on a k-space-based estimate 
of the anisotropic ratio ϕ). Results of the experimental 
study demonstrate the capability of the novel torsional 
actuation system and show measurement patterns 
similar to the numerical simulation. Though, as 
expected, specimen inhomogeneity and inherent 
measurement noise limit the accuracy of the 
reconstruction method. Studies are under way to address 
these issues and improve our ability to quantitatively 
map anisotropic tissue properties like those found in 
striated muscle.  
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Introduction 

Biomechanical modeling of the musculo-skeletal 

system shall be based on medical imaging, possibly in 

realistic loading conditions. Standard CT and MRI can 

provide accurate 3D reconstructions, but the position 

normally used, i.e. supine, is far from daily living 

activities, i.e. under load. On the other hand, weight-

bearing can be obtained, but only with traditional X-

ray pictures in 2D [1]. Recently, medical imaging 

devices based on Cone-Beam CT (CBCT) technology 

can provide 3D images in weight-bearing. This 
fundamental feature [2] adds up to relatively low 

radiation, high spatial resolution, and convenient 

ergonomy [3-6]. Therefore CBCT is promising to 

support clinical and biomechanical analyses. The scope 

of the present paper is to report on techniques to 

deduce 3D orientation angles of the foot bones and on 

preliminary activities of data collection and analyses in 

a number of different treatments and conditions. 

 

Methods 

CBCT scans have been collected (‘OnSight 3D 

Extremity System’, Carestream, Rochester, NY), 
mostly at the foot and ankle, in single-leg upright 

posture (Figure 1). From these 3D data-sets, Dicom 

files are generated by virtual slicing at 0.26 mm 

distance, along most appropriate axes. 3D bone models 

in STL format are obtained with semi-automatic 

segmentation (AMIRA, FEI Visualization Sciences 

Group). The ground is used as 3D reference for global 

bone orientation. A proprietary software in Matlab 

(MathWorks Inc., Natick, USA) defines an anatomical 

reference frame for the foot. Anatomical axes and 

angles are also defined, according to traditional or 
novel techniques [1, 4]. The Principal Component 

Analysis [7], is also used to provide automatically the 

orthogonal axes of maximum, intermediate and 

minimum variance of the bone surface points. Axes 

based on relevant anatomical landmarks or on mean 

diaphyseal points are also defined as longitudinal 

directions, still in 3D. Absolute and relative angles 

characterize foot bone architecture. These measures are 

combined with kinematics and baropodometric 

analysis, the latter even simultaneous to CBCT scan. 

These techniques are exploited in a number of clinical 

studies, such as flat foot correction, ankle arthroplasty, 
diabetic foot, patello-femoral instability etc. 

 

Results 

CBCT and the present techniques for 3D analyses of 

skeletal structures finally in weight-bearing enable 

established angular measurements with more accuracy 

and open the door to novel 3D measures such as multi-

planar inclination of the metatarsal bones, volumetric 

representations of the longitudinal arches, spatial 

angles between longitudinal axes, etc. The present 

initial experience shows that the undesirable projection 

effect of malpositioning or of major deformity of the 

foot is considerably reduced by anatomical frame 

definitions in 3D and the automatic PCA-based 

calculations. Multi-instrumental analyses are showing 
correlation between CBCT based 3D measurements 

and BMI, Year-Of-Disease, and metatarsal loading. 
 

 
Figure 1: The full process from CBCT scans to 3D 

geometrical analyses of foot bones: examples on 

anatomical axes of the calcaneus and first metatarsus. 

 

Discussion 

Access to bone structures in 3D and in weight-bearing 

is finally available in medical imaging, overcoming 

current 2D X-ray pictures and 3D CT in unloaded 
conditions, i.e. supine. Clinical studies and 

biomechanical modelling on physiology, performance, 

pathology, and treatment of the lower limb can take 

much advantage of these modern CBCT devices. New 

3D measurements are under development, to enlarge 

traditional planar angular and linear measurements. 

 

References 

1. Carrara et al, Foot Ankle Surg, S1268-7731(19)30113-4, 
2019. 

2. Hirschmann et al, Europ Radiol, 24(3):553-8, 2014. 
3. Barg et al, Foot & Ankle Int, 39(3): 376-386, 2018. 
4. Lintz et al, EFORT open reviews, 3(5): 278-86, 2018. 
5. Ludlow et al, Medical Physics, 45, 4955-63, 2018. 

6. Richter et al, Foot Ankle Surg, S1268-7731(19)30096-7, 
2019. 

7. Parr et al, J Biomech, 45(6):1103-1107, 2012. 
 

Acknowledgements 

The authors want to acknowledge the many participants to 

these studies, not all mentionable in the present author list. 

352



 26th Congress of the European Society of Biomechanics, July 12-15, 2020, Milan, Italy 

BONE SAMPLE SELECTION FOR SCREW MECHANICAL TESTING 
BASED ON PERI-IMPLANT CT MORPHOMETRY 

Juan D. Silva-Henao (1, 2), Dieter H. Pahr (1, 2), Andreas G. Reisinger (1) 
 

1. Division Biomechanics, Karl Landsteiner Private University, Krems, Austria 

2. Institute of Lightweight Design and Structural Biomechanics, TU-Wien, Austria 

 

Introduction 

Animal bone surrogate models are frequently used to test 

the mechanical competence of bone screws since they are 

generally easier to obtain and test compared to their human 

counterparts. Despite this, selecting an appropriate sample 

source which correctly represents the bone architecture in 

which the implant is placed is oftentimes overlooked. The 

present study proposed a methodology for surrogate 

sample selection based on computed tomography (CT) 

scans which uses a selection criterion based on the peri-

implant bone architecture from the real implantation site.  

 

Materials and methods 

For this study, 36 HR-pQCT human radius scans, taken 

from a closely related study [1] each with 10 implanted 

distal radius screws, were used. A virtual cylinder probe 

with 4 mm diameter was created for every implanted screw 

to evaluate the peri-implant CT-derived bone 

morphometric values (MV). For each peri-implant volume 

of interest the MVs: cortical thickness, cortical thickness 

deviation, cortical volume, trabecular thickness, trabecular 

spacing and bone volume fraction where recorded averaged 

with the rest of the VOIs on that same location (i.e., average 

screw 1, 2, 3, etc.). Additionally, 2 animal models were 

selected, pork and sheep, to be used as potential sample 

sources. From each animal 6 bones (distal radius, proximal 

humerus distal and proximal tibia and distal and proximal 

femur) were scanned with a resolution of 70.6 µm to match, 

as close as possible, that of the human scans. Surface 

meshes with sizes ranging between 3000 and 4000 triangles 

were used to extract cylindrical probes. Each probe was 

positioned in the centre of each triangle and parallel to its 

normal vector (done for all bones). From each probe the 

same MV (BT/TV, Cr.Th. etc.) were recorded. 

 

 
Figure 1: Peri-implant VOI and Mesh-based sample locations. 

 
A bone similarity score (BoSS) based on that presented in 

[2] was used to compare the morphometry of each probe to 

that of the target average screw morphometry. For each 

MV (i) the “distance” between the target (t) and probed 

point (p) value was defined and then used to calculate 

the BoSS value for every point: 
 

𝑑𝑖 =
𝑀𝑉𝑡−𝑀𝑉𝑝

𝑀𝑉𝑡
; 𝐵𝑜𝑆𝑆𝑝 = ∑𝑑𝑖  (1) 

Results 

The calculate BoSS values were mapped to the bone 

surface allowing to locate regions where potential 

samples could be harvested which morphometric values 

close (or as close as possible to) the target average screw 

(Figure 2). 

 
Figure 2: BoSS values mapped to the surface of a pork distal 

radius. The arrow indicated the minimum BoSS value. 

 
Based on these results, the absolute minimum BoSS for 

each average screw (Table 1) were found, with all values 

found in the pork model, more specifically on the distal and 

proximal femur (PDF, PPF), proximal humerus (PPH) and 

the distal tibia (PDT). 

 
Table 1: Absolut minimum BoSS for every screw (s1 to s10). 

 

For interpretation, the BoSS value for each of the 360 studies 

screws when compared to the target screw was also calculated, 

with the resulting values ranging between 1.15 and 3.67 BoSS 

units. 

 

Discussion 

This study presents a methodology for accurate sample 

selection based on local CT morphometry from real 

implantation sites. Not only it was possible to quantify the 

minimum difference between two bone samples from 

different species and its location within the bone itself, but 

also create “maps” indicating potential locations where 

bone samples could be harvested from. The proposed 

methodology could be used in studies with any screw type 

with known peri-implant morphometry and any potential 

animal model in order to find a sample harvesting location 

which best represents the real implantation site which of 

vital importance for applications like mechanical testing. 
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Introduction 
Auricular cartilage present in the outer parts of the ears 
is crucial for providing form and function. 
Understanding its composition and intrinsic 
mechanisms is thus fundamental for advances in tissue 
engineering and other regenerative approaches. As part 
of this composition, glycosaminoglycans (GAGs) have 
been shown to play a distinctly different viscoelastic 
response in auricular cartilage compared to articular 
cartilage [1]. 
Development of functional tissue-engineered constructs 
benefits from non-destructive longitudinal imaging 
methods to assess ECM production. Contrast-enhanced 
micro-computed tomography (CECT) has emerged as a 
novel non-destructive technique for 3D visualisation 
and longitudinal assessment of glycosaminoglycan 
(GAG) content in articular cartilage tissue-engineered 
constructs [1]. However, it has not been used for 
structures which have a different ECM composition to 
articular cartilage; e.g. auricular cartilage. Therefore, 
this study aims to test the feasibility of CECT for 
auricular cartilage compared to articular cartilage and 
investigate the influence of ECM composition. 
 
 
Methods 
Bovine auricular cartilage plugs (ø5 mm, n = 16 from 6 
animals) were harvested from ears and knees of 5 - 8-
month-old calves, cut in half and stored at -80°C until 
further use. One half was incubated in 1 ml of 12 mgI/ml 
CA4+ (provided by the Grinstaff group, Boston, USA) 
for 8 h. Plugs were imaged using microCT (μCT50, 
Scanco Medical, Brüttisellen, Switzerland) at 70 kVP, 
57 μA, 4 μm, and 0.5 mm Al filter to obtain their mean 
attenuation coefficient. Resulting image data were 
processed using the manufacturer’s software. Slices 
were contoured to only include cartilage samples. A 
Gaussian filter was applied (σ = 0.8, s = 1), attenuation 
histograms were generated, and the mean and standard 
deviation of the attenuation coefficient (cm-1) calculated 
for each sample. Greyscale images were converted to 
coloured images to obtain three dimensional images of 
spatial GAG distribution. Total GAG content was 
assessed using a DMMB assay. GAG distribution was 
visualised using microCT images, Safranin-O histology, 
and immunohistochemistry. All results of GAG content 
and attenuation profiles were compared to the respective 
results of articular cartilage using one-way ANOVA and 
Dunnett’s multiple comparison tests. All differences 
between groups were considered significant at p <0.05. 
 
 

Results 
After immersion of samples in 12 mgI/ml CA4+ for 8 h, 
colour maps of all cartilage types correspond with 
measured mean attenuation coefficients and Safranin O 
staining. GAG content normalised to volume shows a 
significant difference between articular cartilage (14.17 
± 3.27 μg/mm3) and auricular cartilage (27.83 ± 5.21 
μg/mm3). Furthermore, mean attenuation is significantly 
higher in auricular cartilage (2.15 ± 0.12 cm-1) compared 
to articular cartilage (1.31 ± 0.14 cm-1).  
 
 

 
 

Figure 1: Spatial distribution of GAGs and CA4+ in 
different cartilage types. MicroCT and Safranin O 
images of articular and auricular cartilage. 
 
Discussion 
In this study, CECT was successfully used to assess 
spatial distribution and visualisation of GAGs in 
auricular cartilage.  CECT has potential for non-
destructive longitudinal assessment and 3D 
visualisation of ECM production. However, while 
CECT can clearly be used to visualise GAG distribution 
in 3D, if detailed structures of fibres and the morphology 
of cells need to be assessed, additional histological 
analysis should be performed. 
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Introduction 
Imaging porous channels in the osteochondral interface 
with micro-computed tomography (microCT) will 
provide a means to track joint nutrition and study joint 
health. However, it is necessary to use a contrast agent 
to better delineate the porous channels of the 
osteochondral interface from regions with similar X-ray 
attenuation [1-2]. 
It has been demonstrated that hybrid metal nanoparticles 
provide excellent clinical CT contrast at different 
energies (80-140 kVp) [3]. These nanoparticles are 
composed of Barium (Ba), Ytterbium (Yb) and Fluoride 
(F) forming BaYbF5 nanoparticles and are then coated 
in a silica shell (SiO2) to ensure biocompatibility. In 
small animals, porous channels are 50-500 µm requiring 
microCT for visualization. Since microCT uses a lower 
energy (45–70 kVp), the aim of this work is to evaluate 
the BaYbF5- SiO2 nanoparticles contrast attenuation for 
subsequent segmentation of mouse subchondral bone in 
microCT. 
 

Methods 
BaYbF5- SiO2 nanoparticles were synthesized through a 
series of thermal treatments and coated with silica [3]. 
A femur (n=1) was extracted from an excess C57BL/10 
mouse and fixed in a tube with a two-component resin 
(Technovit®3040, Hanau, Germany). The femur (n=1) 
were firstly scanned without any contrast agent. It was 
then completely immersed in a solution of  BaYbF5-
SiO2 (27 nm) in PBS at 250 mg mL-1 and was further 
scanned using microCT (vivaCT80, Scanco Medical 
AG, Brüttisellen, CH), 3.9 µm voxel size,  at 70 kVp, 
114 µA, 706 ms integration time. Six (n=6) volume of 
interest (VOIs) (0.0036 mm3) were contoured and 
evaluated for the cortical subchondral bone region. 
Average microCT attenuation of the VOIs were 
calculated in grey scale value (1/cm) using the 
histogram function in Scanco Medical's image 
processing software (IPL v5.42).  
 

Results 
3D color map images of the mouse bone before (Figure 
1a) and after (Figure 1b) immersion in the contrast agent 
BaYbF5-SiO2 (250 mg mL-1) were obtained via 
microCT (µCT50, Scanco Medical, CH). Higher mean 
attenuation was significantly higher (p < 0.000) in the 
subchondral cortical region after immersion in contrast 
agent (Figure 1b). This was observed in the 
corresponding histograms (Figure 1c), showing an 
attenuation shift indicating a higher mean attenuation 
after the immersion in the contrast agent. 
 
 
 

 
 

Figure 1: (a) 3D color map images of the mouse bone 
before (a) and after (b) immersion in the contrast agent 
BaYbF5-SiO2 (250 mg mL-1) and (c) their respective 
histograms (arrow colour in (a) and (b) matched (c)). 
 
Discussion and Conclusion  
The subchondral cortical region exhibited higher mean 
attenuation after immersion in contrast agent. A contrast 
agent that is able to increase the attenuation of 
subchondral cortical bone has potential for exploring 
changes in the osteochondral interface with OA in more 
detail. In conclusion, BaYbF5-SiO2 contrast agent is a 
good candidate for high-resolution imaging of the 
osteochondral interface with microCT. 
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Introduction 
Visualising and quantifying structural changes due to 
osteoarthritis (OA) over time provides a means to track 
disease progression and markers of change. Three-
dimensional (3D) imaging methods such as micro-
computed tomography (microCT) allow for rapid 
evaluation of joint tissues in small animal models. 
Recent preclinical studies developed a quantitative 
morphometric analysis (QMA) suite for describing the 
joint as a single unit. Reproducibility and sensitivity 
were demonstrated in rabbit and rat OA models [1] and 
shown to be highly dependent on consistent alignment 
of the long axis of the tibia to a common position. These 
tasks are manual and time-consuming, requiring specific 
anatomical knowledge, and prone to human error. Thus, 
we propose an image processing solution that can 
automatically align the joint images correctly while 
remaining robust across different small animal models. 
 

Methods 
Raw microCT scans of six tibiofemoral joints from 6 
New Zealand white rabbits and 21 joints from 11 Wistar 
rats from our previous studies were used. Briefly, joints 
were scanned using microCT (SCANCO Medical, CH) 
with a nominal voxel size of 18 μm and 10 μm for rabbit 
and rat joints, respectively. To test reproducibility, 
contrast-enhanced samples were scanned three times, 
with repositioning. The femur and tibia, along with their 
cartilage volumes, were segmented, and a volume of 
interest between the epiphyseal plates was defined (≈35-
40 mm in rabbits, ≈12-15mm in rats). 
Fully automated joint alignment was achieved by 
representing the tibia’s basic shape and relative position 
using a spherical harmonic description method 
(SPHARM) [2]. SPHARM describes objects of 
spherical topology as a weighted sum of spherical 
harmonic basis functions. We used lower-order 
SPHARM coefficients to extract the coarse tibia shape. 
Principle component analysis was performed on the 
resulting shape. The smallest and second-smallest 
components were used as proxies for the tibia’s long 
axis and the anterior face of the joint, respectively. 
These were translated into a set of matrices to transform 
the joint into a common alignment. 
Resulting alignment was evaluated using the previously 
described QMA measure of joint centre of mass, which 
is a vector with length (λ, mm) and orientation (α, 
degree; β, degree; and γ, degree) measured along the 
three principle Cartesian axes, connecting the bone 
centres of mass. Since λ is independent of orientation, 
only α, β, and γ were analysed. Reproducibility was 
expressed using intraclass correlation coefficient (ICC), 
and precision errors were described in terms of absolute 
value, PE(SD), and coefficients of variation, PE(%CV). 

 

Results 
Visualisation of pre-and post-alignment for a rat joint is 
shown in Figure 1. The resulting data from both rabbits 
and rats showed improvements in all reproducibility 
metrics. In rabbit, ICC improved from unprocessed (α: 
0.901, β: 0.739, γ: 0.385) to automatically (α: 0.936, β: 
0.920, γ: 0.934) and manually aligned samples (α: 0.978, 
β: 0.913, γ: 0.981). Similar improvements were 
observed in rats where unprocessed ICC (α: 0.577, β: 
0.890, γ: 0.731) improved when aligned automatically 
(α: 0.955, β: 0.958, γ: 0.951) and manually (α: 0.990, β: 
0.981, γ: 0.998). This was achieved while maintaining 
very low precision errors for both rat (PE(SD) α: 1.90, 
β: 1.45, γ: 1.67; PE(%CV) α: 1.80%, β: 1.62%, γ: 
1.06%) and rabbit (PE(SD) α: 1.87, β: 1.63, γ: 1.29; 
PE(%CV) α: 1.96%, β: 1.82%, γ: 0.76%) samples. 
 

 
Figure 1: Typical images of a segmented rat knee joint 
(a) before alignment and (b) after processing through 
the automated alignment software, with (c) plots of rat 
joint centre of mass before and after processing. 
 

Discussion and Conclusion  
This work demonstrates an automated and efficient 
solution to the problem of joint alignment for 3D joint 
QMA that is robust across rabbit and rat models. The 
software is simple to deploy in new environments and 
results show reproducible joint alignment with high 
quality compared to manual alignment. This allows 3D 
joint QMA to be performed more rapidly in OA studies 
involving larger cohorts with minimal adjustment 
between species while maintaining sensitivity and 
precision. Future work will focus on expanding 
capability for a complete pre-processing pipeline, as 
well as expanding capability to allow pre-processing of 
other preclinical OA models, such as mouse and goat. 
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Introduction 
The role of mechanical loading in the onset and 
progression of osteoarthritis (OA) remains an open 
research problem due to the complex interplay of factors 
including joint integrity, genetic predisposition, local 
inflammation, mechanical forces, and cellular and 
biochemical processes [1]. Using small animal models 
of OA, the relationship between mechanical forces and 
other factors can be studied longitudinally to provide 
new insight into the onset and progression of disease.  
This could be achieved using high-resolution micro-
computed tomography (microCT), as well as a novel 
joint loading instrument. In this work, we aim to design 
and build an innovative instrument that is able to 
measure and apply precise physiological mechanical 
loads to the knee joints of live mice, whilst 
simultaneously visualised using microCT.  
The outcomes of this device could provide 
complimentary data of mechanical load and joint 
morphology in real-time, during both onset and 
progression of OA. This would enable future research 
into the structural and biomechanical changes in the 
knee joint linked to mechanobiological processes.  
 

Methods 
A physical device and application software was 
designed to complement an experimental procedure by 
achieving the following functional objectives:  
i. Accurate and measurable loading of mouse knees  
ii. Compatibility with in vivo CT imaging protocols 
iii. Safety and comfort of the mouse during application. 
This instrument was designed and tested for in vivo 
imaging within the vivaCT80 (Scanco Medical, CH). 
Two design-build-test cycles, denoted Alpha and Beta, 
were completed to produce a fully functional prototype 
mainly constructed from basic components and 
materials, Figure 1.  
 

 
Figure 1: Assembly of the instrument (Beta prototype) 
with a mouse in the anaesthetic-sealed cylinder. 

Results 
The custom-built instrument (Figure 2) is comprised of 
(i) an ergonomic platform which supports and secures 
the head, body and thigh of the mouse, whilst (ii) an 
inflatable leg cuff safely grips the foot, ankle and shank. 
Through the leg cuff, (iii) an actuation system measures 
and/or applies load to the knee joints with force and 
displacement precisions of ±10 mN and ±10 µm, 
respectively. The actuation system can be configured to 
apply a constant force or constant displacement to the 
knee. This is powered by (iv) an electronics system and 
controlled using (v) a MATLAB-based application 
software (with real-time monitoring of loading data and 
access to emergency functions). The mouse is located in 
a detachable gas-sealed cylinder allowing for constant 
supply of anaesthetic gas. 

 
Figure 2: Beta prototype comprised of a platform, 
inflatable leg cuffs, actuation system, electronics and 
MATLAB-based application software. 
 
Discussion 
Future developments include further validation and 
enhancements of the inflatable leg cuff and actuation 
system. This instrument will be used in future studies to 
reveal insights into mechanobiological changes induced 
by OA, leading to new strategies for treating the disease.  
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Introduction 

The shoulder joint is one of the most complex joints in 

the human body, due to its wide range of motion. A 

better description of shoulder biomechanical function 

may allow improvements in shoulder surgical 

techniques and rehabilitation. Musculoskeletal (MSK) 

modelling is the only viable tool to understand how joint 

dynamics are produced and what forces are involved 

during a specific motion. In this context, determining the 

joint kinematics is the first fundamental step to compute 

muscle and joint contact forces. However, MSK models 

of the shoulder are usually scaled to the participant using 

marker-based measurement of inter-segmental lengths, 

thereby introducing anatomical errors in the model. 

Models based on medical images, by nature, may 

improve these anatomical errors. The aim of the present 

study was to quantify kinematic differences between 

scaled-generic and image-based musculoskeletal 

models of the shoulder.  
 

Methods 

Twelve healthy volunteers (7 females, 5 males, age: 

28.6 ± 4.2 yrs, weight: 62.6 ± 13.9 kg, height: 166.8 ± 

7.8 cm) with no history of shoulder pain or pathology 

were recruited for the study.  

Thorax and upper extremity were imaged using a 3T MR 

scanner (Ingenia, Koninklijke Philips N.V., The 

Netherlands) at voxel sizes of 0.4 × 0.4 × 0.8 mm (using 

T1 dixon sequence). The sternum, clavicle, scapula and 

thorax in the images were segmented in order to create 

a 3D anatomical model of the shoulder. 

The motion capture protocol included the attachments of 

17 retro-reflective markers to the hip, thorax, right 

shoulder, arm and forearm. A marker cluster was used 

to track the scapula. [1] Several standardized tasks were 

then performed by the participants, including shoulder 

abduction/adduction, flexion/extension, horizontal 

flexion/extension and internal/external rotations, while 

markers were recorded at 200 Hz using a 12-cameras 

Vicon motion capture system (Vicon Motion Systems, 

Oxford, UK).  

Two types of shoulder models were used, both with 4 

segments and 8 degrees-of-freedom. First, a generic 

shoulder model was chosen [2] and scaled to each 

participant’s anthropometry using OpenSim. Thorax and 

scapula were scaled in depth, width and height. The 

humerus was scaled in width and length and the clavicle 

was scaled in length only. The second model was 

created using segmented bones from MR images and the 

use of the freely available software NMSBuilder; 

following the recommendations of the ISB [3] regarding 

joint coordinate systems and bony landmarks. 

Finally, motion data was used to solve for inverse 

kinematics for the abduction task and both models using 

OpenSim. Joint angles were then compared.

 
 
Figure 1: Computed glenohumeral elevation angle 

against normalized shoulder abduction task for three 

participants, using generic-scaled models (solid lines) 

and MRI-based models (dotted lines).  
 

Results 

Differences in kinematics were observed between the 

generic-scaled and MRI-based models of each 

participant using the same marker trajectories as inputs. 

A maximum range of motion error of 8.9°, as well as a 

root mean square error of 6.1° occurred in one of the 

individuals (see green curve, Fig. 1). From the 

numerical results, we find that the scaled-generic 

models always overestimate shoulder elevation angle. 

Note that the distance between the acromioclavicular 

and the glenohumeral joints were also varying by 0.2 ± 

1.0 cm between both models. 
 

Discussion 

Difference in computed kinematics is due to both the 

differences in joint-to-joint distances and in the 

definition of joint coordinate systems. This would likely 

have a big impact on joint dynamics in future modelling 

steps. Further analysis involving more participants and 

more types of motions are currently being processed. 
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Introduction 
When focal cartilage defects are left untreated, they can 
progress with further cartilage damage into 
osteoarthritis [1]. Focal knee resurfacing implants 
(FKRIs) are an emerging group of implants typically 
intended for middle-aged patients, to bridge the 
treatment gap between regenerative therapies and total 
joint replacement in this age group. Most FKRIs have an 
articulating surface made of metal, which may damage 
the opposing cartilage [2]. Furthermore, using metal 
implants prohibits the use of Magnetic Resonance 
Imaging (MRI) for follow-up or diagnosis of new 
emerging problems. In the present study, we propose the 
alternative use of ultrasound (US) to monitor cartilage 
quality by assessing an Ultrasound Roughness Index 
(URI) of tibial cartilage opposing an FKRI in goat knees 
6 months post-implantation.  
 
Methods 
The medial femoral condyle of Dutch mature milk goats 
was operated unilaterally. Either a titanium FKRI with a 
cobalt chromium top layer was implanted (diameter = 
9.9 mm; n = 8) or sham surgery was performed (n = 8). 
After 6 months the goats were sacrificed, and the tibial 
plateaus were removed and stained with Indian Ink 
(Royal Talens, the Netherlands). Macroscopic scoring 
of the ink staining from 1 (least damaged) to 5 (most 
damaged) was performed by seven independent 
observers. This scoring was correlated with the URI in 
the FKRI articulating plateaus, as it was not sensitive 
enough to accurately evaluate the relatively low amount 
of cartilage articulation-induced damage in sham 
samples. The plateaus were transferred to Phosphate 
Buffered Saline (PBS) and high-frequency US images 
were acquired at 9 sections (Figure 1A) using a 
Verasonics Vantage System (Verasonics, Kirkland, 
WA, USA) connected to a 31.25 MHz linear transducer 
MS400 (FUJIFILM Visualsonics Inc., Bothell, WA, 
USA).  B-mode images were reconstructed from the 
radio frequent data using MATLAB (MathWorks Inc., 
Natick, MA, USA). The URI was calculated as: 

𝑈𝑅𝐼 = 	&
1
𝑚)(𝑑, − 〈𝑑〉)1

2

,34

 (1) 

where 𝑚 is number of scan lines, 𝑑, the distance from 
the US transducer to the PBS-cartilage interface in scan 
line 𝑖, and 〈𝑑〉 the average distance from the transducer 
to the cartilage surface [3].  

Results 
Significantly higher URI was found in the FKRI knees 
than in the sham knees in sections articulating against 
the metal FKRI, i.e., M1 (𝑝 = 0.0093)	and M6 (𝑝 =
0.007). In the metal group, these locations corresponded 
to the most damaged and therefore most ink-stained 
areas and had the highest Pearson correlation coefficient 
between macroscopic scoring and URI, i.e., 𝜌=4 =
0.80	(𝑝 = 0.017) and 𝜌=? = 0.81	(𝑝 = 0.014). 

 
Figure 1: A. Overview of the US scan locations on the 
tibial plateaus (M = medial; L = lateral; A = anterior; 
P = posterior); B. Location-specific URI. 
 
Discussion 
Locations on tibial cartilage that articulated against a 
metal FKRI for 6 months in vivo had a higher URI than 
other areas, suggesting a higher degree of cartilage 
damage. The strong correlation between macroscopic 
scoring and URI at damaged locations demonstrates the 
potential of this US-based method to evaluate cartilage 
roughness and altered surface morphology. This non-
destructive approach is faster and less laborious than 
histology, and it is easier and cheaper than MRI.  
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Introduction 

High-resolution peripheral quantitative computed 

tomography (HR-pQCT) can image distal extremities at 

bone microstructure level in vivo, which is highly 

relevant for investigation of bone diseases. Currently, 

two HR-pQCT scanners of Scanco Medical AG 

(Switzerland) are available on the market and frequently 

used in research: XTremeCT (first generation) and 

XTremeCT-II (second generation). XTremeCT is 

inferior to XTremeCT-II in quantifying bone 
parameters, especially for trabecular thickness (Tb.Th), 

with moderate agreement between the two scanners [2]. 

Recently, we presented an adaptive local thresholding 

(AT) technique for high-resolution cone beam CT 

(CBCT) which enabled, despite the lower spatial 

resolution, quantification of bone microstructural 

parameters at a comparable accuracy as currently 

obtained with HR-pQCT [3, 4]. This raises the question 

if AT can also improve the quantification accuracy of 

HR-pQCT as well as the agreement between both HR-

pQCT scanners, which is the aim of this study. 

 

Methods 

Nineteen human cadaveric distal radii (donor age: 25 – 

93 years, female/male: 14/5) were scanned with three 

Scanco scanners: (1) XTremeCT at 82 𝜇𝑚, (2) 

XTremeCT-II at 60.7 𝜇𝑚 and (3) the small animal 

microCT scanner VivaCT40 at 19 𝜇𝑚 voxel size, which 

was taken as the gold standard. The HR-pQCT images 

were segmented and processed twice. Once with the 

standard approach of the manufacturer (filtering 

technique – FT) and once with AT (in-house developed 

C++ software) followed by a direct morphological 

analysis technique with the manufacturer's script. For all 

scans, the following microstructural parameters were 

calculated: bone volume fraction (BV/TV), Tb.Th, 

trabecular separation (Tb.Sp) and trabecular number 
(Tb.N). Linear regression analysis was performed and 

correlation coefficients were calculated to evaluate the 

accuracy as well as the agreement between the HR-

pQCT scanners. 

 

Results 

The average accuracy of XTremeCT improved from R2 

= 0.80 (FT) to 0.87 (AT) and reached the same level of 

accuracy as XTremeCT-II (R2 =  0.89). In more detail, 

the accuracy of XTremeCT increased for BV/TV and 

Tb.Th, but not for Tb.Sp and Tb.N with correlations 

being already high with FT (Table 1). For XTremeCT-

II, AT improved the accuracy for most parameters 

slightly, despite the accuracy of FT being already very 

high. The agreement between the scanners increased 

with AT, especially for Tb.Th. 

 

Conclusion 

AT demonstrated to enhance the accuracy of 

XTremeCT in quantifying bone microstructural 
parameters, reaching the level of XTremeCT-II and 

increasing the agreement between the two HR-pQCT 

scanners. The technique could not be only used to 

improve accuracy, but also to reduce the radiation 

dosage, to enable faster scanning with XtrememeCT-II. 

We expect that the use of AT has potential to quantify 

more challenging regions with lower Tb.Th and hence 

more partial volume effects e.g. at the knee. 

Implementation of the AT technique is expected to 

improve the quality of preclinical and clinical research 

which use XTremeCT and enhance the comparability of 

results obtained with the two generations HR-pQCT 

scanners. 

 

References 
1. MacNeil et al, Med Eng & Phys, 29:1096-1105,2007   

2. Manske et al, J Bone Miner Res, 32:1514-1524 

3. Mys et al, Bone, 114:206-214,2018 
4. Mys et al, J Bone Miner Res, 34:867-874, 2019 

 

Acknowledgements 

This research was supported by an FWO travel grant and by 
KU Leuven Internal Funding (Grant C24/16/027). 

Parameter 
XTremeCT vs microCT XTremeCT-II vs microCT XTremeCT vs XTremeCT-II 

FT AT FT AT FT AT 

BV/TV 0.86 0.94 0.94 0.97 0.93 0.99 

Tb.Th 0.58 0.81 0.85 0.89 0.74 0.93 
Tb.Sp 0.88 0.86 0.88 0.89 0.99 1.00 

Tb.N 0.86 0.86 0.88 0.88 0.99 0.99 
Table 1: Coefficients of determination versus microCT (i.e. accuracy) and agreement between both HR-pQCT scanners increase when 

using adaptive local thresholding (AT) instead of the manufacturer's standard segmentation filtering technique (FT). 
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Introduction 

Topology optimization has been recently proven to 

reconstruct the trabecular structure from medical CT 

scan data [1]. The reconstructed images can provide a 

more reliable diagnosis for osteoporosis. However, the 

excessive computational cost of topology optimization 

with iterative finite element analysis is a critical hurdle 

for clinical practice. 

In principle, deep learning-based imaging technique 

can resolve the above problem by putting extreme 

computational cost to the training stage; once trained 

successfully, this method can reconstruct a trabecular 

structure in a very short timeframe. However, it is 

difficult to train an artificial neural network (ANN) with 

large-size skeletal images over 2000px. In addition, the 

lack of CT images for training is another obstacle to 

overcome. 

In this study, a novel resolution enhancement method 

for skeletal images is proposed based on deep learning. 

The low resolution (LR) image is first divided into a 

number of small patches. Each LR patch is 

reconstructed into a high resolution (HR) patch through 

the ANN. Then, the HR patches are seamlessly 

connected into a whole skeletal image by suppressing 

the image discontinuity along the boundary. 

 

Method 

To generate training and testing data, eleven 2D 

synthetic femur images (1883ⅹ2080 pixels with a 50μm 

resolution) were obtained by conducting topology 

optimization with eleven different loading conditions. 

These images were downscaled 10 times to obtain the 

corresponding LR images; then, they were divided into 

a set of image patches of 8ⅹ8 pixels. The pairs of HR 

and LR patches from seven femur images were used to 

train a network. In this study, the generative adversarial 

network (GAN) [2] and residual network (ResNet) [3] 

were used. Adversarial loss, perceptual loss, and bone 

volume fraction (BV/TV) loss were considered to train 

the super resolution (SR) GAN. L1 and L2 losses were 

also used to train the ResNet. 

After training, the LR image patches from the 

remaining four femur images were reconstructed 

through the trained network. Then, the reconstructed HR 

images were quilted into the whole image by 

determining the patch boundary which minimizes the 

discontinuity in the overlapped region. 

The quilted femur images were evaluated in terms of 

the peak signal to noise ratio (PSNR), structural 

similarity index measure (SSIM), total bone volume 

fraction (BV/TV) error, and patch boundary variation 

(PBV) error. In this study, the PBV was defined as, 
 

'

,

1
PBV = | |

i
NN

i i p

i pN
 





                              (1) 

where 1, , 1' { , }  c

i x y x y      ;   is the set of pixels 

at the boundary; N
 the number of elements in  ; 

i   

the bone mass density in the ith element in  , and 
,i p  

the bone mass density in the pth element in 'i . Finally, 

the quilted femur images were evaluated in terms of 

apparent stiffness and strain energy density distribution. 

 

Results 

The proposed quilting method enables 3.9% and 2.6% 

improvement in the PSNR and SSIM, respectively, of 

the reconstructed proximal femur images, compared 

with that without the quilting algorithm. The whole 

reconstruction process took maximum 5.9 minutes. Note 

that a topology optimization-based method typically 

takes about 12.8 hr. The average apparent stiffness error 

for the proposed method was 39.7%, whereas that in the 

conventional deep learning method was 53.0%. By 

virtue of imposing a seamless boundary, the SED for the 

proposed method showed a more uniform distribution. 

 

Discussion 

A novel method of reconstructing the LR skeletal 

images into the HR images was proposed based on the 

deep learning and quilting algorithm. In the proposed 

method, the patchwise deep learning scheme can be 

easily trained by using a large number of image patches. 

The quilting algorithm can suppress a structural 

discontinuity among the patches. Numerical results 

show that the proposed method can reconstruct a 2D 

proximal femur with a relatively low amount of training 

data within a short computing timeframe. 
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Introduction 

Mesenchymal stromal cells (MSCs) experience many 

intercellular and extracellular forces and specific 

oxygen tension (pO2) inside their native in vivo stem 

cell perivascular niche. Many questions still remain 

regarding the complexity of this micro-environment and 

how oxygen concentration gradients and elasticity at the 

niche-tissue interface can affect MSC metabolism; 

which could be a physiologically significant feature to 

enhance differentiation. Here by the use of a 

miniaturized optically accessible bioreactor (MOAB)[1] 

coupled with fluorescence lifetime imaging microscopy 

(FLIM)[2] we profile cellular metabolism of human-

MSCs (h-MSCs) in a simulated stem cell niche 

environment by controlling substrate stiffness and pO2 

gradients via interstitial flow velocity levels. The 

combination of these advanced modalities can profile 

metabolic activity of cells in very specific micro-

anatomic environments to analyse physiology and 

diseases. 

Materials and Methods 

h-MSCs were cultured within MOAB with continuous 

flow at 0.5 - 5 - 10 - 30 µL/min up to 7 days, with and 

without stiffness tuned polyacrylamide gels. 

Computational Fluid Dynamic (CFD) analysis was used 

to predict shear-stress levels and the pO2 gradients 

within the culture chamber. Real-time FLIM was 

performed to quantify free and protein bound 

nicotinamide adenine dinucleotide (NADH) at 

successive time points. The effect of oxygen depletion 

on MSC metabolism was assessed by analysis of NADH 

proportions, glucose consumption, mitochondrial 

membrane potential, assessment of mitochondrial 

morphology (fission and fusion) and direct optical 

measurement of intracellular oxygen.  

Results and Discussion 

Predictive modelling was employed to engineer a 

declining gradient in oxygen tension and validated using 

a previously calibrated non-invasive imaging 

technology applicable to this miniaturised optically 

accessible bioreactor (MOAB). Using FLIM (Figure 1) 

we were able to monitor the adaptive modes of 

metabolic machinery employed in addition to 

visualising the correlating oxygen concentrations, 

glucose uptake and mitrochondrial membrane potential 

and morphology occuring at these points which were in 

validation with our in silico model. These results present 

a new method and technology to preferentially pattern 

an in silico modelled metabolic gradient which will be 

of enormous benefit in modelling perivascular niches, 

the relevant diseases, and also the bioavailability and 

metabolism-related uptake of pharmaceuticals. 

Additionally, the imaging toolbox presented in this 

perivaschular niche example offer the potential to 

achieve multiparametric single-cell metabolic 

evaluation in dynamic cultures.  

 
Figure 1: 2P-FLIM NAD(P)H imaging of h-MSC 

cultured on the MOAB. Representative images after 96 

hours cell culture under 0.5 µL min-1 flow rate. 
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Introduction 

An ongoing effort to advance bone tissue engineering 

has been to design biomaterial scaffolds that are “bone-

mimicking”. However, current scaffold designs 

typically lack the intricate morphology that is observed 

in trabecular bone, partly due to the absence of a 

mathematical framework to quantify this morphology. 

Here, we establish such a framework by applying 

fundamental tools from differential and integral 

geometry to compute the surface curvature distributions 

and Minkowski functionals on micro-CT scans of 

human bone biopsies. Our analyses show that these local 

and global metrics are sensitive to subtle morphological 

differences in bone from different anatomical sites, and 

unify several traditional bone morphometric indices 

within the same framework. 

 

Methods 

High-resolution micro-CT data from the EU BIOMED 

1 project was used [1]. The data set comprised scans of 

bone biopsies from 70 donors at five different sites, with 

a 4 mm3 region of interest (ROI) and 14 µm voxel size. 

Triangle meshes of the trabecular bone surface were 

reconstructed using marching cubes, and smoothed 

using volume-preserving implicit fairing. The principal 

curvatures were estimated using a multiscale fitting 

algorithm to create curvature probability density maps 

for all specimens from the five different sites. Scalar 

(MS) and tensorial (MT) Minkowski functionals were 

computed on the same triangle meshes (using 

Karambola [2]). MS were compared to traditional 

morphometric indices, such as bone surface (BS), 

surface area derivative (dS/dr) or Euler characteristic 

(𝜒). Different degrees of anisotropy (DA) and ellipticity 

were computed from the MT eigenvalues, such as the 

DA/ellipticity w.r.t. surface orientation or w.r.t. 

curvature, and compared to DA as predicted by the MIL 

tensor. Moreover, the spatial variations within the bone 

specimens were quantified by computing MT on smaller 

sub-volumes within individual specimens. 

 

Results 

The curvature probability density maps were found to 

capture the morphological differences in bone from 

different anatomical sites, such as the predominant 

plate-like bone in the femoral head, the mostly rod-like 

bone in the vertebrae, and the mixed morphology in the 

calcaneus (Figure 1). MS 𝑊1 and 𝑊2 were found to 

correlate well with BS and dS/dr. Importantly, MS 𝑊3 

was capable of detecting connectivity differences in the 

different bone types that remained undetected by the 

Euler characteristic. MT analysis revealed that the 

different bone types exhibit substantially different DA 

and ellipticity w.r.t. the different tensors being 

considered. Moreover, DA predicted by MT 𝑊1
0,2

 was 

found to be very similar to that predicted by the latest 

MIL implementation in BoneJ [3].  

 
Figure 1: a-b) Local mean curvature on a specimen 

from the femoral head and second lumbar vertebra, 

respectively. c-d) Principal curvature probability 

density maps for all the specimens from the femoral 

head and second lumbar vertebra, respectively.  

 

Discussion 

Our local and global analyses provide a fundamental 

geometric foundation to the quantification of trabecular 

bone morphology. In addition to enhancing structure-

function relationships of bone, our framework could 

instruct the design of bone-mimicking scaffolds. For 

example, our curvature maps reveal that the curvature 

spectrum of bone is much more complex than that of 

common scaffold architectures, such as strut-based 

lattices or triply periodic minimal surfaces (TPMS) [4]. 

Additionally, our framework could serve as a 

quantitative basis in the emerging field of geometry-

guided tissue growth [5]. 
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Introduction 

It is speculated that the pathogenesis of osteoarthritis is 

associated with changes in the architecture of calcified 

cartilage and subchondral bone, resulting in abnormal 

strain distribution in the overlying articular cartilage. 

This highlights the importance of measuring strain 

changes at the bone-cartilage interface with techniques 

such as high-resolution X-ray computed tomography 

(XCT) and digital volume correlation (DVC). However, 

DVC requires grayscale contrast which is hard to 

achieve in soft tissues such as native cartilage due to its 

lower X-ray absorption. Thus, tissue staining using 

contrast agents such as phosphotungstic acid (PTA) and 

polyoxometalate structures (POM) can be used to 

visualize articular cartilage for XCT imaging [1][2], but 

most stains bind to matrix components and alter tissue 

mechanics. Therefore, the aim of this preliminary study 

is to establish appropriate staining techniques to ensure 

the generation of significant contrast for XCT imaging 

of the articular cartilage, whilst maintaining mechanical 

properties of the tissue for subsequent DVC analysis of 

the bone-cartilage interface. 

 

Methods 

Cylindrical osteochondral plugs (Ø = 4 mm, H = 8 mm 

were cored from the medial condyle of bovine tibiae. 

Whole hindlimbs were obtained from ex-breeder 

Dunkin-Hartley guinea pigs. Tissue samples were 

stained using either (1) 1% (w/v) PTA in 70% EtOH for 

21 h [3] or (2) 3.5% (a Hafnium-based Wells-Dawson) 

POM [1] in PBS for 72 h. Micromechanical testing was 

performed on the plugs by indenting the central cartilage 

surface [4]. All samples were hydrated in PBS and 

imaged either wrapped in parafilm (whole joints, 

60kV/5W, 3µm voxel size, 2401 proj) or in sealed 

polyamide tubes (plugs, 40kV/3W, 2µm voxel size, 

2401 proj) using a high-resolution 3D X-ray microscope 

(Versa 520, Zeiss, Germany). 

 

Results 

Staining osteochondral plugs with PTA showed an 

increase in stiffness (from 0.61 to 1.14mN/µm) of the 

articular cartilage from micro-indentation tests (Fig 1A). 

The use of POM stain showed tissue stiffness 

(0.61mN/µm) similar to that of fresh (pre-stain) levels 

(0.68mN/µm) (Fig 1B). POM staining also showed 

enhanced greyscale contrast in the articular cartilage, 

calcified cartilage and subchondral bone during XCT 

imaging (Fig 2A) and was also successful in resolving 

other soft tissue features such as tendons, ligaments and 

menisci in guinea pig joints (Fig 2B). 

 

 
Figure 1: Average (±SD) force-displacement curves 

before and after (A) PTA and (B) POM staining.  

 

 
Figure 2: XCT images after POM staining of (A) 

osteochondral plug and (B) guinea pig joint. Showing 

bone (b), cartilage (c), calcified cartilage (cc), meniscus 

(m) and tendon (t). 

 

Discussion 

Previous research has included the use of POM staining 

for the 3D visualization of both mineralized and soft 

tissues in mouse joints [1]. However, the effect of this 

stain on tissue micromechanics has not been explored. 

This study shows that compared to PTA staining which 

causes increases in tissue stiffness, POM does not alter 

cartilage micromechanics compared to unstained fresh 

tissue. This, and the enhanced visualization of cartilage 

and other soft tissues will allow the strain measurement 

at the bone-cartilage interface using XCT imaging 

combined with in situ loading and DVC to be further 

investigated.  
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Introduction 
Three-dimensional (3D) reconstruction of knee bones 
from images is crucial for different biomechanical 
applications like anatomical variability analysis, 
mechanical evaluation of both patello- and tibio-femoral 
joints [1], [2]. Especially, segmentation of CT scans is 
made challenging by the presence of strong irregularities 
at femur condylar level and osteophytes, requiring 
intensive radiological effort and being prone to inter-
operator variability. We propose an automatic 
segmentation method that leverages an innovative 
convolutional neural network taking its root from the 
Unet.  

Materials and Methods 
The proposed method was based on a 3D neural network 
trained on segmented CT axial scans of the knee joint 
anatomy, including tibia, femur, patella and fibula. The 
dataset was provided in anonymized form by MEDACTA 
International SA (Castel San Pietro, Switzerland) and 
included 260 case patients. The training, validation, and 
test set contained a percentage of the original data equal to 
0.75, 0.15, 0.10, respectively.  
A previous research of our group [3] was conducted on the 
topic and the relevant results were used as starting point 
for this work. The present study was divided into two main 
parts: the first was a comparison of 2 models sharing the 
state-of-the-art Unet model [2] as common architecture 
and trained with two different cost functions, namely 
boundary and focal loss. The second was the development 
of a new and innovative encoding-decoding architecture 
(Cel-Unet) with a targeted loss function (CEL loss) to 
enhance segmentation accuracy. Cel-Unet (Fig. 1) took its 
root from the Unet splitting the decoding path in two 
parallel branches: one to segment the whole bone 
structure, the other to predict the boundaries of the 
interested anatomies. The segmentation performances 
were evaluated on the test set using IoU, Precision and 
Recall metrics. 

 
Figure 1: Architecture of the developed CEL-Unet. Top 
decoding branch segments full bone structures, while 
bottom decoding path only segments bone boundaries. 

 
3D reconstruction accuracy was measured in terms of root 
mean squared error (RMSE), as the difference between 
reconstructed and original shapes. 

Results 
Table 1 reports the segmentation comparison for femur and 
tibia between traditional Unet and Cel-Unet. Results, in 
favor of the proposed network, were greater than 0.95 in all 
the three metrics.  Obtained RMSE are less than 0.5mm on 
average on the test set. A qualitative analysis also evidenced 
the improved ability of the CEL-Unet to better delineate 
irregularities, adjacent surfaces and osteophytes (Fig. 2).  

Bone Architecture IoU Prec Recall 

FEMUR 
Unet 0.96 0.98 0.98 
CEL-Unet 0.97 0.99 0.98 

TIBIA 
Unet 0.95 0.97 0.98 
CEL-Unet 0.96 0.98 0.98 

Table 1: Comparison between results of Unet and CEL-
Unet. 
 

 
Figure 2: Segmentation details. The Cel-Unet was able to 
reduce undue both under- and over-segmentation. 

Conclusions 
The developed deep convolutional network was proved 
effective and superior to literature methods to 
concurrently segment distal femur and proximal tibia, 
exhibiting severe pathological deformations, in knee CT 
volumes. Prospectively, this can be used as a support tool 
for biomedical and medical analysis. 
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Introduction 

For improvement of the clinical outcome of 

endoprostheses, research is conducted towards so 

called smart implants. Additional sensory or active 

functions promise enhanced possibilities of therapeutic 

measures. To power the internal electronics of such 

devices, the question of optimal energy supply arises. 

Batteries and external power sources bring drawbacks 

like their limited lifespan or the dependency on 

external equipment, respectively. Therefore, energy 

harvesting approaches are investigated.  

In the present study, we continued our work on an 

energy harvesting system (EHS) for energy-

autonomous instrumented total hip replacements [1]. 

The EHS consists of a piezoelectric multilayer element 

in an ultra-high molecular-weight polyethylene 

housing which is placed in a cavity that was excised 

from the original hip stem geometry (Figure 1). When 

the implant is loaded, force is transmitted through the 

implant and through the housing on the piezoelectric 

element. Thereby, voltage is generated. The aim of this 

study was to experimentally investigate the energy-

conversion performance. Hence, a functional model 

was manufactured and tested in a simplified set-up. 

 

Methods 

The fully assembled hip stem with EHS was embedded 

in a specimen holder based on ISO 7206-4:2010 [2]. 

However, the alignment was chosen on basis of 

preceding iterative finite element analyses (FEA) in 

ANSYS V18.2. The sample was loaded by a uniaxial 

testing machine with average patient walking loads 

from Bergmann et al. [3] for 10 cycles. The 

piezoelectric element was connected to load resistors 

and the generated voltage was measured by an 

oscilloscope, using a voltage divider. We processed the 

measured data in MATLAB 8.4 and calculated the total 

voltage and the generated power. According to our 

previous work [1], we used the approach from Safaei et 

al. [4] to simulate the voltage and power on basis of the 

FEA results, using the force acting on the piezoelectric 

element when loaded with the maximum force during 

the gait cycle. 

 
Figure 1: FE model of set-up with cross sectional view 

(left) and embedded implant with EHS (right) 

Results 

The simulated force acting on the piezoelectric element 

amounted to 86.5 N. The voltage curves from testing 

and simulation were in very good accordance. This is 

shown for the configuration with the maximum power 

output (R=0.5 M, P=12.3 µW). Highest deviations 

occurred for the first cycle. The experimentally 

determined power was in the lower range of the 

simulated values (accounting for 20% tolerance for the 

piezoelectric element’s capacity of C=220±44 nF). 

 
Figure 2: First three voltage cycles at R=0.5 M (left) 

and generated power against load resistance (right) 

Discussion & Conclusion 

With this proof-of-concept study, we showed the 

feasibility of energy harvesting with our proposed 

EHS. Our numerical simulation was validated by 

experimental results. The deviations from experiment 

and simulation in the first cycle are assumed to result 

from initial controlling by the testing machine leading 

to slightly different force inputs. Further factors for 

deviations are differences between real and assumed 

material parameters and manufacturing tolerances 

impairing the force transfer on the piezoelectric 

element. Compared to our previous work [1], the forces 

on the piezoelectric element were lower due to a 

different loading situation in this set-up resulting in a 

lower power output. In future studies, we will implant 

the functional model of the instrumented implant in an 

artificial bone and investigate the EHS performance in 

a more physiological-like loading situation.  
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Introduction 
Bi-condylar tibial plateau fractures are one of the most 
complicated injuries to treat even for expert orthopedic 
surgeons due to multi-planar fracture splits [1]. Despite 
diverse internal and external fixation methods, double 
plating osteosynthesis has been mainly recommended 
for this trauma [2]. However, the type and position of 
the plate to achieve adequate fixation stability has been 
still questionable. This controversy is mainly 
associated with disregarding the posteromedial 
fragment in the previous fracture classifications. The 
Horwitz fracture model, used mainly in previous 
biomechanical assessments, also did not take this 
crucial fracture segment into account [3]. Therefore, 
we aimed to compare two kinds of double locked 
plating method applying a coronal fracture model 
developed previously in our institution. Fixation 
techniques consisted of the lateral and medial locking 
plates in which the medial plate was implanted medial-
anteriorly (MA) or medial-posteriorly (MP). 

Methods  
Fourteen fresh-frozen tibias were allocated into two 
groups with similar BMD values. After actualization of 
the coronal fracture model and fixation of fractures 
with either the MA method or the MP technique, the 
specimens were tested under incremental fatigue 
loading conditions using a customized load applicator. 
The Aramis camera as an optical motion tracking 
system was utilized for the evaluation of the 
interfragmentary movements and relative rotations of 
the fracture segments (Figure 1). 

 
Figure 1: Anteroposterior and mediolateral X-ray 
images of the MA and MP groups 

Results 
The obtained biomechanical results showed that there 
were no statistically significant differences between the 

two fixation methods in terms of stiffness, failure load, or 
failure cycles (p= 0.67-0.98, depending on the measured 
parameter). The kinematic evaluations, however, 
demonstrated that by changing the position of the medial 
locking plate, the directions of the frontal and sagittal 
rotations were changed for the medial-anterior and 
medial-posterior fracture segments (Figure 2).  

 
Figure 2: Components of the relative rotations for the 
medial-anterior and medial-posterior fragments with 
respect to the tibial shaft for the MA and MP groups 

Discussion 
Comparing two methods of double locked plating for a 
coronal fracture model of bi-condylar tibial plateau 
fractures indicated that the location of the medial 
locking plate does not affect the biomechanical 
stability of the tibia-implant construct. However, 
anterior or posterior insertion of the medial plate 
changed the movement directions of the medial 
fracture fragments. Therefore, the slightly larger step-
offs were observed for the medial-posterior 
implantation. In conclusion, according to the surgeon’s 
decisions for clinical conditions of the patients, bi-
condylar tibial plateau fractures can be stabilized with 
the lateral locking plate combined with a medial one 
located anteriorly or posteriorly.  
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Introduction 
For the treatment of trochanteric hip fracture the 
percutaneous compression extramedullary plate (PCCP, 
Orthofix) and the intramedullary nail Veronail 
(Orthofix) have shown clinical effects similar to other 
intramedullary nails in both stable and unstable fractures 
[1,2]. Moreover, the PCCP decreases the post-operative 
hospital stay and overall economical cost compared to 
the intramedullary [1]. However, from a biomechanical 
point of view, intramedullary nails have been mentioned 
to have the advantage of reducing the deforming forces 
more than  the extramedullary plate, because the lever 
arm from the hip joint to the nail is shorter [2]. 
The aim of this study is to compare the mechanical 
behavior, by using finite element (FE) analysis, of four 
different commercial implants used to treat those 
fractures: the intramedullary Gamma3 Nail (GN, 
Stryker), the Proximal femoral nail (PFN, Synthes), 
Veronail and the extramedullary PCCP in two different 
fracture models of the femur. 
 
Methods 
AO 31-A1 and AO 31-A2 [3] fracture models were 
replicated in a 3D model of a femur: its distal extremity, 
corresponding to 40% of the length, was resected with 
respect to horizontal plane and fully constrained. The 
four models of the devices were reconstructed using 
reverse engineering techniques and inserted in the FE 
model of the femur. A tetrahedral finite element mesh 
was adopted and convergence analysis was performed 
to set the proper discretization. In both fracture cases the 
load was applied to the femoral head: 1866 N for AO 
31-A1 and 1088 N for AO 31-A2 [3,4]. Von Mises 
stresses in the devices were calculated and compared to 
the static yield stress of the material. The stiffness of the 
constructs and maximum and minimum principal strains 
on the bony fracture rims were calculated and compared 
to the values calculated for the intact femur, without 
implants. All the simulations were run in Abaqus 
(Dassault Systèmes, SIMULIA Corp., RI). 
 
Results 
The maximum von Mises stresses were at the interface 
between the nail/plate and the cephalic screw, or 
between the screw and the support guide (Figure 1). The 
most stressed device was the GN, but all models had 
stress levels far from yield. In the AO 31-A2 fracture, 
only the PCCP and PFN allowed to recover the overall 
stiffness of the intact femur (Table 1). The minimum 
value of compressive principal strain was in the 
posteromedial region of the fracture rim (Table 1).  

 
Figure 1: The von Mises stress distribution for each 
device. The arrows show the maximum. 
 

Fracture 
type Model Stiffness 

(N/mm) 
Strain postero-

medial area (%) 
– Intact (reference) 2475 -0.234 

31-A1 

Gamma Nail 2801 -0.201 
PFN 2854 -0.188 

Veronail 2984 -0.194 
PCCP 3090 -0.203 

31-A2 

Gamma Nail 2247 -0.997 
PFN 2441 -0.992 

Veronail 2351 -0.936 
PCCP 2491 -0.842 

Table 1: Overall stiffness and minimum principal strain 
of the bone in the posteromedial region of the fracture 
surface for each model and fracture type. 
 
Discussion 
The locations of maximum von Mises stresses in the 
implants are in agreement with literature [5,6]. The 
stress distribution of the PCCP was similar to the 
intramedullary nails having the two screws. In the AO 
31-A2 fracture, the principal strain of the PCCP 
increased about 15% compared to that of the GN. 
Moreover, the stiffness of the PCCP was higher than 
other implants due to the stiffer material (stainless steel) 
and two screws. 
These results show that from a biomechanical point of 
view, the extramedullary implant PCCP could be used 
safely as the other intramedullary implants, even for the 
unstable trochanteric fracture. Finally, the PCCP can be 
a good alternative for the trochanteric fracture treatment, 
although other drawbacks (i.e. cut-off) have not been 
completely solved. 
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Introduction 
A common location for radius fracture is the proximal 
radial head. With the arm in neutral position, the fracture 
usually happens in the anterolateral quadrant [1]. 
If traditional surgeries are not enough to induce bone 
stabilization and vascularization, or the fracture can be 
defined grade III or grade IV (Mason classification), a 
radial head prosthesis can be the optimal compromise 
between bone saving and recovering the “terrible triad”. 
A commercially available design of radial head 
prosthesis such as Antea (Adler Ortho, Milan, Italy) is 
characterized by flexibility in selecting the best 
matching size for patients and induced osteointegration 
thanks to the Ti-Por® radial stem realized by 3D 
printing with laser technique (Figure 1). As 
demonstrated, Ti-Por® push-out resistance increased 
45% between 8 -12 weeks after implantation, hence 
confirming the ideal bone-osteointegration. Additional 
features of Antea are: bipolarity, modularity, TiN 
coating, radiolucency, hypoallergenic, 10° self-aligning.  
The osteointegration is of paramount importance for 
radius, in fact the literature is unfortunately reporting 
several clinical cases for which the fracture of the 
prosthesis happened after bone-resorption. Even if 
related to an uncommon activity, the combination of 
mechanical resistance provided by the prosthesis and the 
stabilization due to the osteointegration should cover 
also accidental movements. 

 
Figure 1: Antea design (Adler Ortho, Milano, Italy) 

 
Based upon [1], after axial compression-load until radii 
failure, all native specimens survived a compression-
load of 500N, while the failure happened for a mean 
compression force of 2560N. 
The aim of this research study was to test the mechanical 
resistance of a radial head prosthesis obtained by 3D 
printing. 
 
Methods 
In detail, a finite element analysis (FEA) was used to 
understand the mechanical resistance of the core of the 
prosthesis and the potential bone fracture induced in the 
radius with simulated bone- resorption (Figure 2a). The 
critical level was estimated at the height for which the 
thickness of the core is the minimum (Figure 2b). 
Considered boundary conditions: 

 Full-length prosthesis plus radius out of the 
cement block equal to 60mm; 

 Bone inside the cement equal to 60mm; 
 Load inclined 10° epiphysiary component; 

 Radius with physiological or osteoporotic bone 
conditions; 

 Load (concentrated in the sphere simulating 
full transmission from the articulation) of 500N 
or 1300N or 2560N; 

 Porous metal as equivalent linear elastic 
material with E1=0,75GPa or E2=1.515GPa or 
E3=3GPa. 

 
Figure 2: a) configuration of the model used for the 
FEM; b) level of the simulated bone-resorption up to the 
level for which the core has the minimum thickness; c) 
direction of applied load 
 
Results 
The maximum stress on the core of the prosthesis and 
the risk of fracture [2] were observed. 
According to the obtained results, the radial head 
prosthesis shows promising mechanical resistance 
despite of the different equivalent materials for the 
porous structure and the simulated bone-resorption for 
all applied loads except for 2560N. The estimated 
mechanical limit for the material in use is 200MPa. The 
risk of fracture is in agreement with the experimental 
findings [1] and independent by the porous material, in 
fact bone starts to fail for the minimum reported failure 
load (Figure 3). 

 
Figure 3: changes of risk of fractures for the different 
configurations (limit for fracture =1) 
 
Discussion 
The presented FEA aimed at investigating the behavior 
of a femoral head prostheses made by 3D printing with 
simulated bone-resorption. The prosthesis shows to be a 
skilled solution even during accidental loads. 
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Introduction 

About 10-15% of acetabular implants fails every year, 

requiring revision surgery. Implantation of the revision 

prosthesis is generally addressed after restoration of 

bone defects arising in and around the acetabulum as 

consequence of implant failure. Morcellised bone graft 

represents the golden standard solution for defect filling. 

However, due to the lack of availability of human tissue, 

synthetic bone graft is becoming more popular in 

revision surgery.  

The aim of the present study was to assess if a calcium-

phosphate based substitute (CaP-putty) could provide a 

primary stability similar to the one provided by 

morcellised bone graft, when applied to treat central, 

severe, contained defects. Primary stability was assessed 

via Digital Image Correlation (DIC).  

 

Materials and methods 

Five pairs of fresh-frozen hemipelvises were adopted. 

The specimens were aligned in a reliable reference 

frame and potted [1]. To reproduce consistent defects, 

the procedure illustrated in Figure 1 was applied.  

 

Figure 1: A standardized acetabular defect was 

implemented [2]. Each hemipelvis and its contralateral 

side were alternatively reconstructed with morselized 

bone graft or CaP-based material. Commercial cups 

were press-fit in the acetabular cavity and two 

anchoring screws were used. 

A black-on-white speckle pattern was applied on each 

specimen before the test. The loading protocol consisted 

of cyclic increasing load packages up to 3 BW. The 

loading direction was chosen so as to replicate the 

direction of the peak force measured in vivo during level 

walking. A validated protocol was used to measure the 

permanent migrations and the inducible micromotions 

at each load cycle through the DIC system [3]. 

Results 

The permanent migration steadily increased with load, 

showing a visible settling trend in each load package at 

low forces. At 3.0 BW the permanent migration 

measured in specimens reconstructed with CaP-putty 

was larger than in specimens reconstructed with bone 

graft (1.39mm vs 0.84 mm, median values), but such 

difference was statistically not-significant at all load 

levels (Wilcoxon signed rank sum test, p=0.06-1.0). 

A similar trend was found for the inducible 

micromotions: the largest ones were measured in 

specimens reconstructed with CaP-putty (0.240 mm vs 

0.15 mm, median values), but the difference between 

groups was statistically not-significant at all load levels 

(Wilcoxon signed rank sum test, p=0.06-1.0) (Figure 3). 

 
Figure 2: The resultant permanent migration and the 

resultant inducible micromotions measured during each 

test are shown for the morcellised bone graft (left) and 

CaP putty (right). 

 

Discussion 

CaP putty granted a mechanical stability comparable 

with morcellised bone graft when applied in the 

acetabulum with severe, contained defects. In fact, in 

both cases the clinical thresholds related to implant 

failure (i.e. 1 mm for the permanent migration and 150 

micrometers for the elastic motions) were not exceeded.  

In conclusion, this study has shown very promising 

biomechanical properties of the newly developed CaP 

putty, when applied to severe contained defects, with 

remarkable advantages in terms of cost, availability, 

conservation and body-rejection. 
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Introduction: Although total knee arthroplasty (TKA) is an established procedure with 95% survivorship, 
around 14-39% of patients report dissatisfaction with the outcome [1]. Despite a wide number of available 
TKA designs, there is no clear consensus about the effectivity of specific design geometrical features to 
achieve a physiological knee joint kinematic pattern of medial pivot and lateral rollback during flexion. The 
aim of this study was to analyze different TKA designs during in-vivo conditions to achieve an 
understanding of specific design influence. 

Material & Methods: Different cohorts of patients operated with specific TKA designs consisting of; 
multiradius, gradually changing radius, lateral pivot, bi-cruciate stabilized and high contact area were 
analyzed in-vivo during weight and non-weightbearing high flexion activities. Single plane fluoroscopy was 
used to collect the movement from extension until maximal achieved flexion [2]. Specific medial and lateral 
distal points relative to the tibia component plateau were determined to conduct an anterior-posterior 
kinematic analysis. 

Results: While a tendency towards a design-based kinematic was observed during non-weight bearing 
conditions, reduced anterior-posterior translation magnitudes or inversed kinematic, like exchanged axial 
rotation pivots were observed during weight-bearing conditions. An example of this contradicting 
kinematic can be observed in Figure 1, which shows the kinematic in patients with a lateral pivot implant 
with unexpected pivot changing. 

 
Figure 1. Axial pivot changing between non-weight bearing (left) and weight bearing (right) activities. 

Conclusions:  Although there is undoubtedly an effect of specific design features, this effect is influenced 
by the interactions between femoral radius and conformity, loading conditions or cruciate ligament 
strategy applied. Future designing need to consider the differentiation between loaded and unloaded 
kinematics, ligament balancing procedure to be applied and also which patient cohort would really benefit 

from an specific implant. 
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Introduction 

Severe traumatic meniscal injuries or premature 

meniscus degeneration requires, in some cases a total 
meniscectomy. In order to overcome the poor long-term 
prognosis of total meniscectomy, especially for middle-

aged patients, a total meniscus replacement implant 

(NUsurface, Active Implants LLC) was developed. 

Due to individual knee joint anatomy, it can be 
necessary to perform a notchplasty during the 
implantation to avoid an impingement of the implant́ s 

lateral wall with the femoral intercondylar notch. 
However, the effects of such an invasive notchplasty on 
the device kinematics and its stability in the knee joint 

have not been investigated. Therefore, the aim of this in-
vitro study was to examine the implant kinematics 

before and after two subsequent notchplasties with 
increasing tissue removal under realistic loading 
situations and different limb alignments . 

 

Methods 

The Ulm dynamic knee simulator1 was used to perform 
realistic loading and motion exercises on six left human 

cadaveric knee joints (IRB: 34/19). Passive reflective 
markers were attached to the antero-medial aspect of the 

implant and to the bony structures of tibia and femur to 
register the kinematics of the meniscus implant, relative 
to the tibial plateau (Prime13, OptiTrack, Fig. 1). 

 

 
Fig. 1. Specimen in the knee simulator with attached 

reflective markers to the femur, tibia and the implant. 
 
The specimens were equally divided into two groups to 

study the effect of knee alignment on implant stability 
under physiological and 10° valgus alignment of the 
mechanical axis of the lower limb. The last scenario was 

chosen to represent a worst-case scenario in terms of 
implant stability by simulating a reduced contact at the 

medial joint compartment. Two qualified surgeons (SH 
& VC) performed the implantation and the 
notchplasties. For each joint condition, a set of three 

exercises were randomly simulated: jump landing, 

squatting and axial ground impacts at 10°, 30° and 60° 

knee flexion. The data acquisition was performed using 
an established marker-based motion analysis protocol. 
Results were calculated using descriptive evaluation. 

  

Results 

During all tests, the NUsurface® implant stayed in a safe  

position without subluxation or dislocation tendencies. 
The maximum implant translation was less than 12 mm 
and the maximum implant rotation was below 20° for all 

exercises. Both, neutral and valgus alignment of the 
mechanical axis of the lower limb had no influence on 
implant kinematics. After notchplasty, a trend towards 

increased translation was observed at axial impacts 
under 10° knee flexion (Fig.2), while a trend towards a 

reduction of translation occurred under 60° knee flexion.  

 
Fig. 2. Axial impact at 10° knee flexion: implant 

translation and rotation, divided in normal and valgus 
alignment and under the subsequent notchplasty states. 
 

Discussion 

The results of the present study indicate that the 
NUsurface® implant stayed in a safe position under all 

of the here investigated conditions. Thus, we can 
conclude, that the extent of the notchplasty and the 
malalignment of the leg axis  had no influence on the 

stability and kinematics of the implant. Therefore, 
patients with valgus up to 10° may benefit from the 
device. Further, the kinematic behaviour of the implant 

lies well within the range of implant translations, 
clinically measured using Magnetic Resonance Imaging 

in patients without notchplasty2.  
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Introduction 
This study aims at comparing the clinical and 
biomechanics effects of symmetric and asymmetric 
designs for the polyethylene insert currently available 
for mobile bearing total knee arthroplasty (TKA). The 
investigation was performed in-vivo, ex-vivo and in-
silico. 
 
Methods 
The clinical study involved the retrospective analysis of 
303 patients with a mobile bearing TKA. All patients 
received the same femoral and tibial components; 
concerning the insert, 151 patients received a symmetric 
design (SD) and 152 an asymmetric design (AD). 
The biomechanical study consisted in a 3D finite 
element model and an experimental cadaveric study. 
For the in-silico finite element study (performed in 
agreement with a previously validated one [1]), a lower 
leg model was developed, implanted with the same 
TKAs and analyzed during gait and squat activities; the 
implant kinematics and bone-stresses were investigated 
for the two polyethylene insert solutions. 
For the ex-vivo study, 5 fresh-frozen cadaveric knee 
specimens, with no history of musculoskeletal 
problems, were then investigated following a protocol 
similar to a previously applied one [2]. The femoral 
bone of each specimen was clamped to a specific 
designed frame and optical marker sets were fixed on 
the tibial and femoral bones and also on the polyethylene 
mobile bearing insert and tracked during the motion. 
Each leg was analyzed during 10 passive flexion-
extension cycles from 0° to 120° of flexion and the tibio-
femoral and insert kinematics were calculated during the 
motion. The tests were performed in native and replaced 
configurations, using both symmetric and asymmetric 
designs of the insert. 
  
Results 
The clinical follow-up returned that, after surgery, 
patients' average flexion improved from 105° (with 5° 
of preoperative extension deficit) to 120° (AD-group) 
and 115° (SD-group) at the latest follow-up. 
All the clinical scores significantly improved after 
surgery and there was no postoperative extension 
deficit. No pain affected the AD-group, while an antero-
lateral pain was reported in some patients of the SD-
group. Patients of the AD-group presented a better 
ability to perform certain physical routines. 
The finite element analysis results showed that the SD 
induces higher tibial-bone stresses than the AD; both 

designs led to similar kinematics, comparable to 
literature, but however SD insert rotates less on the tray, 
increasing the relative motion between femoral and 
insert components, while AD insert permits greater 
insert rotation. 
Experimental ex-vivo tests results, in agreement with 
the previous findings, showed that the AD allows a 
better compliance in internal-external rotation: the 
rotation angle between tibia and insert indeed matches 
the one found in the tibio-femoral while the SD insert 
returned instead lower results [see Figure 1], implying a 
greater relative motion between femoral and insert 
components. 
 

 
Figure 1: Range of Rotations from the ex-vivo tests, in 
terms of flexion and internal-external (both of tibia and 
insert) ranges, for the three different configurations 
tested. 
 
Discussion 
The ex-vivo and in-silico biomechanical analysis 
justifies the clinical findings: overall joint TKA 
kinematics is similar for the two designs, although the 
asymmetric solution shows higher insert rotation and 
less bone stress, thus resulting as more suitable to be 
cemented, avoiding lift-off issues, inducing less pain. 
Clinically and biomechanically, an asymmetric mobile 
bearing insert could be a valid alternative to symmetric 
mobile bearing insert. 
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Introduction 

The concept of the Dual Mobility Cup (DMC) was 

developed, in 1974, by G. Bousquet [1]. This hip 

prosthesis is composed of two joints : a large one, 

between the metallic cup and the polyethylene liner, and 

a small one between the femoral head and the 

polyethylene liner. Compared to standard prosthesis, 

this design helps to restore the hip joint range of motion, 

decrease wear, and increase implant stability [3]. 

The way this prosthesis moves in vivo has not been 

established yet. Therefore, this study aims at visualizing 

and quantifying the liner movement in ex vivo 

experiments, for different leg movements. Ultrasound 

imaging is used as it is non-invasive, and has already 

been used to visualize the liner movement in vitro (on 

immerged DMC) [2].  

 

Methods 

A DMC (Serf Novae®) was implanted on a cadaveric 

subject (male, 78 years old). Six intracortical pins with 

reflective markers tripods were fixed in the pelvis, left 

femur and tibia. One rigid tripod was fixed on a 3D 

ultrasound probe (SuperLinear™ Volumetric SLV16-5).  

Hip joint range of motion (RoM) was applied manually 

and recorded using Optitrack (NaturalPoint, Inc.). 

Ultrasound acquisitions were performed, in a series of 

static poses, using the 3D probe and an ultrasound 

system (Aixplorer® Supersonic Imagine®).  

Hip kinematics and ultrasound imaging position were 

obtained using motion analysis data (Figure 1). Liner 

spherical surface and plane were segmented on the 

ultrasound imaging data using 3D Slicer. Thanks to 

these data, change of abduction and anteversion angle of 

the liner plane, relative to the pelvis, were calculated for 

different movements using MATLAB (MathWorks®). 

 

Results 
 

Hip movement RoM (°) Abduction (°) Anteversion (°) 

Flexion 20.6 8.5 -5.6 

Abduction 14.8 -5.7 -7.1 

Adduction 5.0 6.9 0.7 

Internal rotation 12.9 5.1 -2.8 

External rotation 30.2 -7.9 9.0 

Table 1: Change of abduction and anteversion angle of 

the liner plane after hip movement (RoM and angles in 

degrees) 

 

No clear tendency was found between hip joint and liner 

plane angles. However, at the end of a series of static 

poses starting and going back to neutral posture, the 

liner did not return to its initial orientation (Table 1).  

Biomechanical data show a greater liner movement for 

flexion, external rotation and hip abduction  (abduction 

and anteversion angle greater than 5°), while 5° of hip 

adduction produce a small anteversion movement 

(anteversion angle less than 1°) .  

 
Figure 1: Liner position using fused data (left) – 3D 

ultrasound imaging (right)  
 

Discussion 

This preliminary ex vivo study showed that the liner 

movement could be quantified and visualised using 

ultrasound imaging. This result is promising for future 

in vivo studies, where we expect muscular activity to 

also affect liner movement. Moreover, even though the 

study was conducted on only one subject and only for 

small RoM because of the probe size positioned on the 

groin area, liner movement could still be observed. The 

amount of liner movement is not negligible, but remains 

under 10° of amplitude. Therefore, further experiments 

should be carried out to better understand the liner 

movement, and identify movement patterns.    
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Introduction  
Intramedullary nails are frequently used for treatment of 
unstable distal tibia fractures. However, insufficient 
fixation of the distal fragment could result in delayed 
healing, malunion or nonunion. The quality of fixation 
may be adversely affected by the design of both the nail 
and locking screws, as well as by the fracture pattern and 
bone density. Recently, a novel concept for angular 
stable nailing has been developed that maintains the 
principle of relative stability and introduces 
improvements expected to reduce nail toggling, screw 
migration and secondary loss of reduction. It 
incorporates polyether ether ketone (PEEK) inlays 
integrated in the distal and proximal canal portions of 
the nail for angular stable screw locking (Fig. 1). The 
nail can be used with new standard locking screws and 
low-profile retaining locking screws, both designed to 
enhance cortical fixation. The low-profile screws are 
with threaded head, anchoring in the bone and 
increasing the surface contact area due to the head’s 
increased diameter. 
The aim of this study was to investigate the 
biomechanical competence of the novel angular stable 
intramedullary nail concept for treatment of unstable 
distal tibia fractures, compared with four other nail 
designs in an artificial bone model. 

Figure 1: Photographs of the proximal (left) and distal 
(right) portions of the novel nail concept with integrated 
polyether ether ketone (PEEK) inlays for angular stable 
screw locking. 

Methods 
The distal 70 mm of thirty artificial tibiae (Synbone) 
were assigned to 5 groups for distal locking using either 
four different commercially available nails – group 1: 
Expert Tibia Nail (DePuy Synthes); group 2: TRIGEN 
META-NAIL with Internal Hex Captured Screws 
(Smith & Nephew); group 3: T2 Alpha with Locking 

Screws (Stryker); group 4: Natural Nail System 
featuring StabiliZe Technology (Zimmer) – or the novel 
angular stable TN-Advanced nail with low-profile 
screws (group 5, DePuy Synthes). The distal locking in 
all groups was performed using 2 mediolateral screws. 
All specimens were biomechanically tested under quasi-
static and progressively increasing combined cyclic 
axial and torsional loading in internal rotation until 
failure, with monitoring by means of motion tracking. 

Results 
Initial nail toggling of the distal tibia fragment in group 
5 was significantly lower as compared with group 3 in 
varus (p=0.04) or with groups 2 and 4 in flexion (p≤0.02, 
Table 1). In addition, the toggling in flexion was 
significantly lower in group 1 versus group 4 (p<0.01). 
Moreover, during dynamic loading, within the course of 
the first 10,000 cycles the movements of the distal 
fragment in terms of varus, flexion, internal rotation, as 
well as axial and shear displacements at the fracture site, 
were all significantly lower in group 5 compared with 
group 4 (p<0.01). Additionally, group 5 demonstrated 
significantly lower values for flexion versus groups 2 
and 3 (p≤0.04), for internal rotation versus group 1 
(p=0.03), and for axial displacement versus group 3 
(p=0.03). A trend to significantly lower values was 
detected in group 5 versus group 1 for varus, flexion, 
and shear displacement – with p-values ranging between 
0.05 and 0.07 – and versus group 3 for shear 
displacement (p=0.07). Cycles to failure were highest in 
group 5 with a significant difference to group 4 
(p<0.01). 

Group Varus (°) Flexion (°)
1 0.22±0.12 0.23±0.17
2 0.24±0.12 0.43±0.27
3 0.57±0.41 0.38±0.16
4 0.31±0.12 0.68±0.18
5 0.19±0.11 0.08±0.04

Table 1: Initial nail toggling in varus and flexion in the 
five groups presented in terms of mean and standard 
deviation. 

Discussion 
From a biomechanical perspective, the novel angular 
stable intramedullary nail concept with integrated PEEK 
inlays and low-profile screws provides ameliorated 
resistance against nail toggling and loss of reduction 
under static and dynamic loading compared with other 
commercially available intramedullary nails used for 
fixation of unstable distal tibia fractures. 
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Introduction 

Pilot hole preparation, in particular pilot hole diameter 

is one of the most remarkable pretreatments which 

affects bone screw stability [1]. Pull-out tests are 

considered the gold standard to assess screw stability but 

tests are limited due to their destructiveness. Non-

destructive acoustic modal analysis is being used to 

evaluate the primary and secondary stability of bone 

screws, and has recently been proposed for orthopedic 

and spine applications [2]. In acoustic modal analysis, 

deformation modes of a vibrational system can be 

stimulated, and natural frequencies can be recorded. 

These natural frequencies are related to mechanical 

stability [3]. The Periotest® is widely used to assess 

stability of dental implants [3]; the electromechanical 

device contains a sensitive tipper that hits the implant 16 

times in 4 seconds [3]; the contact time is measured and 

expressed on a scale from -8 (well-integrated) to +50 (no 

osseointegration). Considering its widespread use, the 

aim of this study was to compare the Periotest® values 

with conventional pull-out test and acoustic modal 

analysis in quantifying the effect of pilot hole diameter 

on primary implant stability. 

 

Methods 

Twenty specimens (40x40x60 mm3) were cut from 

polyethylene (PE) blocks with a density of 947 kg/m3 

and elastic modulus of 1000 MPa. Pilot hole diameters 

of 5.0, 5.25, 5.5 and 5.75 mm, respectively, were drilled 

to depths of 20 mm (N=5/group). A self-tapping conical 

pedicle screw with an outer diameter of 6.5 mm was 

inserted into the pilot holes.  

The screw-block structure was clamped (Figure 1) while 

two boundary faces were fixed during acoustic modal 

analysis and Periotest® (Medizintechnik Gulden, 

Modautal, Germany) methods. Acoustic modal analysis 

test was performed using a sound recording technique. 

A microphone (Audio–Control CM-145, Apple Inc. 

USA) was used to record the sound after small hammer 

lightly bellows to the head of the screw. The natural 

frequency of the first vibration mode was extracted by 

applying fast Fourier transformation (FFT) to the sound 

data. The Periotest® was carried out with the Periotest® 

device fixed in another clamp in order to remove 

undesired deviations (Figure 1). Pull-out test was carried 

out according to the earlier study [4]. 

 

Results 

The maximum natural frequency derived from acoustic 

modal analysis and pull-out force were 1824 ± 3 Hz and 

4800 ± 172 N, respectively for the 5.5 mm pilot hole. 

Moreover, the minimum (most stable) value for the 

Periotest® was 3.2 ± 0.4 and was found for the same 5.5 

mm pilot hole (Table 1).  

 

  
Figure 1:  Experimental setup for acoustic modal analysis and 

Periotest® device tests.  

 

Model Method 

Pilot Hole 
Diameter 

 (mm) 

Pull-out 
force  

(N) 

Acoustic Modal 
Analysis  

(Hz) 

Periotest  

Scale 

5.0 4682 ± 160 1540 ± 6 +6.1 ± 0.3 
5.25 4302 ± 37 1505 ± 2 +6.3 ± 0.3 

5.5 4800 ± 172 1824 ± 3  +3.2 ± 0.4 

5.75 3266 ± 225 1492 ± 6 +6.5 ± 0.2 
Table 1: Experimental data on the pull-out force, first natural 

frequency and Periotest® scale determined for four different pilot hole 

diameters in polyurethane block.  

 

Discussion 

The Periotest® values agreed well with the ones 

obtained from pull-out tests and acoustic modal 

analysis. The 5.5 mm diameter was identified as the 

optimum pilot hole diameter by all three techniques. The 

The Periotest® values as measured in this study would 

indicate that “immediate loading is not possible in most 

cases” [3]. Note that the Periotest scale was developed 

and validated for dental implants placed in the jaw. How 

this scale performs for other configurations, such as the 

pedicle screws placed in PE as in this study, requires 

further evaluation.  
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Introduction 

Total knee arthroplasty is a well established treatment 

for degenerative joint disease, which is also performed 

as a treatment in young and middle-aged adults who 

have a significant physical activity and high life 

expectancy. However, complications may occur due to 

a biological response to polyethylene wear particles as 

well as delamination of the material [1].  

The purpose of the following study was to compare the 

material properties and wear resistance of a vitamin E 

blended polyethylene for total knee arthroplasty (MXE) 
in comparison with a clinically stablished UHMWPE. 

 

Methods 

Two polyethylene materials were tested as gliding 

surfaces: UHMWPE (30 kGy e-beam sterilized) and 

MXE (0.1 % vitamin E blended polyethylene, 30 kGy 

gamma sterilized). The gliding surfaces were artificially 

aged for two weeks according to ASTM F2003-

02(2015). 

The oxidation index was measured based on 

ASTM F2102-17 on both materials before and after 

artificial aging for two weeks up to a depth of 10 mm 
(whole thickness). 

Small punch testing was performed according to ASTM 

F2977-13 on virgin and aged materials. 

Wear simulation was performed on a load controlled 4 

station knee wear simulator (EndoLab GmbH, Thansau, 

Germany) capable of reproducing loads and movement 

of highly demanding activities measured in vivo on 8 

patients [2] and normalized to a patient weight of 100 kg 

[3]. The load profiles were applied for 5 million cycles 

in a combination of 40% stairs up, 40% stairs down, 

10% level walking, 8% chair raising and 2% deep 
squatting. Medium size AS emotion PS Pro (Aesculap 

AG, Tuttlingen, Germany)  femoral and tibial 

components with a ZrN-multilayer surface were tested.  

 

Results 

After two weeks artificial aging, the UHMWPE showed 

oxidation, whereas the MXE material showed a similar 

oxidation index as the virgin material (Fig. 1).  

The small punch test show a reduction in the mechanical 

properties of the aged UHMWPE material, whereas the 

aged MXE material showed similar properties as the 

virgin material. 

During the HDA knee wear simulation, the aged 
UHMWPE showed severe delamination on its surface 

after 2.5 million cycles (Fig. 3a), whereas the aged MXE 

showed no signs of delamination after 5 million cycles 

(Fig. 3b). 

 

 
Figure 1: Oxidation index of the tested material. 

 

 
Figure 1: Small punch test results of the  material. 

 

  
Figure 3: (a) delamination of aged UHMWPE after 

2.5 million HDA cycles; (b) aged MXE gliding surface 

after 5 million HDA cycles, no delamination was seen.  

 

Discussion 

Even after artificial aging, the addition of vitamin E in 

the polyethylene prevented its oxidation, kept its 

mechanical characteristics, and low wear, even under a 
demanding HDA knee wear simulation. 
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Introduction 
The rate of mechanical complications in proximal 
humerus fracture (PHF) fixations has remained high, up 
to 35%, despite the wide use of state-of-the-art locking 
plates [1]. The most frequent mechanical failure mode 
is post-operative screw perforation through the humeral 
head's articular surface, with an up to 23% incidence [2]. 
Non-anatomical fracture reduction and lack of cortical 
support in the calcar region have been reported as major 
risk factors [3]. Nevertheless, other surgical mistakes 
may also contribute to fixation failure, such as in-
adverse intraoperative perforation of the articular 
surfaces during pilot hole drilling, i.e. overdrilling. 
While commonly neglected in clinics, overdrilling often 
occurs during PHF treatment due to minimal tactile 
feedback, especially in osteoporotic bone. Still, its 
consequences on the fixation stability have not been 
investigated. This biomechanical study aimed to 
evaluate whether overdrilling increases the risk of cyclic 
screw perforation failure in unstable PHFs. 
 

Methods 
Nine pairs of fresh-frozen human cadaveric proximal 
humeri from elderly donors (73.7 ± 13.0 ys, f/m: 3/6) 
were osteotomized in a standardized manner using 
subject-specific 3D-printed cutting guides. A highly 
unstable malreduced 3-part fracture without medial and 
lateral support of the head fragment was simulated [4]. 
Fixation was performed with PHILOS plates (DePuy 
Synthes, Switzerland) according to the surgical 
technique guide and using six proximal locking screws. 
The pairs were randomized in two treatment groups, one 
with all pilot holes accurately predrilled (APD) and the 
other with the boreholes of the two calcar screws 
overdrilled (COD). Previously developed experimental 
setup and protocol was utilized for cyclic testing, with 
peak load starting at 50 N and progressively increasing 
by 0.05 N/cycle [4]. The first abrupt increase of 
displacement at valley load defined screw loosening. 
The first screw to penetrate through the joint surface 
closed an electrical circuit when it contacted the 
artificial glenoid component, stopping the test and 
confirming perforation failure.  
 

Results 
The two groups were highly similar in terms of bone 
mineral density (p = 0.91). The COD specimens 
demonstrated significantly lower cycles to initial screw 
loosening (10,310 ± 3,575) compared to the APD ones 
(12,409 ± 4,569), p = 0.006 (Figure 1). Similarly, 

number of cycles to screw perforation was significantly 
lower for COD (20,173 ± 5,851) versus APD (24,311 ± 
6,318), p = 0.019. Failure mode was combined varus 
collapse and lateral-inferior translation of the humeral 
head. In all but one specimen, one of the calcar screws 
was the first to perforate the articular surface. 
 

 
Figure 1: Plated humeri with accurately predrilled pilot 
holes sustained significantly more cycles to initial screw 
loosening (**: p<0.01) and perforation (*: p<0.05) 
compared to specimens with overdrilled boreholes of 
the two calcar screws. 
 

Discussion 
Besides general risk factors such as fracture complexity 
and osteoporosis, the inadequate surgical technique is 
crucial source of the high failure rates in locked plating 
of complex PHFs [5]. This study demonstrates for the 
first time that correct drilling depth significantly 
increases the fixation longevity until screw perforation 
occurs. Study limitations include the fracture model and 
loading mode. While further investigation about the 
prevalence and consequences in the clinical setting is 
needed, raising the surgical community's awareness 
towards this largely neglected risk source, together the 
development of devices to avoid overdrilling, are 
expected to help improve the treatment outcomes. 
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Introduction 

Achieving adequate implant fixation and avoiding bone 

fractures are fundamental requisites in total knee 

arthroplasty; to cover this aspect, industry currently 

provides a variety of stems characterized by several 

designs features. Therefore, surgeons need to determine 

the correct set-up for each patient, choosing from a wide 

array of stem solutions for both femoral and tibial 

components varying in lengths, shapes, bone interfaces 

and additional features. Even if these many options are 

available, yet no evidence-based biomechanical 

guidelines are currently available to quantitatively lead 

the selection among these possibilities. For this reason, 

to help the surgeon in the decision-making process, an 

in-silico analysis of different combinations of stem 

design features was performed to provide a more in-

depth insight of their influence on the patient outcomes. 

 

Methods 

The development of the model (i.e. soft tissue and bone 

geometries definition, material models and properties, 

load and boundary conditions together with the mesh) 

was performed in agreement with a previously validated 

finite element model [1]. Different femoral and tibial 

stems were designed based on currently available 

products, and a squat activity up to 120° flexion was 

analyzed combining the following design parameters:  

-length/diameter: 120mm/22mm, 160mm/20mm, 

220mm/15mm and 280mm/15mm; 

-shape: straight and anatomical (bowed stems); 

-cross-section: absence or presence of flutes; 

-stem-end: full stem or presence of slots; 

-bone-prosthesis interface: press-fit or cemented stems. 

Examples of these configurations can be seen in Figure 

1 and 2. 

 

Von Mises bone stress, Risk of Fracture (RF) and 

implant micromotions were analyzed in different 

regions of interest and compared among the models. 

The software Abaqus was used to perform the study. 

 
Figure 1: Different stem lengths in straight (A) and 

bowed (B) configurations 

 
Figure 2: Examples of flutes and slots at the stem end 

 

Results 

For femoral stem, the results of this study demonstrated 

that its presence always induces an increase in bone 

stress. Proportionally to a length increase, the magnitude 

of the stress peak and the RF rose, the latter going up to 

91% for the 280mm stems; the position of this peak is 

usually situated close to the stem tip, representing a 

possible location of failure. Furthermore, long stems 

implied a stress-shielding effect in the distal femur. 

Bowed stems led to a reduction of the stress peak at the 

tip as well as in the overall bone, while straight stems 

induce a stress concentration at the middle of its length. 

Regarding the tibial stem, similar outcomes can be 

found together with the fact that cemented stem showed 

lower micromotions both at the bone-tibial tray interface 

and at the stem tip compared to press-fit stems, reducing 

the risk of implant loosening. The simulations 

performed showed that the flutes, even if useful in terms 

of stability, act as stress risers increasing the RF in the 

bone; opposite behavior is instead referred to the 

presence of slots. 

 

Discussion 

The results of this study demonstrated that among the 

different stem design features, anatomical shapes and 

slots reduce the bone stress and the risk of fracture, 

while flutes have an opposite effect acting as stress 

risers; no relevant differences were found in this regard 

when alternating between cemented and press-fit stem 

configurations. Cemented tibial stems reduce implant 

micromotions, playing an important role in preventing 

loosening. The results found are in agreement with 

previous studies focused on the single features [2,3]. 
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Introduction 

Applying the correct amount of collateral ligaments 

tension in the knees during knee arthroplasty surgery is 

a prerequisite to restore normal kinematics. It is well 

recognized that a low value of ligament tension could 

lead to an instable joint while a higher tension could 

induce tissues over-tensioning and problems at later 

follow-up. In this study, an experimental cadaveric 

activity was performed to measure the minimum tension 

required to achieve functional stability in the knee joint. 

 

Methods 

Ten cadaveric knee specimens were investigated; each 

femur and tibia were fixed with polyurethane foam in 

specific designed 3D-printed fixtures and clamped to a 

uniaxial loading frame equipped with a load cell. 

A constant vertical displacement rate of 0.05 mm/s was 

applied to the femoral clamp in order to achieve joint 

stability, and the relative force was measured by the load 

cell: the lowest force guaranteeing joint stability was 

then determined to be the one corresponding to the 

change of slope in the force/displacement curve, 

representing the activation of the elastic region of both 

collateral ligaments. The force span between the slack 

region and the previously found point was considered to 

be equivalent to the tension required for the functional 

stability of the joint. 

This methodology was applied on native intact knee, 

after ACL-resection and after further PCL-resection in 

order to simulate the knee behavior in case of Cruciate 

Retaining and Posterior Stabilized implants. 

The test was performed at 0°, 30°, 60° and 90° of flexion 

using a specifically designed device. Each configuration 

was analyzed three times for the sake of repeatability. 

 

Results 

Results demonstrated that an average tension of 41.2N 

(range 30.0-48.0 N) is sufficient to reach stability in a 

native knee with intact cruciate ligaments. Similar 

values appear to be sufficient also in an ACL resected 

knee (average 45.6, range 41.2-50.0 N), while higher 

tension is required (average 58.6N, range 40.0-77.0 N) 

in the case of PCL retention. Moreover, in this 

configuration, the tension required for stabilization was 

slighter higher at 30° and 60° of flexion compared to the 

one required at 0° and 90° of flexion. 

 
Figure 1: Minimum stability force found in native knee 

at different flexion angles 

 
Figure 2:  Minimum stability force found in full 

extended knee with different ligament configurations 

 

Discussion 

The current results are in agreement to other 

experimental studies [1,2] and show that the tensions 

necessary to stabilize a knee joint in different ligament 

conditions are way lower than the ones usually applied 

via tensioners nowadays (up to 200N). 

To reach functional stability, surgeons should consider 

such results intraoperatively to avoid laxity, mid-flexion 

instability or ligament over-tension. 
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Introduction 

Trochanteric femoral fractures are associated with 

increasing incidence due to the aging population and 

represent a serious adverse effect of osteoporosis. Their 

cephalomedullary nailing in poor bone stock can be a 

challenging endeavor associated with insufficient 

implant fixation in the femoral head. Despite the 

ongoing implant improvements, the rate of mechanical 

complications in the treatment of unstable trochanteric 

femoral fractures is still high. Recently, two novel 

concepts for nailing with the use of a helical blade – with 

or without bone cement augmentation – or an 

interlocking screw have demonstrated advantages as 

compared with single screw systems with regard to 

rotational stability and cut-out resistance. However, 

these two concepts have not been subjected to a direct 

biomechanical comparison so far. 

The objectives of this study were to investigate in a 

human cadaveric model with low bone density (1) the 

biomechanical competence of cephalomedullary nailing 

with the use of a helical blade versus an interlocking 

screw, and (2) the effect of bone cement augmentation 

on the fixation strength of the helical blade. 

 

Methods 

Twelve osteoporotic and osteopenic human cadaveric 

femoral pairs were assigned for pairwise implantation 

using either a short TFN-ADVANCED Proximal 

Femoral Nailing System (TFNA) with a helical blade 

head element, offering the option for cement 

augmentation, or a short TRIGEN INTERTAN 

Intertrochanteric Antegrade Nail (InterTAN) with an 

interlocking screw. Following, six osteoporotic femora, 

classified within the lower DEXA T-score range among 

the pairs and implanted with TFNA, were augmented 

with 3 ml TRAUMACEM V+ bone cement. As a result, 

four study groups were created and combined in two 

clusters comprising specimens of the same donors each 

– group 1 (TFNA) paired with group 2 (InterTAN), and 

group 3 (TFNA augmented) paired with group 4 

(InterTAN). An unstable pertrochanteric AO/OTA 31-

A2.2 fracture was simulated by means of osteotomies. 

All specimens were biomechanically tested until failure 

under progressively increasing cyclic loading featuring 

a physiologic load trajectory (Fig. 1). Interfragmentary 

movements were monitored by means of optical motion 

tracking. 

 
Figure 1: Setup with a specimen mounted for 

biomechanical testing. 

Results 

T-score of the osteoporotic femoral pairs in groups 3 and 

4 (median -2.8, range -4.6 to -2.5) was significantly 

lower compared with the specimens in groups 1 and 2 

(median -1.9, range -2.6 to -1.0), p=0.03. Initial stiffness 

(N/mm) in groups 1 to 4 was 335.7±65.3, 326.9±62.2, 

371.5±63.8 and 301.6±85.9, respectively, being 

significantly different between groups 3 and 4, p=0.03. 

Varus deformation (°) and rotation of the femoral head 

fragment around the neck axis (°) after 10,000 test 

cycles were 1.9±0.9 and 0.3±0.2 in group 1, 2.2±0.7 and 

0.7±0.4 in group 2, 1.5±1.3 and 0.3±0.2 in group 3, and 

3.5±2.8 and 0.9±0.6 in group 4, respectively, both with 

significant difference between groups 3 and 4, p≤0.04. 

Cycles to failure and failure load (N) at 5° varus 

deformation were 21428±6020 and 1571.4±301.0 in 

group 1, 20611±7453 and 1530.6±372.7 in group 2, 

21739±4248 and 1587.0±212.4 in group 3, and 

18622±6733 and 1431.1±336.7 in group 4, respectively, 

being significantly different between groups 3 and 4, 

p=0.04. 

 

Discussion 

From a biomechanical perspective, cephalomedullary 

nailing of trochanteric femoral fractures with the use of 

helical blades is comparable to interlocking screw 

fixation in femoral head fragments with low bone 

density. Moreover, bone cement augmentation of helical 

blades considerably improves their fixation strength in 

poor bone quality. 
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Introduction 
Despite previous advances in the development of 
treatment strategies, proximal humerus fracture 
fixations still have a high failure rate, especially in 
unstable fractures of osteoporotic patients [1,2]. Locked 
plating is a frequently used joint-preserving treatment 
with numerous implants available on the market, e.g. the 
PHILOS plate (DePuy Synthes, Switzerland). However, 
the standard designs may not always achieve optimal 
stability. We have previously developed and validated a 
finite element (FE) simulation tool kit for investigation 
of proximal humerus fracture fixations [3]. Utilizing this 
tool kit, it was demonstrated that the screw trajectories 
of the PHILOS plate can be optimized to achieve 
significant reduction in the predicted cut-out failure risk 
compared with the existing design [4]. However, the 
findings of the computer models have not been 
corroborated yet with experimental testing. Therefore, 
the aim of this study was to evaluate the biomechanical 
benefit of a locking plate featuring optimized screw 
trajectories versus the PHILOS design in a paired human 
cadaveric study.  
 

Methods 
Eight humerus pairs of elderly female donors (85.3 ± 5.5 
years) were selected from a larger sample pool to ensure 
high pair symmetry of humeral head size and bone 
mineral density (BMD). The specimens were pairwise 
randomized into two treatment groups, instrumented 
with 3D printed metal locking plates featuring either the 
PHILOS design (PD), or an adjusted optimized design 
(OD) with screw orientations optimized via a previously 
established FE analysis approach to minimize predicted 
failure risk [4]. All humeri were osteotomized to mimic 
an unstable three-part fracture with no calcar support 
and the proximal fragments were instrumented with the 
plates using six proximal locking screws. Specimen-
specific 3D printed plastic guides were used throughout 
the specimen preparation process to ensure inter-pair 
symmetry and intra-pair consistency in terms of 
osteotomy setting, implantation, and alignment for 
biomechanical testing. The constructs were tested to cut-
out failure under cyclic loading with the peak force 
gradually increasing from 50 N by 0.025 N/cycle 
(Acumen, MTS, USA) (Figure 1). Displacement of the 
head fragment relative to the plate was monitored using 
a contactless motion tracking system (Aramis SRX, 
GOM GmbH, Germany). The numbers of cycles until 1 
mm residual head displacement at valley load was 
defined as cycles to cut-out failure. 

 

Figure 1: FE model (left) used to optimize screw 
orientation by minimizing the predicted cut-out risk, 
which was validated experimentally (right). 
 

Results 
BMD (112.0 ± 15.5 HAmg/cm3, range: 87.5 – 130.0 
HAmg/cm3) was not significantly different between the 
two groups, p=0.94. Number of cycles to failure in the 
OD group (18857.8 ± 1970.1, range: 16386 - 21876) 
was significantly higher compared with the PD group 
(16252.1 ± 1895.8, range: 13385 - 18511), p = 0.015, 
leading to a relative benefit of 18% (17.5% ± 19.3%, 
range: -3.6% - 51.3%).  
 

Discussion 
In-silico optimization of implants is a promising 
approach to tackle the challenging problem of fracture 
fixation failures. The present biomechanical study 
demonstrated that implants with FE-optimized screw 
orientations significantly increase primary stability of a 
locking plate in complex proximal humerus fractures. 
Although reaching significance, the relative gain of the 
adjusted implant design remained moderate. Further 
research could utilize the validated FE workflow for 
more generic optimization broadened to other features 
of the implant design. 
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Introduction 

End-of-Stem Pain is localized pain at the tip of the stem 

of a prosthesis and a common problem in revision total 

knee arthroplasty (rTKA) [1, 2]. 

The elastic modulus mismatch between stem and bone 

is seen as the main cause for End-of-Stem Pain. 

However, there is no experimental study analyzing End-

of-Stem Pain in rTKA using human specimens. Our goal 

was to describe the morphological changes of human 

femora due to the implantation of a long diaphyseal 

stem. 

 

Methods 

We implanted 16 rotating hinge knee implants with 

cobalt-chrome stems of 177 mm length into 16 fresh-

frozen human femora using the hybrid fixation 

technique. 

CT scans before and after implantation were performed 

and 3-dimensional models of the bones were created 

using Mimics Medical 21.0 (Materialise NV, Leuven, 

Belgium). The pre- and postoperative models were 

brought to spatial overlap (3-matic 13.0, Materialise 

NV, Leuven, Belgium). An algorithm was developed in 

Matlab 2020a (MathWorks, Natick, USA), which 

allowed us to analyze the position of the stem in the 

medullary cavity as well as to calculate the following 

changes due to implantation: Reduction in cortical 

thickness, change in diameter of the medullary cavity 

and displacement of the femoral axis. 

 

Results 

The main contact between stem and bone was located at 

the tip of the stem, especially anteriorly. 

We discovered two different patterns of how the straight 

stem was positioned in the bended femur (Figure 1). In 

some bones, the stem lay straight in the medullary canal 

and the tip of the stem was circumferentially enclosed 

by the cortex. In other specimens, the stem had a tilted 

position, so that the tip of the stem only had contact with 

the anterior cortex but had no contact posteriorly. 

The maximum reduction of cortical thickness was found 

at the tip of the stem with an average reduction in 

cortical thickness of 933 ± 482 µm anteriorly over the 

last 15 mm of the stem. This is a relative reduction in 

cortical thickness of 30%. 

 

 
Figure 1: Sagittal sections of two different femoral 

specimens. Left: Circumferential contact between the tip 

of the stem (grey) and the cortex (light red). Right: 

Anterior contact between the tip of the stem and the 

cortex. 

 

Discussion 

We were able to show that the tip of the stem is an 

important biomechanical region, which has to be payed 

special attention in the development of revision stems. 

Not only was the maximum contact between stem and 

cortex located in this region, but the maximum reduction 

in cortical thickness due to the reaming process also lay 

at the tip of the stem. This may further increase the 

biomechanical stress at the tip of the stem. 

The role of the position of the stem in the medullary 

cavity has yet to be evaluated for its relevance for the 

development of End-of-Stem Pain.  

Furthermore, the bone models that were created in this 

study will serve for a FEM-study, which can be used for 

the development of new stems with a better 

biomechanical and clinical performance.  
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Introduction 

End-of-Stem Pain is localized pain at the tip of the stem 

of a prosthesis and a common problem in revision total 

knee arthroplasty (rTKA) [1, 2] 

The elastic modulus mismatch between stem and bone 

is seen as the main cause for End-of-Stem Pain. 

Supporting this idea, there is a study which showed 

increased surface strains at the tip of the stem in 

synthetic tibiae. However, this could only be shown 

under an extreme varus load [3].  

The goal of our study was to analyze the surface strains 

on human femora in a realistic scenario applying 

dynamic load.  

 

Methods 

We implanted 16 rotating hinge knee implants with 

cobalt-chrome stems of 177 mm length into 16 fresh-

frozen human femora using the hybrid fixation 

technique. After implantation, the bones were embedded 

in a pot and placed in a testing machine (DYNA-MESS, 

Stolberg, Germany) (Figure 1). 

We simulated the maximum force in the knee joint when 

rising from a chair (ChairRise90°) and when climbing 

stairs (Stairs20°). Therefore, a sinusoidal force was 

applied via the tibial component using a 90° and a 20° 

flexion angle, respectively. The force was applied with 

a ratio of 50% medial, 50% lateral. Surface strains were 

measured using an optical measurement system 

(PONTOS 5M, GOM, Braunschweig, Germany) and 

digital image correlation (DIC). In Stairs20°, the force 

was increased until fracture of the bone. 

          
Figure 1: Stairs20°-test. Left: Optical measurement 

system to measure surface deformations, Right: Femur 

embedded in a pot, the force is applied from above. 

Results 

In both test scenarios, high deformations were measured 

at the tip of the stem. In Figure 2 for example, the peak 

strains along a lateral section of the bone were at the tip 

of the stem. The femora fractured within a range of 

1800 N to 4800 N. The analysis of the fractures revealed 

several fracturing patterns. Some specimen fractured 

directly where they were embedded in the pot, but most 

of the fracturing patterns had signs of influence by the 

tip of the stem. An example for this is a horizontal 

fracturing line at the anterior tip of the stem. 

 
Figure 2: ChairRise90°: Strains in longitudinal 

direction (direction of the length axis of the femur) along 

a lateral section of the bone. Axial height 0 mm: Bone 

embedded in pot, 40 mm: Tip of the stem. 

 

Discussion 

In our study, we were able to measure surface 

deformations on human femora under dynamic load 

using digital image correlation (DIC). We detected high 

deformations at the tip of the stem, which may be 

relevant for End-of-Stem Pain. The fracturing patterns 

of the bones also suggested high biomechanical stresses 

at the tip of the stem. In a subsequent study, we will 

create a finite element model which will be verified 

using the data of the deformation testing.  
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Introduction 

Posterior spinal fixation is a common surgery for the 

stabilization of spinal segments.  Typical assemblies are 

based on pedicle screws and spinal rods connected 

through an interconnection mechanism based on various 

components. In vitro pre-market assessment of any new 

spinal fixator is based on experiments to characterize its 

static/fatigue behavior according to ASTM F1717 [1] 

standard (Fig. 1a): the simplified set-up,  representative 

of an average instrumented lumbar spine segment 

undergoing vertebrectomy (worst-case) [2], allows 

reproducible loading conditions, improving 

comparability. Validated in silico models have been 

recently introduced to limit long and expensive in vitro 

tests [2-4], however, they are over-simplified, especially 

for what concerns the interconnection mechanism.  

The study aims to develop a validated in silico model of 

F1717 standard set-up capable of describing: i) the 

interactions among components and ii) the residual 

stresses arising due to the assembly of the 

interconnection mechanism. 

 

Methods 

The finite element model of a commercial device (2B1, 

Milan, Italy) was built using Abaqus 2018 (Dassault 

Systèmes, SIMULIA Corp., RI).  

A realistic “detailed” model (A), accounting for contacts 

among components and the initial preload due to nut 

tightening inside the interconnection mechanism, was 

developed (Fig. 1b). Preliminary static tests according 

to ASTM F1798 [5] standard, served to assess the 

friction coefficient (0.3) and the axial displacement (1.1 

mm. Elasto-plastic material properties were assumed for 

all components.  

A simplified model (B), neglecting the assembly step 

and assuming a tie-constraint among components and 

elastic material properties were assigned to all 

components according to the literature [2-4], served as a 

reference. 

In silico fatigue analyses were performed according to 

ASTM F1717 models applying loading/unloading 

cycles between 137 and 13.7 N. The life-constant 

diagram (106 cycles) was built for each model 

components according to Sines criterion:  

 𝜎𝑆𝐼𝑁𝐸𝑆 = 𝜎𝑉𝑀,𝑎 + 𝐾 ∗ 𝐼𝑚       (1) 

where σVM,a is the alternate von Mises stress, 𝐼𝑚 is the 

average first invariant and K (0.6) a material parameter. 

 

Results 

The detailed model of nut tightening demonstrated good 

agreement with preliminary static tests: the overall 

stiffness and maximum force were predicted within 4%. 

Following fatigue analyses, the most critical component 

was detected as the screw neck in both models (Table 

1), but the simplified model (B) overestimated the stress 

components compared to the detailed (A). The nut 

tightening introduced many elements experiencing 

negative I1,m in the model (A) compared to model (B) 

(Fig. 1c). 

  Model A Model B A vs. B 

screw neck σSINES (MPa) 616 812 -24% 

 I1,m (MPa) 414 694 -40% 

 σVM,a (MPa) 368 395 -7% 

spinal rod σSINES (MPa) 277 597 -54% 

 I1,m (MPa) 213 526 -60% 

 σVM,a (MPa) 149 282 -47% 

Table 1: Maximum Sines stress calculated with Eq (1). 

 

Discussion 

The proposed detailed in silico model introduced nut 

tightening, allowing a more realistic description of the 

components’ interactions and the reduction of the 

overall predicted stresses. Moreover, neglecting the pre-

load due to nut tightening and the ideal tie constraint, as 

assumed in the literature [2-4], represents an over-

conservative assumption (Table 1). The higher rates of 

screw neck failure reported by previous experimental 

fatigue tests are consistent with our predictions [3], 

making the presented approach suitable to describe 

other commercial interconnection mechanisms with 

similar features [3,4]. 

 
Figure 1: a) one-quarter of the FE set-up; b) interconnection 

mechanism details; c) life constant diagram of screw elements 

in model (A) and (B) with highlighted the most critical 

elements.  
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Introduction 

Total hip arthroplasty (THA) is a clinically successful 

procedure that can be broadly divided into two main 

categories: cemented and uncemented. Both show good 

long-term survival [1]. There is debate on the use of 

cemented vs uncemented stems as the optimal 

management of THA with no clear evidence 

demonstrating the increased risk of fracture in one stem 

type over the other [2]. Periprosthetic femoral fractures 

(PFF) is a severe complication following THA that is 

highly studied and can be seen in both patient 

populations. Our understanding of the impact of stem 

fixation method in THA on the subsequent management 

of PFF is still limited. This study aims to investigate and 

quantify the effect of stem fixation method on the 

management of Vancouver Type B1 PFF. 

 

Methods  

Eight laboratory models of synthetic femora were 

divided into two groups and implanted with either a: 

cemented DePuy C-Stem or uncemented DePuy Corail 

stem to simulate THAs. Constructs were loaded under 

partial weight bearing anatomical conditions [3]. 

Stiffness, uniaxial strain, and pattern of strain 

distribution were measured. 

 
Figure 1:  Study overview. Experimental setup of THA, 

and two different stems used (A), PFF (B), and 

measurements taken (C). S1-S2 highlight the strain 

gauge attachment site (SG) on the stem, B1-B5-SG on 

the bone, and P1-P3- SG on fracture plate.  

 

All specimens then underwent a 10mm osteotomy to 

simulate B1 PFF’s and fracture fixation was achieved 

using a Ti-64 locking compression plate (LCP, DePuy 

Synthes, Switzerland). Proximal fixation was achieved 

using two Ti-64 locking attachment plates with two 

bicortical screws each (LAP, DePuy Synthes, 

Switzerland). Distal fixation was achieved using four 

bicortical screws. Overall stiffness, strain, and fracture 

movement were taken under the same loading 

conditions as the THA group (Fig.1).  

 

Results 

Stiffness: In the THA models, cemented constructs had 

higher overall stiffness compared to the uncemented 

group. In the PFF group, the cemented constructs had a 

higher overall stiffness. Strain: In the THA models 

strain gauge results showed that the cemented construct 

had higher strain at B2- B4. In PFF models the 

mechanical strain on the fracture plate and fracture 

movement was overall higher for the uncemented 

constructs compared to the cemented constructs (Fig.2). 

 
Figure 2: (A) Stiffness between cemented and 

uncemented specimens in (1) THA (2) PFF. (B) Strain 

measurement comparing cemented vs uncemented 

specimens in (1) THA and (2) PFF. (C) DIC 

measurement between the uncemented and 

cemented (1) THA-min principal strain across the 

medial side of the bone (2) PFF-max principal strain 

across the fracture plate at site of fracture. *: P < 0.05 

 

Discussion 

The present study raises the question that perhaps the 

existing treatment algorithms for B1 PFF management 

need to consider cemented vs. uncemented stem 

implantation method. 
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Introduction 
Hybrid locking canine pancarpal arthrodesis (PCA) 
plates are designed with either a round (RH) or an oval 
(OH) screw hole at the radiocarpal (RC) level. The 
former is expected to be stronger, whereas the latter 
enhances varied screw positioning. However, they are 
have not been subjected to a direct mechanical 
comparison so far. Therefore, the aim of this study was 
to compare mechanically the structural properties of 
these two PCA plates. 

Methods 
PCA plates with either RH or OH design were assigned 
to three groups (n=6), pre-bent at 20° and fixed to a 
canine forelimb model with simulated radius, RC bone, 
and 3rd metacarpal bone. The OH-plates were 
instrumented with an RC screw inserted either most 
proximal (OH-P) or most distal (OH-D). All specimens 
were loaded axially up to 300 N over 10 ramped cycles 
at 0.5 Hz (Fig. 1). The test setup was replicated in finite 
element analyses (FEA) to predict the areas of highest 
deformations. Plate strains were measured by means of 
strain gauges at these locations. 

Figure 1: Experimental setup (left) and FEA model with 
boundary conditions (right).  

Results 
FEA predicted highest strains located adjacent to the RC 
screw and plate bending point for all three groups (Fig. 
2). 

Figure 2: FEA-based plate strain distribution under 300 
N axial load visualized for each separate construct.  

Experimentally measured peak strains (µm/m) at oval 
RC screw hole were not significantly influenced by the 
screw position in this hole (3329±443 [OH-P], 
3222±467 [OH-D]; p=0.55). In addition, these strains 
were significantly higher compared to the group with a 
round RC screw hole (2123±154; p<0.01). Moreover, 
peak strains at the bending point of the plates were 
significantly lower for OH-P (1792±174) and OH-D 
(1806±194) plates versus RH plates (2158±114, 
p<0.01). Construct compliance and maximum angular 
bending plate deformation were not different between 
three groups (p≥0.12). All FEA findings were in a good 
agreement with the experimental results.         

Discussion 
The higher peak strains at the oval RC screw hole in the 
PCA plates compared to the plates with a round RC 
screw hole indicate a potential towards a higher 
mechanical failure risk in the former. 
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Introduction 
Hybrid locking canine pancarpal arthrodesis (PCA) 
plates with an oval (OH) instead of a round (RH) hole 
for the radiocarpal (RC) screw (Fig. 1) would improve 
versatility in surgical application, however, may be 
more prone to failure due to the enlarged hole 
dimension. The aim of this study was to mechanically 
compare the fatigue life of these two PCA plates.  

Figure 1: 12-hole hybrid pancarpal arthrodesis plate 
with a round (top) or an oval (bottom) radiocarpal hole, 
length 151 mm.  

Methods 
Ten PCA plates with RH design and twenty PCA plates 
with OH design were assigned to 3 groups (n=10), pre-
bent at 20° and fixed to a canine forelimb model with 
simulated radius, RC bone and 3rd metacarpal bone. The 
OH-plates were instrumented with an RC screw inserted 
either most proximal (OH-P) or most distal (OH-D). All 
specimens were cyclically tested at 8 Hz under 320 N 
until failure (Fig. 2). Fatigue life outcome measures 
were cycles to failure and failure mode. 

Figure 2: Setup with a specimen mounted for 
mechanical testing. 

Results 
Cycles to failure were higher in the group with RH plate 
fixation (695,264±344,023) versus both OH-P 
(447,900±176,208) and OH-D plate configurations 
(391,822±165,116), reaching significance versus OH-D, 
p=0.03. No significant difference was detected between 
the OH-P and OH-D groups, p=0.09 (Fig. 2).  

Figure 2: Cycles to failure in the three study groups with 
a star indicating significant difference.  

The constructs failed predominantly by plate fracturing 
at the most distal radial screw hole with concomitant 
screw breakage at the shaft-head interface. 

Discussion  
Despite the surgical advantages of the PCA plate with 
an oval radiocarpal screw hole, its fatigue life is 
significantly shorter versus the plate design with a round 
radiocarpal screw hole and therefore mitigates the 
potential benefits. Moreover, the failure probability of 
the plate with an oval hole is increased regardless from 
the screw position in this hole. Based on these findings, 
the PCA plate with an oval radiocarpal screw hole 
cannot be recommended for clinical use. 
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Introduction 

Traditionally, when performing a cementless total hip 

arthroplasty, surgeons sequentially hammer the femoral 

implant into the femur until they “feel” that adequate 

fixation is achieved. Since this manner of judging 

implant fixation is highly subjective, there is a 

significant risk of fracturing the femur or of leaving the 

implant sub-optimally fixed [1]. Consequently, a system 

that objectively assesses the bone-implant fixation has 

been proposed. The system records and compares the 

vibrational characteristics of the bone-implant structure 

after each insertion hit. When the vibrational 

characteristics have converged, the condition for ideal 

fixation has been met [2]. Most of the fixation-sensitive 

modes reside above 2 kHz but are highly damped by the 

surrounding soft tissue. To deal with this problem, 

attachable extensions have been designed to shift the 

sensitive modes within the observable frequency range 

below 2 kHz. This work investigates experimentally the 

benefits produced by the extensions and predicted by 

previous in silico studies [3]. 

 

Methods 

An artificial femur (Sawbones 3403, Sawbones) and 

implant (Profemur Gladiator, Microport Orthopaedics) 

were used together with two attached extensions that are 

called “Delta” and “Cylindrical” due to their shape. 

After each insertion hit the structure was excited with an 

instrumented hammer (PCB 086C03, PCB Piezotronics) 

and the response was measured in two perpendicular 

directions using two accelerometers (PCB 352A24, 

PCB Piezotronics). The signals were processed by a data 

acquisition device (Simcenter SCADAS, Siemens 

PLM) and the frequency response functions (FRF) were 

plotted. The following three configurations were 

considered: bone-implant (BI), bone-implant-“Delta” 

(BID) and bone-implant-“Cylindrical” (BIC) (Figure 1). 

 
Figure 1 "Delta" extension (left) and "Cylindrical" extension 

(right) connected to the bone-implant structure . 

For each configuration every two subsequent FRFs were 

compared and the Pearson’s correlation coefficients 

(PCC) were calculated. The insertion was stopped when 

the implant subsidence was less than 0.1 mm for two 

subsequent hits. 

 

Results 

Figure 2 shows the PCC convergence during the 

insertion process, while Figure 3 shows the FRFs 

obtained for the three configurations at the same two 

subsequent insertion hits, illustrating the modal density 

difference and the frequency shift.  

Figure 2 PCC change for three configurations (BI, BID, BIC). 

Figure 3 FRFs before (solid line) and after an intermediary 

insertion hit (dashed line) for the three configurations.  

Discussion 

The modal density increased below 2 kHz when the 

designed extensions were added to the BI structure. 

Additionally, the modes introduced by the extensions 

are overall more sensitive to fixation changes and some 

have peaks with significantly higher amplitudes in the 

range of 1.5-2 kHz. The PCC corresponding to the BI 

structure shows an early convergence at insertion hit #3, 

which suggests an optimal fixation, but when an 

extension was used the PCC converged later, indicating 

that the implant had a better fixation at insertion hit #5. 

This observation is explained by the extra sensitive 

modes introduced by these extensions that make 

subsequent FRFs more dissimilar. 
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Introduction 

Additive manufacturing enables the design and 

production of patient specific porous scaffolds based on 

lattice structures, which offer mechanical properties 

comparable to those of bones, while allowing mass 

transportation and bone ingrowth within the implant [1]. 

Highly complex stress states arise in the implant as well 

as in the Bone-Implant Interface (BII), and shear 

stresses caused by friction phenomena are important to 

provide primary stability to the implant [2]. Thus, the 
study of lattice structures under such conditions is 

crucial for their implementation in orthopaedic 

implants. Nonetheless, mechanical properties of lattice 

structures under shear conditions are rarely studied. The 

present work analyzes a set of lattice structures under 

different combinations of compression and shear 

stresses, including pure shear stress.  

 

Methods 

Three different types of lattice structures were designed, 

namely Diamond, FCCm and Gyroid (Figure 1), with 

porosities of 90%, 80%, 70% and 60%. Finite element 
models were used to test the mechanical response of the 

structures for different relative densities. Pure 

compression and shear loads were studied to obtain the 

apparent Young’s and shear modulus of the lattice 

structures, as well as the normal and shear yield strength. 

The interaction between compression and shear loads 

was studied by applying combined loads to each model. 

Structures with porosities of 70% were manufactured by 

stereolitography (SLA) for experimental validation of 

the numerical models. A modified Arcan shear test was 

performed to apply combined shear and compression 
loads, and results were compared to numerical models. 

 
Figure 1: Specimens of a) diamond, b) gyroid and c) 

FCCm lattice structures with a porosity of 70%. 

Results 

The elastic and shear moduli and strength of the lattice 

structures increased exponentially with relative density. 

Finite element simulations indicated that the interaction 

of loads has important implications, considerably 

changing the load carrying capacity of the structures 

(Figure 2). FCCm lattice had the highest strength in all 

cases due to the favorable orientation of its struts. A 

failure criterion was developed for different 

combinations of normal and shear stresses by fitting a 
curve to the obtained points. These results were in good 

agreement with experimental tests.  

 

 
Figure 2: Finite element results of normalized strength 

of the studied lattice structures with a porosity of 70% 

under different normal and shear load combinations. 

Discussion 

The shear, compression, and compression-shear 

combination behavior of three different lattice structures 

was studied, being the pure shear strength especially 

relevant in the BII. Even if the FCCm lattice has the 
highest strength, the difference diminishes as the 

proportion of shear stress increases. These results are 

highly sensitive to the number of unit cells in each 

direction. The relative density affects not only the 

normal and shear strength, but also the shape of the 

failure criterion for combined load cases. These might 

occur because of larger regions under triaxial stress 

states for higher relative densities. Thus, the derived 

failure criterion offers a method to safely implement 

lattice structures as biomaterials in orthopaedic 

implants.  
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Introduction 

Bone screws are routinely used for internal fracture 

fixation to stabilize the fractured bone enabling fast 

healing, early mobility and full function. Common 

implant materials (i.e. titanium, Ti) offer high stability 

but are associated to stress shielding and may require a 

second intervention for removal [1]. Biodegradable 

magnesium (Mg)-based screws are increasingly gaining 

interest as they show good biocompatibility, gradual 

degradation and similar mechanical properties to those 

of natural bone [2]. Novel Mg-based screw design aims 

at providing safe anchorage, while mitigating stress 

shielding effects to facilitate new bone formation during 

healing [2]. This study compares the bone deformation 

induced by Mg-based screws and Ti controls during in 

vitro tightening and fracture fixation combining X-ray 

computed tomography (XCT), in situ biomechanical 

testing and digital volume correlation (DVC). 

 

Materials and methods 

Cylindrical bone cores including both cortical and 

trabecular bone were extracted from bovine femoral 

condyles. Self-tapping Mg-based (2.9 mm) and Ti (2.7 

mm) cortical screws were used. Time-lapsed tightening 

(n=3 per screw type) was performed with XCT (Versa 

520, Zeiss) and datasets (17µm voxel size) acquired 

prior to insertion (pre-drilled) and at increased levels of 

tightening (50, 100, 200 and 300 Nmm). The stability of 

screws was evaluated in a bone fracture model. Fracture 

was induced in bone cores at ~30° with respect to the 

cylindrical axis where Mg-based and Ti screws (n=3 per 

screw type) were inserted perpendicularly to the cut. A 

cyclic loading scheme with increasing displacement 

amplitudes [3] was performed in situ (Deben CT5kN) 

and XCT datasets (Versa 510, Zeiss; 20µm voxel size) 

acquired under load at each amplitude (0.04, 0.08, 0.16, 

0.32, 0.64 and 1.28 mm). DVC (DaVis 10, LaVision) 

was used to obtain the full-field strain distribution in 

bone during screw insertion and cyclic loading. 

 

Results 

DVC-computed strains increased with tightening. 

Higher deformations occurred at the bone-screw 

interface, decreasing radially (Fig. 1A). Ti controls 

insertion resulted in higher strain accumulation and 

consequent damage compared to novel Mg-based 

screws. Comparable bone strain levels were observed 

with both screw types under compression in the fracture 

fixation model (Fig. 1B), approaching ~10,000µε 

around the screw tip. 

 

Figure 1: 3D full-field strain distribution of bone 

around Mg-based screws (left) and Ti controls (right). 

Maximum principal strains (εp1) at (A) the maximum 

tightening level (300 Nmm) and (B) maximum 

displacement amplitude (1.28 mm) are shown. Dashed 

black line in (B) indicates location of induced fracture. 

Discussion 

The novel Mg-based screw design was found to induce 

less damage in both cortical and trabecular bone during 

tightening, with a lower bone volume fraction 

experiencing yielding [4] when compared to the Ti 

control screws. Additionally, Mg-based screws showed 

less strain transfer to the surrounding bone radially and 

mitigated the strain concentration along the bone-screw 

contact. This bone fracture fixation model suggests that 

novel Mg-based screws can provide safe anchorage to 

fracture bone segments, offering high stability as in 

currently used Ti screws. Future work will investigate 

the in vivo biomechanical degradation of novel Mg-

based screws to fully characterize their application as 

biodegradable implants and how the material 

degradation and bone regeneration influence the 

stability of implanted screws.  
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Introduction 

Total Hip replacement is an effective and successful 

treatment for osteoarthritis. Currently there are over a 

million patients which undergo this treatment and the 

number is expected to double in the next two decades 

[1]. Patients often undergo revision surgery to replace 

their hip implant due to either peri-prosthetic fracture, 

aseptic loosening or the severe pain experienced by the 

patient. Stress shielding is a mechanical phenomenon 

that refers to the reduction of bone density as a result of 

altered stresses acting on the host bone. Current 

orthopaedic prostheses undergo too much bone 

resorption secondary to stress shielding due to their solid 

metallic nature, which are much stiffer than the 

surrounding bone. With the use of 3D printing 

technology such as selective laser melting (SLM), it is 

now possible to produce porous graded microstructure 

hip stems to mimics the surrounding bone tissue 

properties [2].  
 

Methods 

To understand and determine the mechanical and fatigue 

properties of the hip implant, such as multiaxial yield 

surface and homogenized stiffness tensor, asymptotic 

homogenization has been used in many studies. With 

this method it is now possible to accurately measure the 

stress distribution within the microstructure [1, 2, 3]. 

The 3D printed implant needs to have an optimized 

topology which are defined and affected by the pore 

size, porosity gradient and the thickness of the 

manufactured cell elements [1]. In a study by Arabnejad 

[1], a porous hip stem was designed, produced and 

experimental studies were performed to measure and 

compare the bone resorption by analyzing the difference 

in strain energy between the intact bone and the 

implanted bone. A novel method [Inverse 

Homogenization] was introduced by Zadpoor [3] which 

is reassuring to have a mechanical compatibility among 

topology optimized microstructures. As a result, the 

physical properties of the individual cells as well as 

those of neighboring pairs would be optimized which 

can then ensure material connectivity and smoothly 

varying physical properties. 
 

Results 

Study done by Gilbert [2] showed that the 3D printed 

(Ti6Al4V) hip stem implant could survive more than 

10^7 cycles and had more than 50% reduction in stress 

shielding when compared with the current conventional 

generic hip implants available in the market. Arabnejad 

[1] showed that fully porous implant with an optimized 

material micro-structure can reduce the amount of bone 

loss secondary to stress shielding by 75% compared to a 

fully solid implant. Zadpoor [3] topology optimization 

theory (figure 1) and results, suggest performance of the 

individual cells agrees well with the theoretical Hashin–

Shrickman (HS) upper bounds, meaning that the 

optimization of connectivity does not compromise the 

optimality of individual cells.  

 
Figure 1: Topology optimization approaches to (a) 

design and (b) 3D print.  

Conclusion 

In summary, the graded density implants have a reduced 

stress shielding compared to conventional hip implants. 

This is shown by having more areas with higher stresses 

in the fully solid implants than the graded density 

implants which have a lower stress value. The 

architected hip implants presented in recent studies 

shows clinical promise in reducing bone loss while 

preventing implant micromotion [2]. 
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Introduction 

Total knee arthroplasty (TKA) is the gold standard 

treatment for patients with primary osteoporosis, as it 

can relief pain and restore joint function. Generally, the 

prosthesis implant has a survival rate of 82% at 25 years 

[1] and it provides a patient satisfaction 81% [2]. 

However, there is stillroom for improvement as far as 

prosthesis behavior are concerned. 

Roentgen Stereophotogrammetric Analysis (RSA) is the 

most accurate technique assessing the in-vivo joint 

kinematics. 

In this study, an innovative technique, combining RSA 

dynamic and patient-specific finite element models, was 

applied to analyze a group of 15 patients who underwent 

total knee arthroplasty with a cemented PCL highly 

congruent MB TKA during the execution of a sit to 

stand from chair. 

The aim of our study was to evaluate the position and 

translation of the femoral polyethylene insert contact 

points. 

 

Methods 

A cohort of 15 patients, underwent cemented CR highly 

congruent MB TKA (Gemini, Waldemar LINK GmbH 

& Co. KG, Barkhausenweg 10, 22339 Hamburg, 

Germany) with patella resurfacing for primary OA, was 

evaluated after a minimum nine-month follow-up using 

Model-based dynamic RSA in weight-bearing 

conditions and during the execution of a sit to stand from 

chair. The in vivo kinematic data obtained from RSA 

Dynamic was used as an input for a patient specific 

finite element models of the implants to calculate 

condylar contact points between the femoral component 

and polyethylene insert. The contact points were 

determined by the FE software as the centroid of the 

pressure distribution between the femoral condyles and 

the polyethylene insert. 

 

Results 

As shown in figure 1, greater displacements were 

founded in lateral contact area for AP movement 

compared with medial area, with peak values of -7.14 

mm (LC) and of -3.52 mm (MC). For ML movements, 

a perfect symmetry was founded comparing LC and MC 

trends. 

 
 

Figure 1: Graph show AP movement of the medial (MC) 

and lateral (LC) contact points using the FE technique 

during sit to stand from chair. 

 

 
 

Figure 2: Graph show ML movement of the medial (MC) 

and lateral (LC) contact points using the FE technique 

during sit to stand from chair. 

 

Discussion 

This study evaluated the knee kinematics in terms of 

articular surface contacts.  

The wider AP displacement of the LC could be 

interpretated with a slight medial pivot pattern. 

Concerning the ML movements, results showed a 

parallel displacement of both condyles with the same 

wide magnitude, which is in line with the role of the 

symmetric deep dishes insert. 
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Introduction 

In total knee arthroplasty (TKA), aseptic tibial 

component loosening remains a major cause of TKA 

failure, beneath infection, instability and malalignment 

[1]. This emphasizes the need for a stable primary and 

long-term fixation of tibial baseplates [2-5].  

To reduce the risk of acute post-operative peri-

prosthetic joint infection (PJI), dilute betadine lavage 

has been established in primary and aseptic revision 

TKA [6]. Thereby, TKA patients receive a 3-minute 

dilute betadine lavage (0.35 %) before surgical wound 

closure instead of only normal saline lavage [6]. 

The objective of our study was to setup a suitable test 

method to evaluate the influence of dilute betadine 

lavage on the implant-cement-bone fixation strength for 

tibial baseplates under clinically relevant time points of 

dilute betadine application. 

 

Materials & Methods 

Using Palacos® R HV bone cement, AS VEGA System® 

tibial baseplates (size T0) with a ZrN-multilayer coating 

were implanted in Sawbones® PU blocks (20 pfc) 

continuously 2 minutes after begin of the cement 

mixing. After implantation, the tibial baseplates were 

soaked in either saline solution (0.9 % NaCl) or betadine 

solution (0.35 %) under constant loading of of 100 N. A 

total of five testing groups, with six components each, 

were defined: Control (no use of saline nor betadine 

solution), early use of saline solution or betadine 

solution during bone cement application time (start at 4 

min 30 sec, 4 minutes duration), late use of saline 

solution or of betadine solution after bone cement 

hardening (start at 10 min 45 sec, 4 minutes duration). 

The timelines for the cementation and use of each 

solution were based on the working times for vacuum 

mixing of the Palacos® R HV bone cement. After the 

cementation procedure, the tibial baseplates were stored 

upside-down in saline solution at 37 °C for 48 hours.  

Finally, each tibial baseplate was mounted into a testing 

frame and the maximum push-out strength was 

determined based on an established method [3]. 

 

 

Results 

From the final push-out testing no statistical differences 

between the groups could be seen. 

 
Figure 1: Push-out forces for control, dilute betadine 

and saline lavage test groups 

 

Discussion 

The newly setup method allows to mimic clinically 

relevant conditions to evaluate the influence of dilute 

betadine lavage. No significant differences were seen in 

the implant-cement-bone tibia fixation strength between 

dilute betadine lavage and normal saline lavage applied 

during the application phase or after curing of the bone 

cement. For dilute betadine lavage with a concentration 

of 0.35 % our results are in accordance with basic 

compression testing of Bingham et al. [7] on PMMA test 

cylinders. Further tests for late cement application have 

to be performed to see if dilute betadine lavage is not 

influencing tibia fixation. 
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Introduction 
The use of hemiprostheses are well established as 
surgical procedure in orthopedics. The humeral part is 
replaced by an artificial material like ceramics or 
CoCr. There is evidence that the mechano-
compatibility lacks due to a very stiff articulation 
partner against soft native cartilage on the glenoid. 
This may be reason of early glenoid failure The idea 
was therefore to test a ball-on-socket joint with a dense 
surface layer made of Polycarbonate-Urethane (PCU) 
articulating against acetabular cups in an in-vitro test.  
 
Aim of the project 
The aim of the study was to determine the progression 
of acting torque moments during flexion/extension 
over 0.1 Mio loading cycles. 
 
Material & Methods 
A) Prosthesis design: The humeral head prosthesis (Ø 
32 mm) was coated with thermoplastic Polycarbonate 
Urethane PCU Bionate I (DSM, USA) with shore 
hardness 75D. Counterpart of the ball–on-socket joints 
were congruent ceramic cups (Selexys, Mathys, CH) 
and congruent sheep acetabulae.  
  
 
 
 
 
 
 
 
 
Fig. 1: Mounted humeral head prosthesis with a PCU-
layered surface around the base material. 
 
B) Experimental Test setup: The setup was mounted 
under a universal 2-DoF testing machine (Thelkin, 
CH). An adapted hip test according ISO-14242 has 
been carried out, introducing an axial load of 500N, 
followed by 1000 N after 2500 cycles. The flexural jig 
applied bending on each side (±30°) in form of a 
sinusoidal load and a frequency of 1 Hz.  
Angular movement and applied load where set to reach 
their amplitude with a phase shift of 45° to each other 
(Fig. 2). Phase “A” had a max. load applied at min. 
bending angle and phase “B” at max. bending angle. 
The ball-on-socket joints were fixed on a specific 
holder providing an angulation of 45° of the joint ball 
to simulate the CCD-hip angle. The holder was placed 
in a system that includes a saline water bath at 37°C.  

 
Fig. 2: Test setup including a rotational bending 
actuator in direction A and B, and an axial loading of 
500 N (1st step for 2500 cycles) and 1000 N (2nd step 
for 95000 cycles). 
 
C) Data Analysis 
Mean of resulting bending moments for both bending 
directions A and B and for the two max. load levels 
(500 N and 1000 N) were analysed by Matlab.  
 
Results 
A slight increase of the moments is generally detected 
over time although no scratches or abrasion are visible 
on the PCU-layer. The moments are about 2-6 Nm, 
which demonstrates the widespread range.  

 
Fig. 3: Moment progression during the application of 
95’000 loading cycles for totally 12 humeral PCU-
heads on acetabular cups. 
 
The ceramic cup as articulation partner to the PCU 
heads show slightly increased bending moments in 
comparison to in-vitro acetabular cups.  

 
Figure 4: Average moments for PCU head vs. ceramic 
cup (left) and PCU head vs. acetabular cups (right), 
each for 500 N and 1000 N loading level. 
 
Discussion & Outlook 
The small increase in moment over time may be 
explained by a swelling effect of the PCU. Ceramic 
cups show slightly increased bending moments in 
comparison to sheep in-vitro acetabular cups which 
demonstrates the applicability of ceramics as a “worse-
case” testing scenario.  
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Introduction  
Synthetic human surrogates are used regularly in the 
sports industry to assess the performance of personal 
protective and padded equipment following relevant 
safety standards or regulations. However, these 
surrogates are often not representative of the human 
body structure they are modelling due to differences in 
their material properties (e.g. density, stiffness) and 
geometries compared with real anatomy [1]. Although 
these simplifications are made for improved 
repeatability, the effective assessment of protective and 
padded equipment’s ability to mitigate impact injury can 
be lost. Padded clothing (shoulder padding) in rugby 
union is currently governed by test regulations that use 
a steel cylindrical anvil as a shoulder surrogate which is 
not representative of a human shoulder [2]. Coupled 
with this, the impact protective ability of shoulder 
padding has not been investigated thoroughly. The aim 
of the study was to construct a human shoulder surrogate 
for use in the impact testing of shoulder pads that is 
geometrically and mechanically accurate while also 
taking into account ease of fabrication to facilitate 
repeatability. After this a shoulder surrogate biofidelic 
to the human shoulder would be fabricated. 
 
Anatomical and Mechanical 
Assessments of the Human Shoulder 
Both the external and internal anatomies of the human 
shoulder were assessed using a data set of semi-
professional rugby players. 3D imaging was used to 
develop a data set of external geometric measurements 
and computer aided design (CAD) of the shoulder; 
Ultrasound scanning was used to develop a data set of 
internal geometric measurements (i.e. muscle 
thicknesses). Mechanical assessments were made 
through previously published research [3]. 
 
Shoulder Surrogate  
After assessments were made, anatomies were 
simplified so the surrogate was repeatable and easy to 
fabricate. The shoulder represented a half cylinder with 
ultrasound showing 2 key layers above the clavicle and 
scapula, the trapezius muscle and a skin and adipose 
layer, this area of the shoulder is where shoulder 
padding sits. Figure 1 shows the simplified shoulder 
surrogate for impact testing of shoulder padding. After 
this, work focused on the design of a biofidelic shoulder 
surrogate with a more representative anatomy to the 
human shoulder (figure 2). 
 

Figure 1: (a) Simplified Shoulder Surrogate (cross-
sectional view) (b) - Testbed (side view) 

 

 
Figure 2: CAD design of Biofidelic Shoulder Surrogate 
 
Discussion  
This study presents the development of a simplified 
shoulder surrogate that can be used in both a testing and 
an injury preventative research setting. The surrogate 
demonstrates an effective trade-off between biofidelity 
and repeatability for use in an impact testing 
environment. Future work will look to further develop a 
biofidelic shoulder surrogate with more representative 
geometries to the human shoulder. This can then be used 
to further validate the simplified surrogate for improved 
testing of shoulder padding.  
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Introduction 
“The shock absorbing truth about meniscus” by 
Andrews et al. [1] initiated a controversial discussion 
about the until then generally accepted assumption, that 
the meniscus acts as a knee joint shock absorber. 
Although there is evidence in literature indicating the 
shock absorbing potential of meniscus tissue [2,3], there 
is only one contribution investigating the shock 
absorbing potential of the meniscus inside the knee [4]. 
Hence, the aim of this biomechanical study was to 
investigate the shock absorbing function of the meniscus 
under cyclic loading in order to finally find a clear 
answer to the question whether the meniscus acts as a 
shock absorber in the knee joint or not. 
 
Methods 
After soft tissue dissection, eight porcine knee joints 
were mounted in 45° neutral joint position in a 
previously introduced and modified drop tower setup 
[4]. Then the setup was installed in a fatigue testing 
machine (Instron8871, ITW), allowing for the 
application of sinusoidal loading. After successful 
validation (r=.97) of the setup a dynamic mechanical 
analysis (DMA) was performed applying 10 frequencies 
(0.1; 0.2; 0.4; 0.6; 0.8; 1; 2; 3; 4; 5 Hz), applying a static 
load of 1210N and a superimposed sinusoidal load of 
910N to the joints. To account for the viscoelastic 
behaviour of the knee soft tissues the joints were pre-
loaded with 300N for about 12 minutes. Four different 
meniscus states (intact, medial posterior root avulsion, 
medial meniscectomy, complete lateral and medial 
meniscectomy) were used to investigate the shock 
absorbing ability of the meniscus. Force (F) and 
deformation (l) were synchronously recorded 
throughout the tests. The time lag δ /2πf between the 
amplitudes of FA and lA (Fig. 1A) was detected by a 
customized Matlab (R2016b, Mathworks) script. Then, 
tan δ was calculated representing the ratio between loss 
modulus M´´ and storage modulus M´, which is 
considered as damping factor (Fig. 1B). 

 
After sample size calculation the damping factor tan δ 
was elaborated by comparing the four meniscus states 
using a one-way ANOVA followed by Duncan post-hoc 
testing where differences were observed (SPSS, IBM). 
p=.05 was considered significant. 

Results 
Knees with an intact meniscus had the highest damping 
factors, ranging from .10 to .15 (Fig. 2A). Any treatment 
lowered the damping factor. After posterior medial root 
avulsion the mean value of the damping factor was 
reduced by 15%, while medial meniscectomy resulted in 
a reduction of 24%. The resection of both, the lateral and 
medial menisci resulted in a reduction of 18% compared 
to the intact state. When comparing the meniscal states 
at specific frequencies in detail (Fig. 2B) Duncan post-
hoc testing indicated differences for the comparisons of 
the intact state and the medial meniscectomy at 0.1Hz; 
0.2Hz; 2Hz, 3Hz, 4Hz (p<.04) and for the comparisons 
of the intact meniscus state and the total meniscectomy 
at 0.2 Hz (p=.02). 
 

 
 
Discussion 
The results of this biomechanical study show, that the 
damping factor, and thus the shock absorbing ability of 
a knee joint is lower the more meniscal tissue is resected. 
Coluccino et al. [6] investigated the viscoelastic 
response of bovine menisci and found both similar 
ranges of the damping factor tan δ of e.g. 0.17 at 0.1Hz 
and a similar frequency dependency of the damping 
response of the meniscus within the range from 0.1 Hz 
to 5Hz. 
This biomechanical study extends our previous findings, 
where we identified that the meniscus acts as a shock 
absorber in the knee joint under impact loads [4]. 
Therefore, we can conclude that the meniscus 
significantly contributes to the shock absorption of the 
knee joint. As a consequence, the results of the present 
study highlight that care should be taken to save as much 
meniscal tissue as possible. 
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Introduction 

Rib fractures represent a common injury type, occurring 

in about 10% of all trauma cases [1] and 70% of all blunt 

chest trauma cases [2]. Fracture mechanisms as well as 

factors affecting human rib fragility, however, are little 

investigated so far [3]. The aim of this in vitro study was 

to explore potential determinants of human rib fragility. 

 

Methods 

89 ribs from 13 human donors were prepared for this 

study. Donor age ranged from 55 to 99 years, including 

7 male and 6 female donors and a total of 45 left and 44 

right ribs from levels 4 to 8. The ribs were loaded in 

antero-posterior compression with 1 mm/s until fracture 

using a material testing machine (Zwick-Roell Z010, 

Fig. 1). Surface strains were measured using a digital 

image correlation system (Dantec Dynamics Q400) [4]. 

The effects of age, sex, bone mineral density, rib level 

and side, four global morphological factors (e.g. rib 

length), and seven rib cross-sectional factors (e.g. cor-

tical thickness), determined by μCT (Skyscan 1172), on 

fracture load were examined using multivariate analysis, 

group comparisons, and correlation analysis in SPSS. 

 

Results 

Significant dependencies on fracture load (p<0.05) were 

found for age, bone mineral density, rib length, cortical 

thickness, bone volume/tissue volume ratio, trabecular 

number, trabecular separation, and both cross-sectional 

area moments of inertia. Age and bone mineral density 

showed medium correlation coefficients (r=-0.449/ 

0.490), while sex did not affect fracture load (p=0.445). 

Fracture load was significantly higher at rib levels 7 and 

8 compared to level 4 (p=0.001/0.013), whereas side had 

no significant effect (p=0.989). Global morphology did 

not affect fracture load, while rib length showed highest, 

but overall low correlation (r=0.287). In total, cortical 

thickness exhibited highest correlation (r=0.722, Fig. 2), 

followed by the area moment of inertia around the 

longitudinal rib cross-sectional axis (r=0.687). Medium 

correlation with fracture load was found for bone 

volume/tissue volume ratio (r=0.448), trabecular 

number (r=0.479), and trabecular separation (r=-0.367) 

of the rib cross-sectional area. High correlation 

coefficients were also detected for both bone 

volume/tissue volume ratio and trabecular number with 

absorbed energy (r=0.542/0.539), max. external rib 

surface strain (r=0.631/0.648) and min. internal rib 

surface strain (r=-0.644/-0.559).  

          

 
 

Figure 1: Test principle/setup incl. speckled rib surface. 
 

 
 

Figure 2: Effect of cortical thickness on fracture load. 
 

Discussion 

Together with rib level, the factors cortical thickness, 

area moment of inertia around the longitudinal rib cross-

sectional axis, as well as bone mineral density exhibit 

the largest effects on human rib fragility with regard to 

the fracture load. Sex, rib cage side, and global 

morphology, in contrast, do not affect rib fragility. 

These findings might be used in future in vitro and in 

silico studies investigating human rib fracture 

mechanisms, for the development of novel rib fixation 

implant designs, as well as for the optimization of novel 

safety devices in regards to blunt chest trauma. 
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Introduction 

Twelve percent of all eventing falls resulted in the horse 

somersaulting, with seventeen percent of those resulting 

in seriously injured riders [1]. The possibility of the 

horse falling or stepping on a fallen rider requires a 

unique resistance to lateral crush not encountered in 

other sports. 

 

To assess lateral stiffness, equestrian helmets are quasi-

statically deformed as prescribed by the international 
standards PAS 015:2011, VG1 01.040 2014-12 and 

SNELL E2016. The maximal loads are 800N, 630N and 

1000N respectively. The maximum allowable crush is 

30mm and the residual crush at 30N must not exceed 

10mm [2]. Whilst the literature fails to report the 

biomechanical consequence of such deformations, 

Connor et al. reported helmet-headform contact forces 

when impacted with an equine cadaver. A mean 10kN 

compressive force was measured inside the helmeted 

head [3], relative to a 2kN skull fracture threshold [4].  

 
This study seeks to further investigate the lateral 

deformation test, attempting to quantify helmet-

headform contact forces for the above test standards.  

These forces will then provide insight into potential 

skull fracture risk, whilst also providing data to inform 

equestrian safety.  

 

Methods 

The external surface of a Hybrid III 50th %ile male 

headform was instrumented with pressure sensors that 

had a low-profile construct, to avoid inducing stress 

concentrations.  Multiple helmet models (Champion, 
UK), certified to PAS015 were fitted to the headform, 

selecting the appropriate size to accurately resemble a 

well-fitting product.  This test setup was then positioned 

between two rigid platens, secured to a compression 

testing machine (Figure 1).  The controller, driven by 

load-control, proceeded to follow the PAS015 lateral 

deformation test standard. This was considered the most 

appropriate test standard, given its importance to the UK 

market.  Video cameras were used to capture failure 

mechanisms. 

 

This protocol was then repeated using just the helmet, 
without the pressure mat and headform. 

 

Results 

Initial data demonstrates that the headform is exposed to 

significant contact forces from the helmet liner during 

the lateral crush testing, with different helmet design 

features appearing to influence these data. Further 

testing is being completed to understand the potential 

correlation between these high contact forces and skull 

fracture, and the potential for future innovative helmet 

solutions.  

 

 
 

Figure 1: The pressure mat is fitted between the helmet 

and the head form and force applied, while deformation 

and pressure are measured.  

 

Discussion 

The PAS015 lateral deformation test exposes the 

equestrian helmet to a substantial load, as it simulates 

risk posed by the falling horse. Whilst the investigated 

helmets comply with one of the highest regarded 

standards (i.e. PAS015) – typically by designing a 

relatively stiff outer shell, further investigation is needed 

to establish the relevance of this test when comparing 

skull compression data to established fracture 

thresholds. Understanding the force distribution on the 

head provides greater insight to those engineers tasked 

with identifying innovative solutions to achieve 

improved head protection.   
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Introduction 

Finite element modelling of the brain has been used with 

increasing frequency to investigate brain biomechanics 

and pathology of injury [1]. Some models have 

considered the mechanical effects of vasculature on the 

response of the brain matter however there are only a 

small number of studies which investigate vasculature 

injury, and of these, the focus is bridging vein rupture, 

meaning diseases such as microbleeding and are unable 

to be investigated. Here we present a method for 

inclusion of the complete venous system in the brain 

from a T1 image and high resolution QSM image for 

finite element analysis.  

Method 

A high resolution QSM modality image of the 

vasculature was segmented using a combination of 

manual and semi-automatic tools in Mimics (Materialise 

Mimics Research 20.0). Thresholding was used to 

identify macroscale veins, a dynamic growth algorithm 

was used to manually segment remaining veins, and 

finally, a smart expansion algorithm was applied to add 

missing edges and discontinuities. The vasculature 

image was registered to the head segmentation and the 

centerlines/radii data was transformed to the head 

coordinate system.  

Three steps were taken to build the Finite element (FE) 

model of the brain from the subjects T1 image. The 

subcortical structures were segmented using freesurfer, 

the cerebrospinal fluid (CSF) was segmented using fsl 

and the skull was created by thresholding the T1 image 

then removing the brain and CSF segmentation mask. 

Smoothing was applied at material interfaces. 

Four head impact reconstructions were simulated in LS-

DYNA for verification purposes [2]. CORA scores, a 

method for comparison of biomechanical 

reconstructions, were calculated for each receiver to 

verify the fidelity of the brain model. Simulations of 

injury events in sport, road traffic collision, and fall were 

ran on the model to investigate vasculature strains.  

Results 

A detailed FE model of the brain was created which 

included 46 parts, made up of the skull, meninges, CSF, 

cortical, and subcortical structures (figure 1 left). The 

biomechanics of the model was verified using head 

impact data with average CORA scores giving a 

good/fair biofidelity rating as specified in ISO/TR-9770 

(figure 1 right). 

 
Figure 1: (L) FE brain model with complete venous 

system, (R) CORA scores for each receiver per axis for 

reconstruction of UVAB900COR4 [2] 

The venous system was successfully segmented and 

imported onto the brain model. Good alignment of 

anatomical features was seen and veins < 0.4mm 

diameter were successfully identified. Strains were seen 

to peak in patterns in the brain which could indicate 

pathology. 

 

 
Figure 2: Axial slices of fall reconstruction showing 

distribution of strains > 0.15 

 

Discussion 

Here we present the first FE brain model to use high 

resolution imaging for identification and inclusion of 

vasculature in the brain. The brain biomechanics were 

verified from head impact tests showing fair/good 

fidelity. Injury recreations show patterns of strain in 

perivasculature region where vasculature injury is seen.  
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Introduction 

Third generation artificial turf surfaces provide 

a consistent playing experience and enable wider and 

greater sports participation; however, they are 

frequently associated with skin friction injuries [1,2]. 

Whilst not typically preventing elite players training or 

competing in games, these injuries can be painful and 

hinder wider acceptance of artificial turfs [3]. The 
literature poorly describes the epidemiology of skin 

injuries caused by friction-generating interactions, 

motivating an investigation into skin-turf friction.  A 

novel test rig was developed to investigate different 

contact parameters, with the effect of turf pile height the 

focus of this study.  

 

Methods 

Participants (n = 16, 19 – 31 years old) kneeled 

on a 3G turf surface that slid (2 m/s) against the skin 

when exposed to an impulse loading, via a pendulum. 

The cable linking the surface and pendulum was 

instrumented with a strain gauge to capture resistive 
force (Ff), whilst the normal force (Fn) was measured via 

a force plate under the turf. Equation 1 defines the 

frictional coefficient (µ): 

µ =
𝐹𝑓
𝐹𝑛

 

Participants performed three baseline tests, for 

each knee, on control samples (20 mm free pile height) 

which represented a turf in good condition. The left and 

right knee were then exposed to a short (5mm) and long 

(35mm) turf fibres respectively, achieved by an 

increased/decreased infill quantity.  This represented 

poorly maintained turfs. Data were excluded where 

participants applied inconsistent pressure across the 

baseline and intervention tests.  This study was 

approved by the School of Engineering Ethical 
Approval Committee.  

 

Results 

Participants (13 male) performed a full set of 

control and intervention tests; however, datasets were 

excluded if they did not meet the pressure requirements. 

This inclusion criteria accepted 9 and 11 participants for 

the short (left) and long (right) pile hight test, 

respectively. Baseline measurements for the free pile 

height tests achieved a 0.338 (0.075) and 0.341 (0.103) 

frictional coefficient for the left and right knee, 

respectively (p = 0.908). Decreasing pile height resulted 

in non-significant variation between baseline and 

intervention measurements. Exposing greater pile 
caused COF to statistically increase by 11.7 (13.6) % (p 

= 0.03). It was observed that Participant R3 (Figure 1) 

generated COF approximately 2-fold greater than 

average. The respective pressures applied to the turf 

(Figure 2) was calculated as 1.22 (0.369) N/cm2 for all 

participants. It was noted that a reduced pressure of 0.50 

N/cm2 corresponded to the peak COF in Figure 1.  

  
Figure 1: Comparison of COF - Control vs Long Pile. 

 
Figure 2: Pressure applied to the turf - Control vs Long Pile.  

Discussion 

As frictional injuries occur unpredictably, the 

analysis and explanation of anomalous COF values can 
provide a better insight into the causative factors of these 

injuries. Exposing a greater pile height caused a 

statistical increase (p = 0.03) in mean COF. The COF 

for participant R3 was 2-fold greater than the cohort 

(Figure 1), which would appear the most injurious result 

from this study, especially if performed at a greater 

sliding speed.  This participant had the lowest contact 

pressure, potentially reducing/negating the beneficial 

ball bearing effects of rubber crumb, whilst presumably 

achieving minimal infill penetration.  This appears a 

potential cause of higher COF and, presumably, greater 

risk of frictional injury.  Work is on-going to further 
understand this interaction and those of other surface 

and skin parameters. 
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Introduction 

 Third generation artificial turf surfaces 

provide a consistent playing experience and enable 

wider and greater sports participation, however, they are 

frequently associated with skin friction injuries [1-4]. 

The current standard for assessing skin friction has been 

critiqued for not representing realistic player-turf 

interactions [5]. This project aims to develop a novel test 
method that more accurately replicates player-turf 

interactions, which should ultimately enable improved 

regulation and reduced skin injuries. The literature fails 

to identify injurious interactions, whilst a lack of 

systematically ‘flagging’ such incidences has hindered a 

search of historic video footage; hence, appraising 

player perception is now an important component in 

understanding turf interactions.  This study describes the 

development and analysis of a survey presented to 

amateur and elite rugby players, capturing perceptions 

of artificial turfs and skin injury.  
 

Methods 

A survey was designed to capture the opinions 

of amateur and elite rugby players towards artificial 

surfaces.  The first eight questions captured data 

describing player status and history. The next six 

questions, Table 1, explored skin injury history, 

perceived traits of injurious player-turf interactions and 

properties. The survey concluded with a free text 

question, encouraging participants to describe 

interactions they think are most injurious. This study 

was approved by the Cardiff University’s School of 

Engineering Ethical Approval Committee and circulated 
as a Google survey, via the Scottish Rugby Union’s 

social media channels.  

 

Results 

Data from 345 participants (306 male) were 

analysed, including 57 elite male players.  Eighty eight 

percent trained/played at least twice a week. Almost all 

participants (97.4%) perceived artificial grass as more 

likely to produce a skin injury, than natural grass. 

Abrasions (70.4%) or burns (73.6%) were the most 

common injuries participants thought they experienced. 

No consensus existed to identify the turf property that 
was most likely to cause skin injuries, however, 

participants agreed that prominent bony joints were the 

most vulnerable anatomical location (elbows – 71.3% & 

knees – 90.8%). The majority (69%) identified that a 

situation involving a tackle would most likely produce a 

skin injury, whilst others thought sliding to score 

(13.8%) or when going to ground to collect a loose ball 

(14.1%). The remaining participants suggested a ruck 

(1.4%) or any interaction with the turf (1.7%) would 

result in a skin injury. 

1.       What surface do you think is more likely to 

produce a skin injury? 

i) Artificial Grass    ii) Natural Grass 

2.       Which artificial turf property do you think 

produces skin injuries? 

i) Polymer Grass Fibre ii) Rubber Infill iii) Surface 

Temperature iv) Not Sure 

3.       Which body part do you think is most 

susceptible to receiving skin injuries? Choose one 

or more: 

i) Elbow    ii) Knee    iii) Face     iv) Forearm                   

v) Thigh    vi) Shin     vii) Other 

4.       Choose an interaction that you think is most 

likely to produce a skin injury? 

i) Ruck     ii) Maul     iii) Tackling     iv) Tackled         
v) Sliding for a try vi) Going to ground to collect a 

loose ball    vi) Other 

5.       Which of the following environmental 

conditions do you think are more likely to produce 

a skin injury? Choose one or more:  

i) Dry     ii) Wet     iii) Cold     iv) Hot     v) Other 

6.       Which of the following term(s) do you think 

best describes any injuries you have experienced? 

Choose one or more: 

i) Abrasion     ii) Blister     iii) Burn     iv) Contusion    

v) Laceration     vi) No injury     vii) Other 
Table 1: Questions Exploring Player's Perception of Turf 

Discussion 

The survey highlighted that the knee was the 

location most vulnerable to receiving skin injuries.  The 
most likely causative player-turf interactions were 

“sliding”, “tackling” and “tackled”.  Most players felt 

they had experienced both abrasions and burns, which 

suggests the new test method should analyse the 

abrasive nature of turf and temperature rises under 

realistic loadings.  The high training/playing 

participation provides confidence in these data, which 

now inform the design specification of a new assessment 

apparatus. 
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Introduction 

Hip fractures in older adults can lead to lasting 

impairment, a decrease of mobility, and an increased 

mortality rate. Hip fractures mostly occur as a 

consequence of a fall from standing height, however 

only a small percentage of falls lead to hip fractures [1]. 

Hip fracture risk is multi-factorial in nature, including 

the risk of falling, the load acting on the femur and the 

load that the femur can withstand. Hip protectors 

covering the greater trochanter are a preventive 

intervention aimed at reducing the impact load applied 

to the femur. While recent findings indicate that 

posterior-lateral falls are just as dangerous as lateral falls 

from a fracture risk perspective [2], most current models 

focus mainly on assessing lateral impacts. The aim of 

the present study was to investigate the influence of fall 

direction and hip protector padding on impact loading 

and fracture risk using finite element (FE) models.   

 

Methods 

We modelled falls for 4 subjects, in 7 different impact 

directions (15° and 30° anterior, lateral, and 15°, 30°, 

60°, and 90° posterior, see Figure 1), at two different 

impact velocities (2.1 and 3.1 m/s) using pre-existing 

biofidelic FE models [3]. Two material models were 

implemented for bone: one with a linear stress-strain 

response, and another with a non-linear response which 

enabled prediction of bone failure. We investigated peak 

forces during impact at the level of the impact surface 

the greater trochanter, and in the femoral neck, as well 

as fracture status. The fragility ratio (FR), which is the 

ratio between the peak femur force predicted with the 

linear bone model divided by the femur force predicted 

by the non-linear bone model, was used to quantify the 

reduction in injury risk.  

 
 

Figure 1: Left - initial and boundary conditions for the 

fall simulations demonstrated on a sample biofidelic FE 

model with our hip protector. Right - conceptual 

illustration of the simulated impact alignments. 

 

Furthermore, we modelled a hip protector and calibrated 

its mechanical response to match the experimentally 

measured  force-deflection response of commercially 

available hip protectors [4]. The hip protector model 

was implemented into the biofidelic FE model and its 

effectiveness tested under all impact conditions. 

 

Results 

Out of 56 impact conditions, we observed 15 femoral 

fractures in the unprotected falls compared to 9 with the 

hip protector. Lateral, 15° posterior, and 30° posterior 

impacts resulted in the highest number of fractures and 

fragility ratios (see Figure 2). No femur fractures were 

observed in the 60° and 90° posterior impacts.  The 

mean force attenuation at the femoral neck due to the hip 

protector was 34.5% for low BMI subjects, but 5.1% for 

our high BMI subject and showed a small dependence 

on impact direction with posterior-lateral impacts 

showing the highest force attenuation. 

   
 

Figure 2: Fragility ratio (FR) vs. impact angles for all 

subjects. Mean FR depicted with blue diamonds. The 

fractions represent the number of fractures for each 

impact direction. Left - unprotected simulations. Right - 

simulations with hip protector. 

 

Discussion 

We found an equal number of fractures in lateral and 15° 

posterior impacts, suggesting that posterior-lateral falls 

are at least as dangerous as lateral falls. The hip 

protector attenuated femur forces for the impact 

directions that resulted in fractures (-30°, -15°, 0°, +15°, 

and +30°) but, with the exception of one simulation,  

only prevented fractures for impacts with low impact 

speed (2.1 m/s). Our results provide new insight into the 

risk of hip fracture under different impact conditions and 

into the efficacy of hip protectors in different types of 

falls.  
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Introduction 

Traffic accidents are widespread thanks to the 

increasing amount of traffic and related human factors 

such as cell phone calls during driving, stress situations 
caused by traffic jams, poor driver experience, others. If 

people are driving on a trip (business, vacation), they 

usually take several things like bags, drinks, food, and 

other objects. These objects are placed into the vehicle, 

and they are mostly unsecured. A typical human 

assumption “that nothing can happen” causes the 

unsecured state of several objects placed in the vehicle. 

Another factor is that people are in a “rush,” and they do 

not have time to think about what these unsecured 

objects can do when a traffic accident happens. These 

objects act like projectiles and can hit vehicle occupants 

and cause serious injury to their bodies. The critical part 
which is taken into account for the experimental injury 

potential investigation described in this abstract is a 

human head. A series of experiments were performed to 

compute human head injury taking into account Head 

Injury Criterion (HIC). HIC can determine (from head 

acceleration response data) the probability of injury that 

can be caused by the interaction of loose partial elastic 

objects with the human head (rear part) during a frontal 

vehicular crash (traffic accident). 

 

Methods 

An experimental approach was chosen to determine the 
situations when the impactor (in our case, partially 

elastic object – impactor with soft rubber interaction 

part) interacts with the human head and causes injury. A 

potential head injury can be determined by the Head 

Injury Criterion - Eq (1), Eq (2), [2]. 

  

 HIC=maxt1,t2
{(

1

t2-t1
∫ a dt

t1

t2
)

2.5
(t2-t1)} (1) 

 

 a= √ax
2+ay

2+az
2 (2) 

Where a is resultant acceleration, t2-t1 is the time 

interval (15 [ms], [2]), and ax, ay, az are resultant 
acceleration components. If the HIC value reaches 1000 

[1], it can be considered that the impact can be 

dangerous and it can harm the vehicle occupant (18% 

probability of severe head injury; 55% probability of 

serious head injury; 90% probability of moderate head 

injury [1]). 

For the experimental investigation, purposes were used 

experimental equipment as follows (see Fig. 1): Self-

developed airgun, including pressurizing system and 

safety valves; Self-developed partially soft rubber 

projectiles with different masses 0.5, 1, and 1.5 [kg]; 
Hybrid III 50th percentile male dummy for frontal 

impacts and DAQ system; Vehicle seats (without head 

restraint); Vehicle safety belts; DEWE A4 DAQ system. 

For signal analysis and HIC computations was used 

software NI DIADEM with Crash Analysis Toolkit. 

 

 

 

 

 
 

Figure 1: Experimental Setup in Laboratory 
 

Results 

Experimental results generally show (see Figure 2 and 

Table 1) that the critical speeds of loose partially elastic 

objects (1 [kg] to 1.5 [kg]) in the vehicle during frontal 

vehicle impact are in an interval around 50 [km/h] (HIC 

= 1000 [-]). The results also show that: The increasing 

mass of the loose object has a significant effect on the 

critical object speed (mass increases = critical speed 

decreases; see Table 1); The length of the impulse is 

short (around 1.5 [ms]), and other tools must be used to 

verify the injury potential calculated through HIC (Blunt 
Criterion). 

 
Figure 2: Experimental Results Using Partially Elastic Impactor 

 
Impactor 

Velocity 

[km/h] 

Resultant 

HIC [-] 

Impactor 

0.5 [kg] 

Impactor 

Velocity 

[km/h] 

Resultant 

HIC [-] 

Impactor 

1 [kg] 

Impactor 

Velocity 

[km/h] 

Resultant 

HIC [-] 

Impactor 

1.5 [kg] 

- - 52.6 638 45.6 908 

- - 58.7 1108 49.1 1453 

Table 1: Critical Speed of Partially Elastic Impactor with Different 

Masses – Comparison with HIC Equal to 1000  

 

Discussion 

The experimental approach described above does not 

consider head movement during the vehicular crash and 

head interaction with airbags and other vehicle parts. It 

is because the experimental setup will be difficult to 

build. HIC analysis will also be complicated – 
problematic to analyze the proper impulse response. 
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Introduction 
Hip fractures are a serious health concern for the elderly 
population, associated with high mortality, morbidity, 
and medical expenses. More than 90% of hip fractures 
result from a fall. Studies investigating the loading of 
the hip due to falls are mostly limited to sideways falls 
despite recent data indicating that posterior-lateral falls 
may be more dangerous than lateral falls [1]. Moreover, 
the body posture at impact can also affect fracture risk 
because femoral strength has been shown to be 
dependent on loading direction [2]. However, the 
influence of body postures on femoral loading is mostly 
unknown. Subject-specific explicit finite element 
models (FEMs) based on an inverted pendulum design 
can be used to investigate femoral loading and fracture 
risk for impacts that would be unethical for volunteer 
testing  [3].  
The aim of this study was to investigate the interaction 
between body posture, fall direction and femoral impact 
forces with biofidelic fall simulations. 
 
Methods 
Body alignment was investigated through four postural 
changes: leg rotation (LR), hip flexion (HF), knee 
flexion (KF) and pelvis rotation in coronal plane (PC). 
For each postural change, an existing biofidelic FEM 
mesh [3] (Fig 1) was morphed to four levels of rotation. 
Each level was simulated using three different fall 
directions (lateral fall, 30° posterior fall and -15° 
anterior fall). In total, 51 impact conditions were 
simulated.  

 
Figure 1: Biofidelic sideways fall FEM with postural 
changes indicated.  

 
Heterogeneous linear material properties were applied 
to the bones. Gravity and an initial rotational velocity 
were applied to reach a target impact velocity of 3.07 
m/s at the greater trochanter.  Peak femur force (Ffemur) 
was quantified between the articular cartilage of the 
pelvis and the femoral head. 
 
Results 
Peak femoral loading varied between 1.49 kN and 5.97 
kN depending on impact condition. The average peak 
femoral forces in anterior, lateral, and posterior fall 
direction were 4.79kN, 5.51 kN, 3.14 kN, respectively. 
Impact posture affected peak femur forces more in 
posterior falls compared to anterior and lateral falls.  

 
Figure 2:  Ffemur for the four postural changes and three 
fall directions. Gray markers show the unmorphed 
reference posture. 
 
Discussion 
Our results indicate that femoral loading can vary 
significantly depending on the impact posture and 
impact direction. Impact direction had a clear influence 
on femoral loading, indicating that the femur is less 
severely loaded in posterior-lateral falls. The influence 
of postural changes varied with different impact 
directions, which suggests an interaction between 
posture and fall direction. To our knowledge, this is the 
first study that investigates the combination of body 
posture and fall directions and their association with 
impact loads generated due to falls from standing height. 
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Introduction 

New helmet technologies have been developed to improve the 
mitigation of traumatic brain injury (TBI) in bicycle 
accidents. However, their effectiveness under oblique 
impacts, which produce more strains in the brain in 
comparison with vertical impacts adopted by helmet 
standards, is still unclear. Here we used a new method to 
assess the brain injury prevention effects of 27 bicycle helmets 
in oblique impacts, including helmets fitted with new 
technologies dedicated for impact management. We tested 
whether helmets fitted with the new technologies can provide 
better brain protection than conventional helmets by assessing 
mechanical strain in several key anatomical brain regions in 
three different oblique impact conditions. 

Methods 

 
Figure 1: Experimental and Computational Methods  

27 commercially available bicycle helmets were selected from 
the European market. Four new technologies were 
investigated here and compared with 8 conventional helmets 
which served as controls. The tested technologies were low 
friction slip-layer named ‘multi-directional impact protection 
system’ (MIPS) 1, a ‘wavy’ cellular liner called WaveCel 2, 
add-on shear pads called SPIN, and finally, we included a 
radical technology, the airbag helmet Hövding 3.0 3. 

Each helmeted headform was dropped onto a 45⁰ inclined 
anvil at 6.3 m/s at three locations, with each impact location 
producing a dominant head rotation about one anatomical 
axes of the head. A detailed computational model of TBI 4 was 
used to determine strain distribution across the brain and in a 
key anatomical region – the corpus callosum (Fig. 1). 

Results and Discussion 

Our results show that most helmets with new technologies 
tested here have the potential to reduce maximal strain in 

oblique impacts in comparison to conventional helmets. 
Nonetheless, a large variation in the strain can be seen across 
the helmets, from 0.01 with the airbag helmet to 0.19 with a 
conventional helmet. Strain was within normal ranges in all 
MIPS helmets for impact 1. In impacts 2 and 3, strain was 
significantly lower in 60% of MIPS helmets (2: 35 – 66%, 3: 
23 – 51%). Likewise, strain was lower in the WaveCel helmet 
in impact 2 (59%), but not in impact 1 or 3. Strain was also 
significantly reduced in impact 3 in the SPIN 1 helmet, 
however no significant reductions were observed for the other 
impacts nor in the SPIN 2 helmet. The airbag helmet 
significantly reduced the strain in all three impacts 
irrespective of analysis duration (Fig. 2). 

 
Figure 2: 90th percentile strain in whole brain and corpus collosum 
resulting from each helmet impact grouped by technology. Green 

and red margins represent significant improvement or deterioration 
in performance respectively in comparison to conventional helmets. 

In conclusion, incorporating different impact locations in 
future oblique impact test methods and designing helmet 
technologies for the mitigation of head rotation in different 
planes are key to reducing brain injuries in bicycle accidents 
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Introduction 
Road traffic accidents are catastrophic events leading to 
serious injury and in some cases fatality. The dichotomy 
is that traumatic injuries, as a result of road traffic 
collisions are assessed using the Abbreviated Injury 
Scale (AIS), which is a measurement of the probability 
of death, whilst the engineering tools available to 
support the understanding of injury causation rely on 
engineering measurements of stress and strain. Further 
to this, the problem of ageing is not adequately dealt 
with using existing engineering tools. The research 
proposes the development of a generic mathematical 
injury severity model, based on Peak Virtual Power 
(PVP) [1], to establish relationships between AIS, 
ageing and collision speed. 

Method 
A mathematical model is derived, tested and compared 
against collision cases where the Postmortem (PM) is 
known. Injuries are non-reversible phenomenon and can 
be captured by the Second Law of thermodynamics, 
relating to degeneration and decay. By using the 
Clausius-Duhem inequality, from the rate dependent 
form of the 2nd Law (Equation 1), it was demonstrated 
that AIS was proportional to the maximum rate of 
entropy inside any soft tissue. This mathematical 
response is called Peak Virtual Power (PVP) [1] and is 
illustrated in Figure 1.  

 
Equation 1: Clausius-Duhem equality [1] 

 
Figure 1: Evolution of injury severity against time [2] 

An algebraic formulation of PVP is then derived, 
expressing AIS as a function of impact speed, ageing, 
contact stiffness, as well as contact area. It was assumed 
that human mechanical properties degrade as people 
age, hence these properties were scaled accordingly. A 
typical injury severity brain trauma response, based on 
the mathematical derivation, is illustrated in Figure 2, 

representing the power needed to cause AIS 4 as 
function of age and impact speed. Figure 2 confirms that 
less power is required to injure an older person than a 
younger one, i.e. as observed in real life [2]. 

 
Figure 2: Brain White Matter (DAI) Injury response as a 
function of age [2] 

The four accidents are then reconstructed using Finite 
Element (3 pedestrian collisions and 1 fall); their 
numerical AIS predictions, based on the mathematical 
model, are compared to the AIS recorded from the Post-
Mortem. 

Results 
In 8 organ blunt trauma computer predictions using the 
mathematical theory derived, 7 were exact AIS 
predictions and location, while one was slightly under 
predicting the PM outcome. It this study the standard 
maximum principle strain (MPS) method, used to detect 
injuries was inconclusive (1 correct prediction from 7). 

Discussion 
From this study, it can be concluded that the PVP 
method, based on theoretical physics, is a good 
candidate to capture injury severity and location in soft 
tissues. More data is nevertheless required to confirm 
whether this method is universal. 
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Introduction 

Proximal Humerus fractures are one of the most 

common fractures that affect the mobility of the upper 

arm and the shoulder joint [1]. Although some of the 

Proximal Humerus fractures do not require surgical 

intervention for healing, locking plates are the most 

common implants for the fixation of them to maintain 

stability during the recovery period [2]. However, 

though there have been many improvements in the 

design and technology, complications due to the plate 

still occur [3].  Two screws are initially placed at 22,5 

degrees’ in the sagittal plane with respect to the vertical 

axis. To overcome this issue, an optimization process to 

help to prevent complications due to the screw insertion 

direction must be performed. 

 

Methods 

The geometric model of the Proximal Humerus, the 

locking plate, and the screw is created and then meshed 

for the analysis. The meshes are generated with different 

aspect ratios to maintain their quality after morphing. 

Two screws are initially placed at 22,5 degrees apart. A 

morphing method without re-meshing is developed to 

vary the angle of the right and the left screws between 0 

to 45 degrees independently. These shapes are created 

to be used in the optimization process as the design 

variables to the Global Response Surface algorithm, 

where the aim is to minimize the response which is the 

maximum Von Mises stress values at critical regions. 

The load cases are created according to the muscle 

attachments as in Figure 1 and combined to form seven 

different load cases as shown in Table 1. Linear static 

analysis is performed to see the stress concentration 

areas on the Proximal Humerus.  

 

 
Figure 1: Demonstration of the muscle forces applying 

to the Proximal Humerus. 

 

Load Case Force Combinations 

(as to Fig.1.) 

1 Force A 

2 Force B 

3         Force C 

4       Force A+B 

5    Force A+C 

6       Force B+C 

7       Force A+B+C 

Table 1: Load Cases and Force Combinations. 

Load 

Case 

Optimized 

Stress 

Left Screw 

Orientation 

Right Screw 

Orientation 

1 38,1 36,9 45,0 

2 21,0 45,0 33,3 

3 90,5 28,1 28,8 

4 52,9 45,0 29,7 

5 69,8 24,7 45,0 

6 98,1 25,4 36,9 

7 82,0 36,9 45,0 

Table 2: Optimization Results for Proximal Humerus. 

 

Results 

The results indicate the angles of the screws which result 

in minimum stress concentration on the Proximal 

Humerus as shown in Table 2. It can be inferred that that 

one can select and perform dynamic or semi-rigid 

unilateral fixation based on surgical advantages rather 

than biomechanical considerations. For both left and 

right screws, the angle placement between 22,5 to 45 

degrees in the sagittal plane with respect to the vertical 

axis results in minimized stress concentrations. 

 

Discussions 

Considering the optimized output using all proposed 

load cases, it can be concluded that the angular position 

of the screw helps to decrease the maximum stresses on 

the bone, which is an outcome that is expected to aid the 

patients during the post-op healing process and will help 

to decrease the complication rates caused by the 

instruments with correct screw positioning.  

In further studies, some open points, such as combining 

the search of the screw angles combined with the axial 

positioning of the screws can be sought. The elastic 

modulus changes and bone resorption estimates can be 

input as a parameter to the optimization algorithm. 

Considering material parameters depending on the 

patient's age to achieve patient-specific screw 

positioning of Proximal Humerus Locking Plates is a 

possibility. 
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Introduction 
Bi-condylar tibial plateau fractures with the highest 
frequency in 40-60 years old accounts for 35% of all 
tibial plateau fractures [1]. Despite the crucial role of 
posteromedial fragments in the selection of fixation 
methods [2], there is still a lack of understanding about 
the effects of coronal fracture lines on load sharings 
within bone-implant structures. This study aimed to 
develop validated finite element (FE) models to 
analyze the impact of coronal fracture lines on stress 
distributions within fixation constructs. 
 
Methods  
FE models with (Fracture C) and without (Fracture H) 
a coronal fracture were developed in ANSYS based on 
CT scans of 4th-generation tibial Sawbones and CAD 
data of Stryker AxSOS Titanium locking plates (Figure 
1.A). Corresponding fracture samples were also 
prepared. To simulate experimental loading, the top 
surface of the load applicator that included femur 
condyles of unilateral knee replacements to distribute 
forces with a 60/40% ratio on the medial and lateral 
tibia plateaus was coupled to a remote point with 
vertical translational and sagittal rotational degrees of 
freedoms. Axial 250-N forces were applied at remote 
points (Figure 1.B). Screw threads were omitted for 
bone-screw interfaces. All materials were assumed to 
be homogenous, isotropic, and linear elastic. Following 
convergence tests, about 845,000 quadratic tetrahedral 
elements were considered for meshing. For validation 
purposes, mechanical tests consisted of three static 
ramps up to 250N were executed to measure 
experimental data regarding the global axial stiffness 
and marker displacements. Von-Mises stresses in the 
plate and screws were compared between fractures. 
 

 
Figure 1: A) FE models of Fractures H and C, B) 
Loading and boundary conditions  

Results 
Considering Root-Mean-Square and relative errors of 
marker displacements and axial stiffness, FEA of 
Fracture C showed 3-8% deviations from the 
mechanical tests, while Fracture H’s was 3-18% less 
accurate. Regression curves of marker displacements 
demonstrated slopes of 0.94-1.08 and R2 of 0.99 for 
both fracture models. Von-Mises stress distributions of 
the inner and outer surfaces of the plate indicated that 
for Fracture C peak stresses, which occurred around 
the proximal-inferior and proximal-threadless holes, 
were 55-65% higher than Fracture H’s, observed 
around the kick-stand hole (Figure. 2). The Kick-stand 
screw of Fracture C revealed a 65% higher stress than 
Fracture H’s.  
 

 
Figure 2: Von-Misses stress contours within locking 
plates and screws: A) Fracture C, B) Fracture H 
 

Discussion 
FEA of both fractures revealed acceptable accuracies, 
while Fracture C’s demonstrated superior agreement 
with experimental outcomes than Fracture H’s. Von-
Mises stress distributions demonstrated that the coronal 
fracture line resulted in a shift in stress concentration 
areas from the middle section of the plate to the 
proximal part. Also, the von-Mises stress of the kick-
stand screw as the most load-bearing screw was 
doubled. This suggests that the potential fatigue failure 
points of lateral locking plates and screws depend on 
the fracture morphology. Therefore, a clinically-
relevant fracture model such as Fracture C should be 
considered to accurately assess fixation methods and 
treatment options. 
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Introduction 
A new concept of less stiff acetabular cup was 
developed based upon the necessity of obtaining a dome 
shape made of beams and hole rings connected to a full 
solid equatorial region. The surface and the region 
between the beams and hole rings are made of porous 
titanium. The cobweb cup is intended for index and 
revision surgery; it presents a spiral hole layout which 
optimizes the hole/bone contact in case of severe bone 
loss during revision acetabular reconstruction just by 
rotating and templating the cup trial before the final cup 
insertion. 
However, a such structure could induce the suspect of a 
weak mechanical resistance. 
For this reason, the aim of this research study is to 
optimize the number of holes and beams thickness in 
order of obtaining a mechanical resistant acetabular cup. 
In detail, FEA analysis supported the phase of 
prototyping up to the final design that was finally 
experimentally tested.  
 
Methods 
The worst configuration, was determined by means of 
finite element analysis (FEA) on size 52 group B. Since 
the cup can be coupled with a metallic or plastic insert, 
the effect of the insert was first checked. Then, the most 
affecting load direction was detected after different 
simulated positions (Figure 1). The applied load is 
3300N. The cup is made by rigid titanium (E=110 GPa, 
ν=0,32) and porous titanium (E=1,515 MPa, ν=0,39). 
Friction coefficient between the cup and the insert is 
µ=0,24 for the metal insert and µ=0,35 for the plastic 
insert. 
 
Results 
For the metal insert, that showed the worst results in 
terms of mechanical stress, also the most affecting load 
direction was identified. Once detected that the most 
stressing boundary conditions, the preliminary design 
approached 300 MPa of stress, over the estimated limit 
for the material in use. Thus, the acetabular cup was 
changed introducing round edges and corners for every 
link between holes and beams and a higher full thick 
equatorial region with the aim of decreasing the 
monitored stress under 200 MPa, the mechanical stress 
resistance of the materials in use.  
Figure 2 shows a comparison between the first and the 
final design, while Figure 3 shows the final stress for the 
cobweb structure and porous regions. 
Thanks to all the iterative modifications, the last version 
of the design proofed by FEA was produced and 
experimentally tested with success under the same 
boundary conditions: no damage was ever detected in 3 
samples tested at 5 million cycle fatigue tests. 

 
Discussion 
This study shows a recent example of the use of FEA for 
helping in prototyping a new concept of acetabular cup. 
Despite of the dome-web structure, mechanical resistant 
was proved and confirmed by experimental tests. 
 

 
Figure 1: different analyzed positions and load 
direction (the cup model is presented only for the rigid 
support) 

 

 
Figure 2: comparison between first design and the final 
development obtained after the optimizations based 
upon FEA results 

 

 
Figure 3: Results for coupling with metal (a,c) or plastic 
(b,d) insert. Figure a and b show results for the rigid 
part of the cup while figure c and d the results for the 
porous areas 
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Introduction 

Cementless implants have become more and more 

common for joint replacement surgery. These implants 

achieve initial stability during surgery, while secondary 

stability is obtained by bone growing around and into 

the porous surface of the implant, a process called 

osseointegration. As debonding of the bone-implant 

interface due to aseptic loosening and insufficient 

osseointegration still occur and may have dramatic 

consequences, predicting implant stability and failure is 

one of the major goals in implant research.  

In most computational models of the bone-implant 

interface, frictionless contact, Coulomb’s friction or 

perfectly bonded contact conditions are used. However, 

frictionless and pure Coulomb’s friction contact are 

strong assumptions for the contact behavior between the 

rough and porous bone and implant surfaces and is not 

able to model bonding or properly represent the 

nonlinear contact behavior. Perfectly bonded contact 

cannot model debonding of the interface and does not 

account for imperfect osseointegration phenomena [1]. 

The aim of this work is to develop a contact model that 

can account for the effect of partial or total bonding due 

to osseointegration phenomena. 

 

Methods 

In this work we model the long-term stability of an 

osseointegrated acetabular cup implant. The influence 

of different factors on the long-term stability, such as the 

degree of osseointegration, distribution patterns of bone 

tissue on the implant, primary stability, interference fit, 

and bone stiffness, are studied by considering various 

osseointegration scenarios.  

Each simulation consists of three phases: 1. The 

insertion phase where the implant is pushed into the hip 

cavity until a vertical reaction force of 2500 N is 

reached. 2. The osseointegration phase, where the bone-

implant contact ratio is varied between 0 and 100%. 3. 

The removal phase, where the osseointegrated implant 

is removed in either a) normal direction, b) tangential 

direction or c) through torque, in order to assess the 

implant stability. 

The contact model consists of a modified Coulomb's 

friction law, which can model the tangential debonding 

of (partially) osseointegrated implants [2]. The friction 

coefficient  := () is modeled as a function of a state 

variable . For every point on the bone-implant 

interface, this state variable can depend, for example, on 

the accumulated deformation of the interface, the initial 

bonding state (i.e. osseointegration or no bonding), and 

the deformation threshold. The model is extended with 

a cohesive zone model to account for debonding in 

normal direction. Furthermore, this model is embedded 

into an existing enriched finite element contact 

framework for efficient contact treatment [3]. 

 

Results 

The stability of the implant, defined by the maximum 

pull-out force or torque, is determined for different 

parameter configurations and loading conditions. It is 

shown that initial stability and the degree of 

osseointegration, have a significant influence on implant 

secondary stability and thus the surgical success. 

Furthermore, implant stability differs depending on the 

loading condition. 

 

Discussion 

Numerical modeling allows controlled analyses of 

different parameters to determine an optimal 

configuration of implant and surgery technique for a 

specific patient and allow for prediction of long-term 

implant stability. In the future, this model can be 

coupled with bone remodeling and osseointegration 

algorithms to accurately account for the 

osseointegration of implants and increase the accuracy 

of the prediction of long-term stability. 
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Introduction 

Mandibular fractures and mandibular resections due to 

tumors or osteonecrosis are commonly fixated using 

titanium plates and screws. However, the limitations of 

current fixation techniques make it necessary to develop 

new methods to improve the healing outcomes [1].  

Animal models are commonly used for testing new 

designs and biomaterials for bone fixation. However, 

the choice of a reliable preclinical model is not straight-

forward and several drawbacks and complications may 

occur due to unfitting biomechanical conditions 

compared to humans.  

This study aimed to develop a computational framework 

to investigate the biomechanics of mandibular bone 

fixation. More specifically, we investigated 1) the 

reliability of the sheep mandible as a pre-clinical model 

for testing fixation devices and 2) the effect of the 

fixation design on the stability at the fracture site. 

 

Methods 

3D finite element models of the human and sheep 

mandibles were developed. In both models, 

physiological loading conditions were applied to 

simulate several clenching tasks. Maximum muscle 

forces in sheep were estimated by quantifications of the 

masticatory muscle physiological cross-sectional areas 

from MRI scans [2]. Fractures in the human and sheep 

mandibular bodies and the sheep diastema were 

simulated (Fig. 1a-1c). 

Moreover, to investigate the effect of plate design 

(geometry and biomaterial) on the biomechanics of the 

fractured human mandible, post-operative muscle forces 

were applied and fractures in the symphysis, body, 

angle, and ramus regions were simulated (Fig. 1d-1g). 

Fracture fixation was performed by using devices in 

titanium, magnesium, and PLA, in two different plate 

thicknesses (traditional 1 mm and alternative 1.5 mm). 

Fig. 1: (a) Human and (b) sheep body fracture, and (c) 

sheep diastema fracture; (d) symphysis, (e) body, (f) 

angle, and (g) ramus fractures in the human mandible. 

Results 

Maximum bite forces of 500 N and 420 N were 

predicted in humans and sheep, respectively. 

Mechanical strains within the fracture gap differed 

considerably between humans and sheep (Fig. 2). 

Similar stresses within the implants were found in the 

sheep diastema and the human body fracture scenarios. 

 
Fig. 2: Tensile and compressive strains (ε) within the 

fracture gaps during intercuspal (ICP), incisal (INC), 

and unilateral (UNI) clenching in humans and sheep. 

A 100 N post-surgery bite force was predicted in 

humans. Strains within the fracture gap ranged between 

0.3-2.3%, 0.6-3.0%, and 1.7-10.4% by using titanium, 

magnesium, and PLA plates, respectively (Fig. 3). Plate 

thickness did not remarkably influence the strains within 

the fracture. 

 
Fig. 3: Tensile and compressive strains within the 

fracture gap for fixation plates made of titanium (Ti), 

magnesium (Mg), and PLA during UNI clenching. 

Discussion 

Our results suggest that: (1) despite lower mechanical 

properties, magnesium seems to be a good alternative to 

titanium for mandibular fracture fixation; (2) increasing 

magnesium plate thickness seems not necessary; (3) the 

sheep diastema can be considered a valid biomechanical 

pre-clinical model to test fixation devices; however, 

studying the influence of fracture fixation on the bone 

healing in sheep must be done carefully.  

Future studies will use this computational framework to 

investigate the influence of fracture fixation on the 

biomechanics of reconstructed mandibles. 
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Introduction 
High tibial osteotomy (HTO) is an effective and well-
established surgical procedure for treating medial 
compartment osteoarthritis (OA) of the knee joint. The 
primary concern associated with HTO procedures is 
related to delayed recovery after surgery as bone healing 
after HTO requires a mechanically stable environment 
and needs time. In a recent clinical study, the use of an 
impacted patient-specific femoral allograft resulted in 
high early mobility and good short-term clinical 
outcome1. These results were suggested to be related to 
an improvement in construct stability and the successful 
redistribution of axial forces through the allograft. 
However, biomechanical data supporting this 
hypothesis are lacking. Therefore, this study focused on 
quantifying the effect of an impacted bone graft on the 
stability of the osteotomy site and the loading of the 
fixation plate.  
 
Methods 
Five patient-specific finite element models of the 
proximal tibia were created from computed tomography 
(CT) images at three-month follow-up. Each CT scan 
was imported in Mimics (v23.0, Materialise, Leuven, 
Belgium). The tibia, structural allograft, plate and 
screws were manually segmented and converted to 3D 
models. In order to investigate the influence of the graft, 
two models were constructed for each patient; one with 
the structural allograft in-situ and one where the 
allograft was omitted from the model.  The resulting 3D 
models were converted to finite element meshes with 
linear tetrahedral elements. Subject-specific material 
properties based on the Hounsfield units were assigned 
to the tibial bone and femoral allograft. The titanium 
fixation plate and screws were assigned homogeneous 
linear elastic properties.  
 
A gender-specific knee contact load of three times 
bodyweight was applied as a distributed force on the 
tibia plateau. Furthermore, a downward intervention-
induced load of 200 N was applied at the edge of the 
superior tibial fragment, simulating the effect of the 
elongation of the knee ligaments and the extension of 
the hinge region as a result of the impaction. A frictional 
contact was defined at the contact interfaces between 
tibia, graft, screws and plates. Motion of the distal part 
of the tibia was fully constrained. The von Mises and 
principal stresses were used to compare the loading of 
the plate between the models with and without allograft. 

The osteotomy stability was quantified as the 
displacement in response to the knee contact load of the 
superior to the inferior part at the cortical surface of the 
osteomy cut. 
 
Results 

 
Figure 1: Maximum von Mises stress in the plate in each 
of the five cases. It decreased from 140.6 MPa to 64.7 
MPa, an average reduction of 54 %. 
 
On average, the maximum tensile and compressive 
stresses in the fixation plate decreased with 55% and 
54%, respectively with grafting. The average maximum 
relative movement in the osteotomy cut decreased from 
147.1 μm to 44.8 μm, a reduction of 70 %. 
 
Discussion 
This study investigated the biomechanical influence of 
applying impacted structural allografts in HTO using 
subject-specific finite element models. Analysis of the 
von Mises stresses indicates that grafting results in a 
substantial fraction of the load being shared with the 
graft and tibia. This decreases stress-shielding of the 
allograft region and, therefore, promotes callus 
formation and bone healing. Furthermore, the use of an 
impacted structural allograft significantly improves the 
mechanical stability of the osteotomy site evident from 
the reduced movement.  
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Introduction 

Prophylactic treatment is advised for metastatic bone 

disease patients with a high risk for fracture. Mechanical 

stabilization can be provided through femoroplasty, a 

minimally invasive procedure where bone cement is 

injected into the lesion. However, uncertainty remains 

whether femoroplasty provides sufficient mechanical 

strength to the weight-bearing femur [1]. The goal of 

this study was to evaluate the mechanical effectiveness 

of femoroplasty through finite element (FE) analysis on 

a dataset of cancer patients with femoral metastases. 

 

Methods 

Dutch patients who were referred for radiotherapy of 

bone metastases in the femur, were asked to participate. 

A total of 89 patients (55 male and 46 female, age 39-

98), with 101 femurs that were affected with bone 

metastases were included. During a 6 months follow-up 

period, pathological fractures occurred in 13 femurs.  

Quantitative CT-based FE models were generated for all 

patients according to a previously validated protocol [2]. 

Failure load was defined as the maximal reaction force 

in the loading direction and was normalized for body 

weight (BW). A critical threshold was defined for the 

FE failure load in order to classify femurs as having a 

high or low fracture risk. If the failure force was lower 

than the threshold, a high fracture risk was assigned. The 

threshold was chosen that maximized the sum of the 

sensitivity and specificity when comparing against the 

actual occurrence of fracture.  

For the FE simulation of femoroplasty, the dataset was 

restricted to 34 femurs with lytic lesions in the proximal 

femur that were considered eligible for femoroplasty. 

The lesions were manually segmented from the CT 

scans. The assumption was made that bone cement 

would fill the complete lesion as well as the trabecular 

bone present within 4 mm of the lesion [3]. The FE 

failure load before and after treatment were compared 

and evaluated against the critical threshold. 

 

Results 

The critical threshold for classification between low and 

high fracture risk was 8.9 x BW, resulting in a sensitivity 

of 92% and a specificity of 66%. 

Femoroplasty increased the failure load for lesions 

located in the head/neck of the femur (N = 16) (Fig. 1A). 

The high risk femurs that actually fractured during 

follow-up (orange dots), all moved towards a low 

fracture risk after treatment. In contrast, for the lesions 

located in the trochanteric region (N = 18), femoroplasty 

showed almost no effect on the failure load (Fig. 1B).  

In all 34 femurs from both groups, the FE models 

predicted femoral neck or subcapital fractures. 

 
Figure 1: Failure load predicted by FE before and after 

simulated femoroplasty for lesions located in the 

head/neck (A) and the trochanteric region (B). The 

central lines connect points of the same femur. 

 

Discussion 

Our data demonstrate that femoroplasty of head/neck 

lesions can substantially increase failure load and 

decrease fracture risk. In contrast, femoroplasty of 

trochanteric lesions showed almost no effect on the 

failure load. This can be explained by the observation 

that in these cases fracture occurred through the femur 

neck, instead of through the lesion, indicating that the 

lesion was not the critical weak spot. Consequently, 

cement augmentation of these lesions will not increase 

the failure load [3]. An important limitation of this study 

was the exclusion of patients who had been treated with 

prophylactic surgery, thereby excluding cases with an 

expected high fracture risk. 

To conclude, the results indicate that femoroplasty may 

be effective to reduce fracture risk in several metastatic 

bone disease patients with critical lesions in the 

proximal femur. Yet, future studies on datasets 

including more high risk lesions are required. 
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Introduction 
Finite element analysis (FEA) has proven useful to 

predict the biomechanical behavior of intact bone and 

bone-implant constructs [1]. A potential benefit of FEA 

is that bone-implant constructs could be optimized by 

testing a very large number of different implant 

configurations. A major drawback is that generating 

models with sufficient level of detail often requires 

manual intervention, which limits the number of implant 

configurations that can be tested. Here, we use a 

previously developed FEA workflow to automatically 

vary the number of screws used in plated distal radius 

fractures (DRF) and investigate if fewer screws could be 

used, as this would save treatment costs and reduce 

complications. In particular, the effect of the number of 

screws in volarly plated DRF on (1) axial stiffness and 

(2) peri-implant principal strains shall be evaluated. 

Methods 
16 subject specific FEA models of plated DRFs were 

created following a previous study [1]: High resolution 

computed tomography scans of the intact bones were 

used to obtain bone geometry and local bone density, 

and AO23-A3 fractures treated with volar locking plates 

with 6 distal screws were created virtually (Fig. 1). 

These models were previously compared to 

experimental data [1] (Stiffness FEA vs. experiment: 

R2= 0.8) and served as the baseline for this study. 

41 different implant configurations were created for 

each of the 16 subject specific models and loaded with 

an axial force of 100 N. The configurations comprised 

all possibilities for removing 1 to 3 distal screws from 

the implant system (Fig. 1). Two biomechanical 

parameters were assessed for each of the resulting 

41*16=656 FEA models: (1) Axial stiffness to quantify 

resistance against quasi-static external loading and (2) 

compressive principal strains, averaged in the peri-

implant region around the distal screws, as a surrogate 

for the number of load cycles to failure [2]. 
 

 
Figure 1: Study outline.  

Results 
Axial Stiffness (Fig. 2, left): Removing even three 

screws resulted in only ~11% reduction of stiffness in 

the subject-specific best configuration, but up to ~46% 

reduction of stiffness in the worst configuration. 

Peri-implant strains (Fig. 2, right): In the best 

configurations, removing screws even reduced the peri-

implant strains (up to ~35% reduction). In the worst 

configurations and with three removed screws, peri-

implant strains were increased by more than 100%. 

Interestingly, the configurations leading to the largest 

axial stiffness were not consistent with the 

configurations leading to the lowest peri-implant strains.  

 
Figure 2: Relative axial stiffness (1) and relative peri-

implant strains (2) after removing 1 to 3 screws. Error 

bars indicate the inter-subject standard deviation 

(n=16). Insets show the most frequent best/worst 

configurations across subjects. 

Discussion 
The results showed that not only how many, but also 

which screws are used in volarly plated DRFs is critical 

for its biomechanical behavior. The fact that different 

biomechanical parameters suggest different “optimal” 

screw configurations might in part explain conflicting 

results of previous biomechanical studies [3,4] and 

highlights the need for a more complex optimization 

procedure taking multiple output parameters into 

account. While this study highlights the potential of 

FEA to optimize fracture treatments, several challenges 

remain to be addressed prior to clinical application, 

including implementation of non-linear behavior of 

materials and interfaces as well as more realistic 

boundary conditions. 
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Introduction 

Periprosthetic tibia plateau fracture after 

unicompartmental knee arthroplasty (UKA) has been 

associated with over-resection of the posterior sagittal 

cut, increased resection depth or malalignment of the 

tibial implant [1,2]. The impact of multiple cut guide 

pinholes, which can act as stress risers in the bone, on 

plateau fracture has not been investigated.  

The aim of this study was to create and validate a finite 

element (FE) model of the tibia bone implanted with a 

UKA tibia baseplate and to study the influence of the 

pinhole locations on the risk for periprosthetic fractures 

following UKA. 

 

Methods 

Cadaveric experiments:  

Seven cadaveric tibiae were prepared and implanted 

with a medial, cemented UKA component by 

experienced UKA surgeons (performing a bi-uni knee 

surgery), using cutting instrumentation that introduced 

several pinholes inferior to the transverse cut. The 

implanted specimens were dissected, potted in cement 

and axially loaded through the femoral-tibial contact 

point in extension until fracture of the medial plateau 

occurred (Figure 1). 

 

 
Figure 1: Dissected tibia specimen with implanted 

medial UKA, experimental test setup with DIC and 

corresponding FE model. 

 

FE analysis: Specimen specific FE models were 

created based on pre- and post-operative CT scans, 

consisting of the tibial baseplate, nominal cement 

mantle, tibial bone and the cement block. All materials 

were considered homogenous, isotropic, and linear 

elastic. The tibia was modelled in two layers (cortical 

bone: 15 GPa [3], cancellous bone: 0.5 GPa [4]).  

The FE models were then validated in terms of overall 

specimen stiffness (n=7) and local displacement 

extracted with digital image correlation (DIC) (n=2). 

The risk of fracture (ROF) in each model was 

quantified as the volume of cortical bone exceeding 

50% of bone strain capacity [5].  The validated FE 

models were then used to study the influence of 

pinhole locations on the ROF by varying the number of 

pinholes and pinhole locations, while subjected to an 

axial load of 2kN. 

 

Results 

Model validation: A close agreement and strong 

correlation in the overall specimen stiffness (R
2
=0.92) 

and in the local deformations (average differences 

<11% compared to DIC measurements) was found 

between experiment and FE models (Figure 2). The 

ROF at 2kN axial load was inversely correlated (R
2
= 

0.80) with the measured fracture load of the tibia 

specimen, supporting the use of ROF as a metric for 

assessing bone strength.  

 
Figure 2: Correlation in specimen stiffness between 

experiment and FEA. 

 

Influence of pinholes: The relative position of 

pinholes had a greater effect on the ROF than the 

number of pinholes: 3 pinholes evenly spread inferior 

to the transverse resection showed similar ROF volume 

as the 2 pinholes scenario (student’s paired t-test, 

p≥0.415). Pinholes spaced underneath the transverse 

cut significantly reduced the ROF (p≤0.03) compared 

to adjacent pinholes in close proximity to the sagittal 

cut corner.  

 

Discussion and Conclusion 

Specimen specific FE models of the tibia with a 

cemented UKA were validated against an 

experimental, axial test.  The FE model was then used 

to study the effect of surgical pinhole placement on the 

risk for periprosthetic fractures. 

Surgical pinholes may represent a stress riser in the 

anterior cortex. To minimize the risk for periprosthetic 

fracture, ideally, surgical pinholes are distributed 

inferior to the transverse resection and not in close 

proximity to the sagittal cut corner. 
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Introduction 
To design and analyze orthopaedic devices, finite 
element (FE) models represent a cost-effective 
alternative to in vitro experiments. The main problem of 
such simulations is their extremely long computing time 
required to perform the simulation; this limitation makes 
this approach not compatible with time-sensitive 
applications, such as real-time surgery-planning or 
intra-operative setting. On the contrary, Multibody 
(MB) simulations are usually faster than FE simulations, 
as they consider each component rigid and not 
deformable. Therefore, the goal of this study was to 
demonstrate the equivalence in terms of kinematic, 
contact force, and ligament strain results between a FE 
and a MB model of an implanted knee under the same 
boundary conditions. 
Methods 
The FE model of the knee was composed by the femur, 
tibia, patella and the patellar cartilage (segmented from 
the CT scan of a cadaveric specimen); the material 
properties for those components were taken from 
literature and modeled as linear elastic. The femur and 
tibia were implanted with a cruciate retaining total knee 
replacement. The femoral component, tray, and insert 
materials were modeled with linear elastic properties. 
Each component was meshed with second-order 
tetrahedral elements. The posterior cruciate ligament, 
medial and lateral collateral ligaments, and patellar 
tendon (divided in three bundles) were modeled as 
mono-dimensional linear elastic materials, and their 
cross-sectional areas were taken from literature. A 
specular rigid body MB model was then implemented, 
and the four ligaments were modeled with mono-
dimensional geometric nonlinear FE-based elements 
(available in the multibody solver). 

In order to perform the calibration, a dedicated 
simulation was performed on both models with a 
ramping compressive force applied on the femur: the 
femur-insert contact stiffness and damping parameters 
for the rigid body model were then tuned accordingly to 
match the FE simulation results.  

A squat activity up to 120° of tibiofemoral (TF) flexion 
was then simulated. The squat loading conditions were 
derived from a previous model of a cadaveric knee 
simulator [4]. Six-degrees-of-freedom TF and 
patellofemoral (PF) kinematics, contact forces on the 
medial and lateral plateaus, and ligament strain 
(ligament length - free length) were compared between 
the two models. 
Results 
The calibration test was matched with an error of 0.02 
mm, and contact area and location also matched the 
finite element results (See Figure 1).  

In the squat simulation, the root mean square differences 
(RMSD) between the FE and MB models were always 
below 1.8° and 1.3 mm for both TF and PF kinematics. 
RMSD for the medial and lateral contact forces were 
59.8 and 64.7 N, respectively. Ligament strains were 
matched with RMSD below 0.016 (See Figure 2). 
Pearson correlations between FE and rigid body results 
were always above 0.93. The computational times 
required by the FE and MB simulations were 155 
minutes and 2 minutes, respectively. 

 
Figure 1: Calibration of the stiffness and damping to match 

the deformable properties of the FE insert 

     

          
Figure 2: Examples of kinematic(a), contact force(b) and 

ligament strain(c) results comparison 
 

Discussion 
The small RMSD and high correlation coefficients 
between the results demonstrate the equivalence of the 
two methods for the knee squat simulation. The 
comparison between computational times indicate that 
seventy-seven MB simulations can be completed in the 
time of one FE simulation. Therefore, rigid body 
simulations represent a time-effective alternative to FE 
simulations. 
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Introduction 
Traumatic spinal cord injury (SCI) is a mechanical 
damage to spinal cord that alters its neurological 
function. It is estimated that there are 15-40 annual 
incidences per million people [1]. Cerebrospinal fluid 
(CSF) has several important functions, including acting 
as a shock absorber to protect the central nervous system 
[2]. While numerical models can help predicting the SCI 
mechanics without putting the subjects in danger, 
previous studies did not focus on alternations in the CSF 
conditions, such as its pressure, and did not account for 
the presence of epidural fat. The current study aims to 
numerically compare the behaviour of human spine 
when subjected to several SCI scenarios and under two 
medical conditions. Specifically, the cord behaviour was 
compared in SCI scenarios that represent burst fracture 
[3] with and without epidural fat and the CSF pressure 
was either normal or in a diseased state of intracranial 
hypertension [4].  
 
Methods 
This research employs numerical methods with focus on 
the cord and its surrounding tissues and less on the 
vertebrae and discs. Explicit scheme was used for both 
the structural analysis and for the fluid parts because of 
highly dynamic nature of this case. The meshless 
smoothed-particle hydrodynamics (SPH) method was 
employed for the CSF and the epidural fat. The fluid 
structure interaction is intrinsically incorporated into the 
solver since the SPH and structural solvers can directly 
transfer contact forces. This approach allowed to 
account for the CSF pressure alteration and its effect on 
the cord itself. The anatomical geometries of the 
vertebral column were obtained from an open database 
[5]. The internal structure of the cord’s gray and white 
matters was defined based on published anatomic 
images. The finite element model consisted of T4-T7 
vertebrae and burst fracture was modeled at T5 vertebra. 
The model solver was Radioss (Altair Engineering Inc.). 
 
Results 
The model was first validated against published 
numerical and experimental studies and good 
correlations were found [6, 7]. The results were able to 
capture the fluid dynamics of the CSF while 
demonstrating a considerable change in the stresses of 
the spinal cord during burst fracture injury (Figure 1). 
High CSF pressure affected the general shape of the 
dural sac and increased the stresses by up to 30% in both 
the white and gray matters of the spinal cord (Figure 2). 
Due to the additional pressure, the shape of the dural sac 
tended to be more eliptic while the spinal cord 

dimensions remained with no significant changes. 
Exclusion of the epidural fat from the model 
significantly increased the calculated stresses in the cord 
by up to 26.7%, indicating on the necessity of the fat 
presence in future models.  

0 ms 1 ms 2 ms 

    
Figure 1: Stress distribution in the spinal cord under 
impact of fragment with normal CSF pressure 

Normal CSF 
pressure without 

epidural fat  

Normal CSF 
pressure with 
epidural fat 

High CSF  
pressure with 
epidural fat 

 
Figure 2: Stress distribution in the T5 section under 
impact of fragment with normal and high CSF pressure  

Discussion 
The modeling of the CSF’s fluid dynamics allowed to 
capture the flow field and introduce a consideration that 
has not been accounted in previous studies, the effect of 
the CSF pressure. The comparison of two CSF pressures 
demonstrated that burst fracture impact in patients with 
intracranial hypertension might lead to worsen spinal 
cord damage then found in healthy patients. The 
inclusion of the epidural fat, that was not included in 
previous SCI models, was also found to have significant 
effect on the resulted stresses. Therefore, the results 
show some important aspects that need to be accounted 
for in future numerical models of SCI while also 
demonstrating how the injury might aggravate by 
preexisting conditions. 
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Introduction 

Heel ulceration is a serious and destructive 

complications of diabetes and the ultimately leading 

cause of lower extremity amputation [1]. Focal and 

repetitive stress are causative factors in the development 

of heel ulceration [2]. A common therapeutic device to 

treat heel ulceration is a custom-made offloading insole 

designed with a hole under the active wound site, to 

reduce constant and shear stresses from the ulcer, also 

known as “step-shaped” support [3]. The size, location 

and shape of the hole is based on visual indication and 

the experience of the therapist, and no scientific 

guidelines for objective design of the offloading hole 

have been established. Moreover, with hole-support 

design, the tissues surrounding the ulcer are prone to 

higher loads escalating the risk of developing secondary 

damage. Here, we aim to develop a patient-specific 

method, based on finite-element (FE) analysis and 

available patient information, to optimize the offloading 

design, and thus optimally prevent and treat heel ulcers.  

 

Methods  
Since heel ulcers often start internally and progress, we 

developed a generic FE 3D realistic model of a human 

heel, to examine heel internal loads during walking on 

150 different offloading support configurations. We 

evaluated the biomechanical efficacy of the offloading 

support configurations as the reduction in the “total 

stress concentration exposure” (TSCE) value, defined as 

the area bounded between the soft-tissue effective stress 

volumetric exposure curve and the horizontal (stress) 

axis [4]. We calculated the TSCE from two volumes of 

interest (VOIs), high risk VOI and peripheral VOI. The 

high risk VOI represents the tissue at high risk of 

ulceration, located at the soft tissue layer of the heel 

under the sharpest point of the calcaneus bone. The 

peripheral VOI was defined as the lower part of the heel 

soft tissue surrounding the high-risk area. We then 

multiplied the two TSCE values of each configuration to 

find the minimum TSCE for one weighted value. 

 

Results 

Distributions of effective stresses and contact pressure 

in the heel soft-tissue with four representative 

configurations are shown in cross-section and bottom 

view respectively (fig 1). Values of the multiplied TSCE 

for the 150 heel support configurations are shown in fig. 

2 in log scale. The two minimum values are represented 

by blue dots obtained at: (1) geometry that close to the 

shape of the heel and (2) large offloading hole and depth 

and relative sharp hole adages. 

 

Discussion  

In the current work, we present a method to compare 

biomechanical efficacy of offloading supports on re-

distributing heel stresses. This method enables a 

quantitative comparison of many heel support 

configurations considering the volumetric exposure of 

the tissue at multiple desired areas, such as tissues at 

high risk for ulceration. 

Our generic FE model can be customized to the patient’s 

specific parameters using non-invasive measurements 

such as MRI, ultrasound and ground reaction forces. 

Therefore, our method enables patient-specific 

examination of biomechanical efficiency of offloading 

solutions to prevent and treat ulcers diabetic heel ulcers. 
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Figure 1: Effective stresses and contact pressure with four 

heel support configurations: (a) flat; (b) step-shaped; (c) 

recommended treatment; and (d) total contact for 

prevention. 
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Introduction 

Bone screw fixation can be quantified with several test 

methods such as insertion torque, pull-out, push-in and 

bending tests [1-2]; yet, these are all destructive 

methods. Non-destructive modal analysis is being used 

to evaluate the mechanical primary and secondary 

stability of dental implants, and it has recently been 

proposed for orthopedic and spine applications [1,3]. In 

modal analysis, deformation modes of a vibrational 

system can be excited, and natural frequencies can be 

recorded. These natural frequencies are related to 

mechanical stability [3], although a basic understanding 

of the relationship is still lacking. Computational models 

could help obtaining a better understanding. Therefore, 

the aim of this study was to simulate experimental modal 

analysis through finite element (FE) modeling. We 

hypothesize that pre-stresses resulting from the insertion 

process affect the stability behavior of the screws. 

 

Methods 

Twenty-four specimens (40x40x60 mm3) were cut from 

two polyurethane (PU) foams with densities of 0.16 and 

0.32 g/cc, respectively. Pilot holes of 5.5 mm diameter 

were drilled to depths of 10, 20 and 30 mm, respectively. 

A self-tapping conical pedicle screw with an outer 

diameter of 6.5 mm was inserted into the pilot hole. 

Modal analysis test was performed using a sound 

recording technique. A microphone (Audio–Control 

CM-145, Apple Inc. USA) was used to record the sound 

after slight hammer blows to the head of the screw. Fast 

Fourier Transformation (FFT) was applied to the 

recorded sound to extract the natural frequency of the 

first vibration mode. Three-dimensional models of the 

PU block and pedicle screw were created using Catia 

V5R21 and imported in Abaqus CAE 2017 (both 

software packages by Dassault Systèmes, Vélizy-

Villacoublay, France). An elastoplastic material model 

(yield strain = 5%) with Young’s moduli of 23 MPa and 

137 MPa was implemented for the low and high density 

PU foam. For each combination of PU density and 

insertion depth, two FE analyses were performed: one in 

which a free-stress tie contact was assumed between 

screw and foam, and one in which pre-stresses resulting 

from a 0.5 mm radial displacement to the tapped hole 

were included. In all models, the lateral faces of the 

foams were fixed. A modal analysis was performed 

using linear perturbation moduli in Abaqus and the first 

natural frequency was extracted.  

 

Results 

The experimentally measured first natural frequency 

ranged from 303 to 2177 Hz (Table 1). Including pre-

stresses in the FE models changed the behavior of 

interface and the simulated response predicted 

frequency in a range of 1.8% to 18% closer to the 

experimental one than the simulations without pre-

stresses (Table 1).  

 

 
Figure 1:  Von Mises stresses due to screw insertion (PU: 0.32 

g/cc; insertion depth: 20 mm). A radial seeding gradient was 

performed to obtain better mesh quality.  

 

 
Model First Natural Frequency (Hz) 

PU 

density 

(g/cc) 

Insertion 

depth 

(mm) 

FE, 

stress-free 

FE, pre-

stressed 
experimental 

 10 185 209 303 (±19) 

0.16 20 516 533 748 (±3) 
 30 1023 1042 1182 (±3) 

 10 415 459 652 (±3) 

0.32 20 982 1006 1108 (±3) 
 30 1937 1970 2177 (±6) 

Table 1: Experimental and Finite Element data on the first 

natural frequency determined for two polyurethane foam 

densities and three insertion depths. FE analyses simulated 

stress-free screws as well as a screws subjected to pre-stresses 

resulting from the insertion process. 

 

Discussion 

During screw insertion, pre-stresses develop at the 

foam-implant interface [2]. Inclusion of the pre-stresses 

into the FE modal analysis increased the natural 

frequency of the first bending mode. Applying pre-

stresses induced internal forces between screw and 

block elements and these internal forces made the initial 

positioning of the screw more stable.  

The frequency extraction in Abaqus limited the 

simulation for more details to be included e.g. nonlinear 

contacts between block and screws.   
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Introduction 
Unicompartmental Knee Arthroplasty (UKA) is a well-

accepted treatment for isolated osteoarthritis (OA) and 

when both compartments are affected by the disease, bi-

UKA could be a possible solution to handle the 

pathologic knee. Its advantages are retaining of both the 

cruciate and the minimal invasiveness compared to total 

knee arthroplasty (TKA), and consequently faster 

recovery time, superior functional results with the 

closest restoration of native knee kinematics and range 

of motion [1]. Patient performance is strongly dependent 

on implant position, however, due to the high 

demanding procedure required for the implantation, 

implant malpositioning could happen during surgery. 

Among the different errors, wrong slope of the lateral 

component is one of the most common: therefore, the 

aim of the study is to investigate the effects of these 

slight variations in bi-UKA. 

 

Methods 
A validated model was used for this study [2]. The 

medial and lateral components were implanted 

following the manufacturer guidelines. The medial 

prosthesis was placed according to the native slope of 

the tibial plateau, while the lateral was inserted in six 

different configurations (-5°, -3°, -2°, 0°, 3°, 5°) 

measured with respect to the slope of the medial tray. 

All analysis were performed in stance position, loading 

the femoral head with 2000N along the mechanical axis 

(equal to 2.55 times the weight of the patient, that is the 

maximal axial force during gait) and fixing distally the 

tibia. A mesh size of 2mm was applied for the bearing 

surface interface and the proximal tibia, and up to 10mm 

for proximal femur and distal tibial. Similar to previous 

studies, the outputs were the Von Mises stress in the 

proximal tibia and polyethylene (PE) insert, shear stress 

percentage, load repartition on medial and lateral 

compartments, contact area and pressure on 

polyethylene insert. 

 

Results  
From the literature, the average Von Mises stress in 

physiological proximal tibia is 1.6-1.7 MPa [2]. From 

the model, -3°, -2° and 0° slopes achieved 1.5-1.6 MPa, 

while the -5° and +5° reached the exceeded 1.9 MPa. 

The load distribution and pressure repartition on the 

lateral and medial compartment for a healthy knee are 

respectively 60-40% and 50-50% [2]. Better results 

were achieved by -3° slope with 63-37% and 53-47%, 

by -2° with 60-40% and 50-50%, by 0° slope with 48-

52% and 38-62%. The -5°, +3° and +5° slopes got 

detrimental results, exceeding 70% of load on one 

compartment and achieving a ratio of about 60-40% for 

the pressure distribution.  

 
Figure 1: Average Von Mises stress in proximal tibia. In 

yellow, the physiological range of values. 

 
Figure 2: Contact pressure in polyethylene insert. 

 
Figure 3: pressure repartition for native and slight 

negative slopes. 

 

Discussion 
Clinically, for this kind of implants, the gold standard is 

-3° of slope of the lateral component, which means that 

it’s common to insert the lateral component with a 

different inclination from the medial tray. However, 

small errors of +-1° can occur during the surgery, and 

this investigation demonstrates how this occurrence 

would massively change the outcome of the implant, 

increasing the chance of revision and failure. The 

present study indicates that the cut should be always 

performed to achieve a slight posterior slope, avoiding 

any positive slope. 
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Introduction 

Short-stem total hip arthroplasty (THA) is becoming 

increasingly popular mainly due to the preservation of 

proximal bone stock and the simplified implantation 

[1]. Indications of this specific design could be 

expanded with a cemented version, which potentially 

offers a solution for patients with poor bone quality or 

uncommon anatomy [2]. The main objective of this 

study was to evaluate the mechanical performance of a 

cemented short stem THA and to determine which 

cementing strategy, i.e., the “line-to-line” or 

“undersized” technique [3], is preferable.  

 

Materials and Methods 

Eight pairs of fresh frozen human cadaveric femora 

(i.e., 16 femora in total) were implanted with a calcar-

guided short stem (optimys, Mathys Ltd, Bettlach, 

Switzerland); for each pair, the line-to-line cementing 

technique was used in one femur, and the undersized 

technique in the contralateral one. Bone geometry, 

density and cement distribution were assessed with 

CT-scans. Four of these implanted pairs (i.e. eight 

femora) were mechanically tested under loading 

conditions resembling single-legged stance, and 

stiffness and strength were quantified. Digital image 

correlation (DIC) was performed during the experiment 

to measure bone surface displacements. Subject-

specific nonlinear finite element (FE) models of the 

implanted femora were created and subjected to 

identical loading conditions, as in the experimental 

tests. Surface displacements were calculated and 

compared to DIC measurements. Stiffness and strength 

were determined, and compared to the experimentally 

measured values. An overview of the procedure is 

shown in Fig. 1.  

 
Figure 1: Overview of the validation workflow including 

computer modelling and mechanical testing. 

After confirming that the 8 FE models closely 

replicated the behavior of the femur as measured in the 

experimental tests, subject-specific FE models of the 

other 8 femora were created. The entire set (16 femora) 

was used to evaluate the behavior under physiological 

loading conditions resembling level walking [4].  

 

Results and Discussion 

The cement distribution of the line-to-line implantation 

technique was very similar to the cement distribution 

of the undersized implantation (Fig. 2). The small 

differences in cement volume (5.8% more cement in 

the undersized cases) resulted in small and non-

significant differences on stiffness (average difference 

3.5% ± 3.0%) and strength (average difference 2.3% ± 

1.9%). Displacements as calculated from FE 

corresponded strongly (R2≥0.97) with those measured 

by DIC. Strength as calculated from FE deviated 8.7% 

± 16% from the experimental values, the discrepancy 

between FE and experimental stiffness was 9.9% ± 

15.0%. The validated FE models showed that stresses 

in the bone, cement and implant during level walking 

are substantially lower than yield stress.  

Figure 2: Cement distribution as measured from CT 

demonstrating that the thickness of the bone cement 

layer (light green) varies along the length of the stem 

(dark green). 

 

We conclude that the line-to-line technique withstands 

similar loads as the undersized technique, and that both 

are very unlikely to fail under normal physiological 

loading. Hence, regardless the specific cementation 

technique, cemented short stems appear promising in 

patients with low bone quality.    
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Introduction 

Impingement in total hip replacements (THRs), 

including bone-on-bone impingement, can lead to 

complications such as dislocation and loosening [1, 2]. 

The aim of this study was to investigate how the change 

in bony geometry of a patient would affect the severity 

of bone impingement in total hip replacements during 

dislocation-prone activities of daily living.  

 

Method 

Nine hips were selected from a cohort of 25 CT scans 

(50 hips) which had a range of anterior inferior iliac 

spine (AIIS) locations relative to the hip joint centre. 

The selected CT scans were converted to solid models 

(ScanIP) and THR components were virtually implanted 

(Solidworks) and verified by an orthopaedic surgeon. 

Dislocation-prone activities of daily living [3] were used 

with the nine computational models to investigate the 

effect of different bony geometries on the severity of 

bone impingement. The severity of bone impingement 

was measured as a volumetric overlap of bones in the 

geometric models (Figure 1).  

 

Results 

The severity of impingement changed with differing 

bony geometries. When bone impingement occurred 

during the anterior impingement activities, the most 

significant factor was the lateral AIIS measure (p<0.05) 

which affected the severity of bone impingement during 

the picking an object off the floor (STOOP) activity 

(Figure 2), increasing the severity of bone impingement 

by 123mm³ for every 1mm increase of the lateral 

measure of the AIIS. There were only a few instances of 

impingement found for the other anterior impingement 

activities. When bone impingement occurred during the 

posterior impingement activities, the most significant 

factor which effected the severity of bone impingement 

was the anteversion of the natural acetabulum (p<0.05). 

Every increase in 1° of natural anteversion resulted in an 

increase in severity of 114mm³ during the pivoting one 

foot through external rotation (PIVOT) activity and 

192mm³ during the rolling over in bed (ROLL) activity 

(Figure 3).  

Discussion 

The bony geometry of the pelvis and femur had an effect 

on the severity of bone impingement. When bone 

impingement did occur during the STOOP activity, the 

AIIS could be used as a predictor for bone impingement 

severity. When impingement occurred with the posterior 

impingement activities (PIVOT and ROLL), the 

anteversion of the natural acetabulum could be used as 

a predictor for the severity of bone impingement. These 

severities could be used to assess for potential 

dislocation. 
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Figure 3 The effect that the anteversion angle of the 

natural acetabulum had on the severity of bone 

impingement during the PIVOT and ROLL activities. 
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impingement event highlighted in red. 

Figure 2 The effect that the lateral measure of the AIIS 

had on the severity of bone impingement during the 

STOOP activity. 
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Introduction 
Osteoarthritis (OA) is the most prevalent chronic 

rheumatic disease worldwide with knee OA having an 

estimated lifetime risk of approximately 14 % [1]. 

Autologous osteochondral (cartilage-bone) grafting has 

demonstrated positive outcomes in terms of pain and 

function in some patients [2], however, understanding of 

the biomechanical function and how the treatment can 

be optimised remains limited. Subsidence and graft 

disintegration are observed in some cases clinically, but 

factors affecting short term stability of the graft have not 

been fully investigated. The aim of this study was to 

develop a robust method for generating specimen 

specific finite element (FE) models of osteochondral 

grafts within a full tibia-femoral joint, prior to bone 

integration. Allowing for future investigation and 

optimisation of different grafting scenarios. 

Specifically, this study addressed the challenges of 

modelling the graft-host interface, using joint pressure 

data from in vitro tests for validation. 

 

Methods 
In vitro tests were conducted on a cadaveric human 

tibiofemoral joint, which was dissected by removing all 

soft tissues retaining only the cartilage. The femur and 

tibia were cemented in pots. Grafts were harvested from 

the trochlear grove using 6.5 mm chisel (Smith & 

Nephew, UK), these were trimmed to 10 mm in length. 

Two 10 mm deep holes per condyle were created using 

a 6.35 mm drill-bit. Grafts were inserted into two of the 

holes such that the cartilage layers were flush. The joint 

was axially loaded at 500 N in a materials testing 

machine (Instron 3365, UK), before drilling the hole, 

after hole (defect) creation and finally after 

osteochondral repair. Contact pressure measurements 

were obtained using flexible sensors (Tekscan Inc, 

USA).  FE models were created from two registered 

µCT scans captured pre- and post- test. The joint was 

segmented and meshed using Simpleware ScanIP 

(Synopsis, USA). Models of the osteochondral grafts 

were specimen-specific with material properties based 

on the initial scan and position given from the post-

harvest scan. Settings for the high quality mesh on the 

graft and hole contact surfaces were based on previously 

experimentally validated FE models of graft push in 

tests. Material properties of the bone were based on a 

(previously calibrated) linear coefficient between the 

µCT grayscale value and Young's modulus. Interaction 

properties were also obtained from validated FE models 

of graft push in tests. FE models were solved in Abaqus 

(SIMULA, USA). Grafts were first displaced into the 

simulated defect, creating a pre-strain in the graft and 

surrounding area that mimicked the experimental press 

fit caused by the oversized graft. A 500 N load was 

applied to the femur, with boundary conditions applied 

that matched the experiment. Pressure maps for the 

tibial cartilage layers, mean pressure values and contact 

area, were measured and compared to the experimental 

data.  

 

Results 
Experimentally, repairs ranged from successfully 

creating a flush, continuous cartilage layer, to inserting 

the graft too deep. The resultant pressure map changes 

were well represented in the FE models. Cartilage 

defects were measurable in the experimental pressure 

data with good agreement in the FE model pressure 

maps (Fig 1). 

 

Figure 1: Contact pressure distributions seen using pressure 

sensors were well replicated in specimen-specific FE models, 

for both defect and repair cases. 

Discussion 
The rigorously tested FE models are based upon a range 

of previously validated testing, including validated 

models of tibio-femoral contact pressure during static 

loads, material property calibration and data from graft 

push-in tests. Experimentally, the graft depth varied, this 

positioning and alignment was well replicated in FE and 

evidenced by good agreement between the in vitro and 

model contact pressure maps. The previously validated 

testing provided added confidence in the clinically 

relevant graft behaviours, such as graft subsidence due 

to defect depth and graft force vectors dependant on the 

position of the repair relative to the contact area. We 

have shown that the previously developed, robust 

method of creating osteochondral graft models within 

femoral condyles can be used when modelling full tibio-

femoral joints. These models can be used to investigate 

parameters such as cartilage-to-bone ratios and quality 

of the drilled hole on the efficacy of osteochondral 

repair. 
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Introduction  
Fractures of the proximal humerus are the third most 

common fragility fractures with challenging treatment 

and serious complications. Among those, mechanical 

fixation failure rates in locking plates reach up to 35% 

[1-2], 80% of which are related to the screws perforating 

the glenohumeral joint [3].  Late postoperative, i.e. 

secondary, screw perforation is a complex process 

which is not yet fully understood. Biomechanical studies 

and computational approaches, such as finite element 

(FE) analysis, are expected to help understand the 

failure mechanisms and identify the risk factors. 

Validated FE simulations could be used to predict 

perforation risk. This study aimed to (1) develop a 

biomechanical model for single screw perforation in 

cadaveric humeral heads and (2) evaluate and compare 

the ability of bone density measures and FE simulations 

to predict the experimental findings. 

 

Methods 

Twenty cuboidal bone specimens, with a cross section 

of 12 mm x 12 mm, were harvested from four fresh-

frozen human cadaveric proximal humeri of elderly 

donors (aged 85±5 years, f/m: 2/2). Following 

cylindrical embedding, a 3.5 mm locking screw (DePuy 

Synthes, Switzerland) was implanted centrally. Quasi-

static compression testing was used to induce screw 

perforation. Specimen-specific linear micro FE (L-µFE) 

[4] (ParOSol, ETH Zurich, Switzerland) and nonlinear 

explicit µFE (NL-µFE) [5] (Abaqus, SIMULIA, USA) 

models were generated from pre- and post-implantation 

µCT images (vivaCT40, Scanco Medical, Switzerland) 

(Figure 1) at 38 µm and 76 µm voxel sizes, respectively. 

µCT images were used to evaluate the bone volume 

(BV) around the screw and in front of the screw tip, and 

the tip-to-joint distance (TJD). Both µFE models and the 

BV measurements were used to predict the experimental 

force at the initial screw loosening and the maximum 

force until perforation. 

 

 
Figure 1: A: µCT image of a cuboidal bone specimen 

with implanted screw. B: Snapshot of LN-µFE 

simulation at the time point of screw perforation; colors 

indicate von Mises stress. C: HR-pQCT image of the 

perforated specimen. 

Results 

The first peak of the load-displacement curve defined 

screw loosening, which occurred at 64.7±69.8 N (range: 

10.2–298.8 N) and was best predicted by L-µFE 

(R2=0.90), followed by BV around the screw (R2=0.87). 

The maximum load, associated with perforation, was at 

208±108 N (range: 90–508 N), with NL-µFE providing 

the best prediction (R2=0.93), followed by BV in front 

of the screw tip (R2=0.89). NL-µFE could better predict 

screw displacement at maximum force (R2=0.77) than 

TJD (R2=0.70), with quantitative accuracy (Figure 2). 

 

  
Figure 2: NL-µFE provided the strongest, quantitatively 

correct predictions of the experimental maximum load 

(left) and the respective displacement (right). 

 

Discussion 

Our results showed that despite density-based measures 

being strongly correlated with screw perforation force, 

the predictions by the NL-µFE models were even better 

and, most importantly, quantitatively correct. Explicit 

FE models have high potential to be utilized for 

simulating realistic scenarios involving multiple screws 

under various loading cases. Towards clinical 

applications, future studies should investigate if explicit 

FE models based on clinically available CT images 

could provide similar prediction accuracies. 

 

References 
1. Kralinger et al, J Bone Joint Surg Am, 96:1026-32, 2014. 

2. Hengg et al, Arch Orthop Trauma Surg, 139:927-42, 2019. 

3. Panagiotopoulou et al, Injury, 50:2176-95, 2019. 

4. Pistoia et al, Bone, 30:842-8, 2002. 

5. Werner et al, Int J Numer Meth Biomed Eng, 35:e3188, 

2019. 

 

Acknowledgements 
This investigation was performed with the assistance of the 

AO Foundation.  

425



 

 26th Congress of the European Society of Biomechanics, July 11-14, 2021, Milan, Italy 

THE INFLUENCE OF IMPLANT ALIGNMENT ON BONE STRAIN IN TOTAL 
ANKLE REPLACEMENT: AN FE STUDY 

Bryony Halcrow (1), Ruth K Wilcox (1), Claire L Brockett (1) 
 

1. Institute of Medical and Biological Engineering, University of Leeds, UK 

 

Introduction 

Ankle replacement is an end-stage intervention for ankle 

arthritis, which affects between 1-4% of the population. 

Revision rates of ankle arthroplasty surgeries are higher 

than those in the hip or knee, with alignment of the 

implant thought to play a crucial role in their success 

rates. 

 

Alignment of the implant during surgery is dependent 

upon instrumentation and foot positioning, so implant 

placement can be difficult to implement correctly.  

Correct positioning is important for good clinical 

results.  Varus and valgus deviation in patients is 

common.  

 

Finite element (FE) modelling offers a non-invasive 

approach to estimate malpositioning, as FE methods can 

be used to identify increased bone strain and therefore 

the potential risk of bone or implant failure.  The aim of 

this study was to develop image-based FE models of the 

ankle to investigate the influence of alignment on bone 

strain in the tibia. 

 

Methods 

Five cadaveric ankles were scanned at 82 µm using a 

µCT scanner and the resulting images segmented into 

individual bones (Simpleware ScanIP P-2019.09). 

Neutral alignment of the implant was determined using 

bony landmarks on the tibia and talus. Bones were 

virtually implanted with a stemmed ankle replacement 

device in neutral position. The tibial implant was then 

rotated by 10 degrees varus, valgus, plantarflexed and 

dorsiflexed deviation for malpositioned implantation, 

with virtual implantation representing the post-healed 

ankle. 

 

Patient specific finite element models of each ankle 

were created in Abaqus (Abaqus/CAE 2017). Load and 

flexion values, corresponding to the peak axial load 

identified from literature, [1] were applied to the 

superior tibia, with the talus fixed inferiorly. Sliding 

contact between implant components was applied, with 

the implant-bone interface fixed. All parts were meshed 

using linear tetrahedral elements (̴ 115,000 total). 

  

All materials were assigned linear elastic material 

properties (Titanium E=113.8 GPa ν = 0.34, UHMWPE 

850 MPa ν = 0.4). Bone was assigned ν=0.30, with 

element stiffness being derived from CT greyscale in 

five material bands. Experimental studies were used to 

calibrate CT greyscale to material stiffness using tibial 

specimens. Bone strain was measured at volumes of 

interest around the tibial implant.  

 

Results 

Twenty-five specimen-specific finite element models 

were created in total, investigating five different 

alignment scenarios.  

 

In all cases, the highest strain within the tibial bone was 

found around the tip of the tibial stem.  The inter-

specimen variation of strain distribution was larger than 

the variation due to alignment.  Changes in alignment by 

ten degrees showed small changes in strain across 

individual specimens.  

 

 
Figure 1: Average minimum principal strain at the tip 

region of interest showed higher inter-specimen strain 

variability than alignment variability.  

 

Discussion 

Under moderate levels of malpositioning (10 degrees), 

there was no significant change in strain around the 

implant with no clear trends evident across five models. 

Strain levels were consistent with previous studies [2] 

and below yield strain levels (0.65-0.75%) of the tibia 

[3].  Within each model, some malpositioning 

conditions did appear to increase strain, suggesting a 

subject specific response which may be related to the 

bone properties. 

Modelling assumed a fully bonded bone-implant 

surface, however strain may increase if the implant is 

less well fixed.  Although varus or valgus deformity is 

often pre-operative [4], correction to within ten degrees 

appears to have little influence on bone strain. 
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Introduction 

Femur metastases are associated with severe skeletal 

complications, including bone fracture [1]. Clinical 

scores, such as Mirel’s, poorly estimate the risk of 

fracture. A recent study showed that subject-specific 

finite element (FE) models, based on QCT imaging, 

outweigh the performance of clinical experts when 

applied to patients [2]. However, several parameters of 

the FE models are operator-dependent and may affect 

the calculated failure load. The uncertainty on these 

parameters and their effects on the failure load have not 

been quantified. Therefore, the aim of the current study 

is to assess the inter-operator variability in a finite 

element model of femurs with and without created 

defects representing osteolytic metastases. 

 

Material and methods 

Six intact femurs and six femurs with defects were 

imaged with a clinical CT scan (voxel size:  0.390 x 

0.390 x 0.670 mm3) along with a calibration phantom 

(Mindways). Three operators performed the FE analysis 

(FEA) according to three different protocols. The 

general procedure was as follows. Reconstructed femurs 

were segmented (3D slicer, 4.10.2) and meshed with 

300k tetrahedral elements (Ansys, 2019 R1) in 

accordance with a preliminary mesh convergence 

analysis. Each element was assigned a Young’s modulus 

based on the density–elasticity relationship described by 

Keller [3] (Bonemat, 3.2). The models were orientated 

such that the angle between the loading axis and the 

diaphyseal axis was 20 degrees. A load of 5500N was 

applied on the femoral head, while nodal displacement 

of the distal diaphysis was fully restrained. Failure was 

defined when 0.33% of total elements reached a Von 

Mises stress value beyond their ultimate stress [4].  

For “protocol 1” (operator 1), no specific instruction 

was given. For “protocol 2” (operators 2 and 3), both 

operators had identical femur orientation for a given 

specimen. For “protocol 3” (operators 2 and 3), the 

orientation and the segmentation threshold value were 

identical. Inter-operator variability was assessed for 

protocols 2 and 3. For “protocol 1”, the failure load was 

compared to the mean failure load obtained in “protocol 

2”, where segmentation threshold was set freely.   

 

Results and discussion 

When segmentation threshold and femur orientation 

were set independently between operators, the mean 

relative inter-operator variability on the failure load was 

17.4% and was significantly (p=0.02) higher for the 

femurs with defects (28.4%) compared to the intact 

femurs (6.8%) (Figure 1, none fixed parameters). Fixing 

the femur orientation alone or with the segmentation 

threshold resulted in a decrease in the relative inter-

operator variability, with mean values of 7.5% and 

4.9%, respectively, and no significant difference 

between the groups. 

 
Figure 1: Inter-operator relative difference on the 

failure load according to the fixed parameters. I: Intact, 

D: Defect.  

 

Results show that specific guidelines are mandatory for 

the FEA. Inter-operator variability on femur orientation, 

and, to a lesser extent, on segmentation, resulted in a 

large variability on the failure load, especially for the 

femurs with defects. This study highlights the need to 

(1) control and estimate the uncertainty on these 

operator-dependent parameters in the FEA, (2) include 

the uncertainty on the FE results, and (3) standardize the 

whole process for a clinical application, as 

recommended in [5, 6], especially for the femurs with 

metastatic defects. Other parameters, such as the 

meshing approach, material properties and failure 

criteria, vary between the FE models available in the 

literature [6, 7]. Future work will assess the influence of 

these parameters on the failure load calculated by the 

model.  
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Introduction 

Non-union rate after tibial shaft fractures is among the 

highest for long bone fractures. Apart from largely 

uncontrollable biologic, injury and patient-specific 

factors, the mechanical environment of the fracture gap 

is the key quantity the healing. The goal of this study 

was to establish a patient-specific simulation workflow 

to determine the mechanical fracture environment 

immediately after tibial nail osteosynthesis and allow 

for an estimation of its mechanical healing potential. 

Methods 

A fracture patient with early mechanical failure after 

nail osteosynthesis of a tibial shaft fracture was referred 

for a further treatment. After hardware removal and 

exclusion of infection, two-step exchange nailing was 

performed. A postoperative computed tomography (CT) 

scan with a six-rod calibration phantom was used to 

generate an individualized 3D model of the bone-

implant system. Resulting biomechanical forces, 

computed in a simulation-driven workflow based on 

patient monitoring and motion capturing data were used 

as an input for the simulation of the mechanical fracture 

environment before and after exchange nailing. The 

motion capturing was realized in a clinical gait course 

with the XsensTM tracking system. The patient’s motion 

data was then processed in the musculoskeletal 

simulation environment AnyBodyTM to get individual 

and patient-specific joint forces and moments which are 

used as input for the biomechanical finite element (FE) 

simulations. Implant stresses for the initial and revision 

osteosynthetic constructs, as well as interfragmentary 

movement, resulting hydrostatic and octahedral shear 

strain were calculated and compared to the clinical 

treatment course [1,2]. 

Results 

The simulation-based workflow was able to adequately 

predict the implant stresses in the initial treatment 

situation where mechanical implant failure occurred as 

well as in the current treatment. In addition, the 

hydrostatic and the octahedral shear strain of both 

treatments were computed and compared to the 

published healing window [1,2]. For the current 

treatment, the values are within the positive range, 

accordingly the fracture healed uneventfully during the 

clinical course. 

 
Figure 1: Typical result of the biomechanical FE 

simulation. Here, an illustration of the von Mises stress 

distribution of the intramedullary nail and screws is 

shown. A) current treatment and B) first treatment. 

Conclusions 

The simulation workflow presented is able to determine 

the mechanical environment of a fracture and fixation 

situation, predicting implant mechanical stresses as well 

as interfragmentary movement and the, resulting 

hydrostatic and octahedral shear strain. With using this 

workflow, the critical mechanical boundary conditions 

for fracture healing can be determined in relation to 

individual loading parameters during the early stages of 

fracture healing. Thus, individualized treatment 

recommendations during the early postoperative phase 

of patients suffering from fractures of the lower leg may 

be possible in order to prevent implant failure and 

development of non-unions. 
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Introduction  
  Periprosthetic femur fractures (PFFs) associated with 

total hip arthroplasty (THA) are the third most common 

reason for revision surgeries. Following a PFF, the 

calculated combined risk of either death or re-operation 

in the first year is 24% [1], demonstrating a need to 

better understand and mitigate PFFs. 

  Epidemiological data shows an increased early 

postoperative PFF rate with cementless double wedge 

compared to tapered stem designs [2]. Case reports 

suggest that early postoperative fractures occur due to 

low energy impact (LEI) falls and, physiological load 

cases such as walking, twisting motion, or stumbling 

[3]. 

  Although the epidemiological data indicates the 

predisposing factors for early postoperative PFFs, the 

fracture mechanisms and the role played by the implant 

design are so far not fully understood.  

  The main objective of this study was to investigate 

early postoperative PFFs of artificial hip joints induced 

during LEI falls and stumbling for the double wedge and 

tapered stem designs. 

 

Methods  
  In this study, PFFs were investigated applying LEI and 

stumbling load cases on implanted finite element femur 

models using load case specific boundary conditions. 

  LEI loads were defined based on previously published 

lateral fall induced proximal femur reaction forces using 

a contemporary Human Body Model (THUMS V502) 

[4]. Stumbling load cases were created according to the 

in-vivo reaction forces measured with telemetric hip 

implants [5] and applying muscle co-contraction forces 

for flexion-extension and adduction-abduction groups.  

  Trabecular and cortical bone were modeled with 

crushable foam and metal plasticity-based material 

models, including principal strain-based failure criteria. 

An average 75-year-old female femur model was 

generated for fracture assessments using statistical 

femur models. Finally, generic double wedge and 

tapered stem designs were inserted into the femur model 

with a fitting simulation similar to the surgical 

procedure [6] to consider the intraoperative stress state 

in early postoperative PPF assessments (Figure 1-a). 

 

Results  
  Stem insertion simulations demonstrated increased 

intraoperative stresses in the proximal femur region for 

double wedge stem design due to the wedging effect and 

reduced distal support as a result of the rounded and 

polished distal design. Additionally, fracture assessment 

results showed an increased postoperative proximal load 

transfer for double wedge designs. Finally, the 

combination of the increased proximal loading and 

intraoperative stresses resulted in increased fracture risk 

for double wedge stem designs. Both stem designs yield 

type Al (Vancouver Classification) fractures under 

stumbling along with type B and A2 fractures under 

lateral fall load cases (Figure 1-c). 

 

  
Figure 1: Stem design assessment: stem fitting 

simulations (a), lateral fall and stumbling load cases 

(b), detailed femur-implant fracture simulations (c)  

 

Discussion  
  Combined human body models with statistical femur 

models can provide detailed insights into the risk of 

PPFs and quantify epidemiological observations. 

  Fracture assessment results indicated that double 

wedge stem designs pose a higher early operative PPF 

risk due to the increased intraoperative stresses and the 

postoperative proximal load transfer. In terms of the 

increased fracture rate of the double wedge design, 

results provided a similar conclusion as the 

epidemiological observations.  

  In the future, commercially available stem designs will 

be studied based on specific patient cohorts to enable 

patient group-specific design improvements to mitigate 

the PFF rates. 
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Introduction 

Clinical, radiographic assessment of bone fracture 

healing lacks detailed information on callus 

development and consolidation of the fracture at the 

microstructural level. Moreover, despite evidence 

indicating poorer recovery in cases involving fracture of 

the non-dominant arm [1], hand dominance in fracture 

healing remains under investigated [2]. With the advent 

of high-resolution peripheral quantitative computed 

tomography (HR-pQCT), it is now possible to assess 

changes in microstructural and biomechanical 

properties in vivo. The objective of the current study was 

to assess the effect of hand dominance on fracture 

healing using time-lapsed HR-pQCT and micro-finite 

element (micro-FE) analysis.   

 

Methods 

Eleven patients (3 males, Ages 26-70; 8 females, Ages 

27-81) with a conservatively treated, unilateral radius 

fracture provided informed consent prior to participation 

(Ethics Committee, Medical University of Innsbruck). 

Standard clinical HR-pQCT scans (XtremeCT II, 

Scanco Medical AG, isotropic voxel size: 61 µm) were 

taken of the fractured (F) and contralateral (C) radii (168 

slices, starting 9 mm proximal to the radius endplate) at 

1, 3, 5, 13, 26, and 52 weeks post-fracture. Additional 

data, both proximal and distal to the standard scan, were 

captured for the fractured radii (504 slices). Micro-FE 

models were generated from previously registered HR-

pQCT data [3] via direct conversion of the image voxels 

to hexahedral elements (Python v3.7). Scaled, linear 

elastic material properties computed directly from 

Gaussian filtered (σ=0.8, support=1) image data using 

[4] and a Poisson’s ratio of 0.3 were assigned to all 

elements. “High friction” axial compression tests with a 

prescribed 1% displacement were performed on all three 

models using a CRAY XE6 (Swiss National 

Supercomputing Centre). Anterior and posterior regions 

were isolated using a cutting plane, center of mass origin 

with a surface normal towards the dorsal tubercle of the 

radius (Figure 1, right). Results were used to evaluate 

time-lapsed changes in the Effective (Eff) Strain 

distribution between C- and F-radii and to assess effects 

of hand dominance (D-dominant, N-non-dominant). 

 

Results 

Median Eff Strain was consistently higher (20 to 55%) 

in the posterior compared to the anterior regions in the 

C-radii (p=0.027). This discrepancy showed more 

uniform behavior across the D,C-radii, irrespective of 

patient age (Figure 1, left). As a result of the fracture, 

Eff Strain ratios (AP: anterior/posterior) were inverted 

until weeks 13 and 26 in the D,F and N,F radii, 

respectively (Table 1). Visual confirmation of cortical 

bridging in sagittal image slices was strongly correlated 

(R2=0.83, p<0.001) with the inversion of the strain ratio.  

  
Figure 1: (Left) Boxplot of the median AP Eff Strain 

ratio for the N,C and D,C radii. (Right) Contour plots of 

Eff Strain for F and C radii. *p<0.05.   

 

 1wk 5wk 13wk 26 wk 56 wk 

D,F 1.18 

±0.43 

1.22 

±0.65 

0.84 

±0.14 

0.82 

±0.12 

0.75  

±0.12 

N,F 1.27 

±0.30 

1.20 

±0.36 

0.98 

±0.18 

0.86 

±0.14 

0.82 

±0.10 

N,C 0.62 

±0.09 

- - - - 

D,C 0.74 

±0.03 

- - - - 

Table 1: Summary of median AP Eff Strain ratios (±std). 

Bold indicates point of inversion. 

 

Discussion 

The disparity in AP Eff Strain ratio between N,C and 

D,C-radii suggests that C-radii cannot be used as a 

patient-specific, “control” reference. The AP Eff Strain 

ratio shows promise for tracking patient recovery post-

fracture, particularly regarding bridging of the cortex. 

Full recovery may exceed one year, as subjects in the 

current study have yet to achieve either the target D,C 

or N,C ratios. Despite the limited size of the current 

subset, the results indicate that HR-pQCT-based micro-

FE is sensitive enough to detect and track dominance-

related contributions to bone fracture healing.  

 

References 
1. Ashe et al, J Clin Densitom, 10(1):93-101, 2007. 

2. de Jong et al, JBMR, 31(5):1114-1122, 2015. 

3. Thévenaz et al, IEEE Trans Image Process, 7:27-41, 1998. 

4. Mulder et al, Bone, 41:256-265, 2007. 

430



 26th Congress of the European Society of Biomechanics, July 11-14, 2021, Milan, Italy 

COMPUTATIONAL STATIC COMPARISON OF FEMORAL 
RECONSTRUCTION MODELS 

Iván López (1), Julián Echeverry(1), Víctor Domínguez (2,3), Víctor Araújo (3) 
 

1.Universidad de La Sabana, Colombia; 2. Tecnológico de Monterrey, México. 3. Instituto Nacional de 
Rehabilitación Luis Guillermo Ibarra Ibarra, México 

 

Introduction 

Bone modeling by computational tomography (CT) is a 

common practice in biomedical engineering for the 

planning and optimization of surgeries, increasing the 

biomechanical performance of the prosthesis and 

implants. The femur is the bone that supports the loads 

of the upper part of the body, it is connected to the hip 

by the femoral head and acetabulum. The accurate 

modeling of this bone is vital for the design of 

prostheses used in hip arthroplasty [1]. Three different 
femoral reconstruction models are compared, model 1 a 

solid bone with one material, model 2 a bone with 

femoral canal and one material, and model 3 a bone with 

a different material in each element. 

Keywords: Femur, Bone modeling, FEM, CT Scan, 

Prosthesis design. 

 

Methods 

3D solids: Initially, on a heathy patient a CT scan was 

performed generating a DICOM file. Then, in the 

software Mimics, bone segmentation was performed for 

the model 1 and 2. Followed by importing it to the 

software 3-Matic where the surface of the segmented 
images for model 1 and 2 was generated. Finally, the 2 

surfaces were imported in IGES format in Autodesk 

Inventor, repairing the surfaces and generating the 3D 

models which were exported in IGES format. 

Meshing: Initially, the IGES file from model 1 and 2 was 

imported into ANSYS, followed by the meshing of 
model 1 and 2. For the model 3, the properties to each 

element were assigned with the software Bonemat. It 

was necessary to import the ANSYS mesh for case 1 

with its respective DICOM images, resulting in the 

mesh for model 3, and each element with different 

mechanical properties assigned according to the 

Hounsfield (HU) scale of the tomography. A 

convergence analysis was also performed to find out the 

best element size for the bone modeling. 

FEM simulation: With the 3 meshes in the ANSYS 

software, the boundary conditions and loads shown in 

the ISO 7206-4 [2]and ASTM F2996[3] standards were 

placed. Von Mises's Maximum stress and Computation 

Time were calculated. 

 

Results 

Comparisons were made with respect to model 3 of 

Bonemat see Table 1. The maximum von Mises(vM) 
stress changes 49% with respect to model 1 and 8% with 

model 2. The total displacement has a difference with 

respect to the model 1 of 64% and 46% with model 2. 

The time used was 71% less for model 1 and 48% with 

model 2. As shown in Figure 1, the maximum stress is 

in the neck area.  

 

Model 1: Solid 2: Canal 3:Bonemat 

Max vM (MPa) 17.7 31.9 34.7 

Max Disp  (mm) 0.23 0.35 0.64 

Time (s) 64 116 224 

Table 1: Results for maximum Von Mises  ( vM) stress, 

displacement (Disp) and simulation time. 

Figure 1: Maximum Von Mises stress for the 3 models. 
 

Discussion 

Refining the models with more materials from a CT scan 

increases the stresses and the displacement, because the 

mechanical properties across the bone are not constant 

and the total stiffness of the bone is less than solid and 

canal counterparts. The 3 models present the maximum 

stress at the femoral neck as expected, the neck is the 

most common place of failure. 
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Introduction 

Cemented or non-cemented fixation is a controversy 

decision between surgeons. Some refer that cementless 

implants are more appropriate for younger patients, 

rather than cemented ones. In contrast, supporters of 

cemented implants maintain that it is not reasonable to 

use an expensive cementless implant that gives the same 

overall clinical outcomes as a cheaper one, even in 

younger patients [1-3]. Younger patients are associated 

with denser bones, whereas older patients are associated 

with weaker and less dense bones. The degree of 

osteopenia can affect the integrity of the cement 

fixation, compromising the implant longevity.  

With the purpose of understanding it, this work aims to 

develop a model that reproduces the bone-cement and 

the implant-cement interfaces, in order to assess its 

long-term behavior. For this purpose, experimental 

samples of a section of a cemented arthroplasty located 

at the epiphysis of a long bone were fabricated, using 

different bone densities. 

 

Methods and Materials 

A polyurethane foam was used to reproduce the 

trabecular bone structure with three densities: 7.5,10 and 

12 PCF, presented in Figure 1. The highest one 

regarding younger patients and the lowest one regarding 

older patients. Manual cementation was used at the same 

time with the same cement. The samples were subjected 

to a tensile test and digital image correlation was used to 

measure the strains in cement. The sample was loaded 

at the upper end of the stem with a 50N in a quasi-static 

force (0.5 mm/s increment).  

 

 

Figure 1: Experimental samples. 

 

Results and Discussion 

The mean response force increases 20% for the 10 PCF 

foam and 60% for the 12 PCF, in relation to the 7.5 PCF, 

presented in Figure 2.  This suggests an increase in the 

sample mechanical resistance with the increase of foam 

density. In contrast, the cement strain decreases about 

96% for the 10 PCF foam and 92% for the 12 PCF, in 

relation to the lower density.  

 

 
Figure 2: Response in force vs time. 

 

Similarly, the micromovements of bone cement decline 

30% and 92%, for the 10 and 12 PCF, respectively, in 

relation to the 7.5 PCF. These findings indicate that the 

increase in bone density increases the implant stability. 

On the other hand, bone cement apposition in the foam 

decreased with the increase of density. Lower levels of 

interdigitating are associated with low fracture 

toughness of cement-bone interface, increasing failure 

risk [4,5]. Thus, the experimental results indicate that 

the increase in bone density might compromise the 

cement-bone interface. 

 

Conclusions 

The experimental results suggest that greater bone 

densities provide stability and a stiffer structure, but the 

cement-bone interface might be compromised. 
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Introduction 

Joint replacement surgery is among the most widely 

performed surgical procedure worldwide [1]. To avoid 

revisions, the concept of instrumented implant emerged, 

which is undergoing increasing scientific evolution, 

showing in previous studies promising results regarding 

the stimulation of peri-implant bone regeneration and 

the monitoring of bone-implant fixation [1]. The main 

goal of this work is to develop a finite element model to 

predict the excitation-dependent electrical stimuli 

delivered by capacitive planar stimulation systems in 

trabecular structures. 

 

Methods 

Electric fields were analysed using finite element model 

developed with trabecular bone structure as illustrated 

in Figure 1. Models were developed using a capacitive 

system comprising four electrodes and a bone structure, 

reconstructed from micro-CT images of a sheep bone 

trabecular structure (10x10x10mm). The bone structure 

was biphasically modelled as a liquid phase (65%) and 

a mineral phase (35%). The liquid part was modelled to 

contain water and collagen, while the mineral part only 

includes hydroxyapatite. 

 

 
 

Figure 1: Finite element model (Domains: 1 - Liquid 

bone part, 2 - Mineral bone part, 3 - Polymeric 

substrate, 4 - Substrate, 5 - Electrodes).  

 

The capacitive sensor consists of two pairs of striped 

planar electrodes arranged under the bone structure. 

Two electrical excitations were used to power the 

electrodes: 5 V and 10 V peak, both with 60 kHz square 

waveform. Since there is no contact between the bone 

structure and the stimulator, this apparatus is based on a 

non-invasive methodology. The finite element model 

was developed and simulated in COMSOL Multiphysics 

(v. 5.3, COMSOL). 

 

Results 

The results showed variations in the region-dependent 

electric field stimuli, with a significant decrease in its 

magnitude for regions of the bone structure at x ≥ 1.1 

mm away from the stimulator (Figure 2). For x < 1.1, 

this stimulative technology is able to deliver osteogenic 

stimuli [1]: electric stimuli up to 0.82 V/mm were found 

(Figure 2.b). The electric stimuli doubled when the 

excitation is doubled.  

 
 

 
 

 

Figure 2: Distribution of the electric field in the model 

(liquid bone phase is hidden). a) 60 kHz and 5 V; b) 60 

kHz and 10 V. 

 

Discussion 

Previous studies found the suitable osteogenic electric 

stimuli provided by planar capacitive systems [1]. 

Nevertheless, these stimuli were found using in vitro 

cellular tests.  This study provides, for the first time, the 

distribution analysis of the electric stimuli in a bone 

structure. We found that the same electric excitations 

used in cellular tests provided similar osteogenic stimuli 

using trabecular samples. These results support the 

design of high-sophisticated stimulative technology to 

be integrated in future instrumented active implants, 

such that revision surgeries can be avoided. 
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Introduction 
In order to investigate the effect of unilateral muscle 
weakening on the stress distribution in the growth-plates 
(GPs) of an adolescent idiopathic scoliosis (AIS) spine, the 
equivalent loads (as an alternative to in vivo loading 
conditions), estimated by our previously-validated trunk 
musculoskeletal (MS) model of AIS spine [1], were applied on 
the finite element model of GPs of L1 through L4.  Results 
showed that weakening of the concave-side multifidus 
lumborum (MFL) and longissimus thoracis pars thoracic 
(LGPT) muscles rendered a reduction of about 25% in the 
compressive von Mises stress on the concave side of GPs, 
which can decelerate the deformity progression during growth. 
Methods 
A finite element (FE) model of L1 to the L4 vertebrae of one 
scoliotic 11.5-year-old adolescent was developed based on the 
subject-specific upright position images (Fig. 1).  

 
Figure1:Detailed model of scoliotic L1-L2 thorough L4-L5 segments 
with the schematic depiction of the reaction force (FCoR) and 
moments (MCoR) about the intervertebral disc (IVD) centroids at each 
level. The model compromises the annulus fibrosis (AF), nucleus 
pulposus (NP), GPs in L1 through L4 vertebrae and rebar embedded 
by membrane elements in each IVD that are illustrated in one level at 
the right side. The unit vectors of nLong , nml, and nap are in the local 
longitudinal, mediolateral, and anteroposterior directions on the GP 
surface at each level, respectively. GPs were modelled with three 
distinct parts: mineralized-, growth-, and load sensitive region. 

The equivalent loads, approximated as vector summation of 
the muscle and gravitational forces at each level as well as the 
reaction moments about the IVD centroids using our 
previously-validated MS model in the upright-standing 
posture [1], were applied on the GPs at each level of the 
subject-specific FE models, and the stress distribution within 
GPs were estimated (Fig. 2). Muscle weakening was simulated 
based on the experimental data related to the 95% loss of 
strength in rabbits’ BTX-A injected muscles [2], by reducing 
the physiological cross-sectional area of the LGPT and MFL 
muscles on the concave side. 
Results and Discussion 
The equivalent loads (Fig. 2a), as an alternative to the in vivo 
loading condition of muscles and gravity loads at each level, 

were found to be in the physiological ranges of ultimate shear 
[3], and compressive strength [4].  
(a) 

 
(b) 

         
Figure 2. Reaction forces (N) and reaction moments (N.mm) about 
the IVD centroids of T12-L1 through L4-L5 levels in (a) NFE and (b) 
SFE models in the sagittal (Left b), and coronal (Right b) views. (c) 
von Mises stress distribution (MPa) within the GPs under the 
equivalent loads. 

The greatest von Mises stress occurred in the apical GP, i.e., 
the caudal GP at the L2-L3 level, of the intact model (Fig. 2b). 
However, results indicate that weakening of the concave-side 
muscles led to a reduction of 25% in the ratio of the von Mises 
stresses in the concave- over the convex side of the GPs and a 
more uniform stress distribution on the apical GP (Fig. 2b). 
Conclusions 
Unilaterally weakening of muscles caused a reduction in the 
reaction moments and thus a more uniform stress distribution 
on the GPs of the weakened model, which in turn can 
decelerate the deformity progression during growth, in 
accordance with the Hueter-Volkmann’s theory [5]. The 
intradiscal pressures found in this study were in a satisfactory 
agreement with the in-vivo data[6].   
REFERENCES 
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Introduction 

Diabetes mellitus is an epidemic disease: more than 422 

million people worldwide presently suffer from T2DM 

and 10 years after disease onset, between 20 and 50% 

T2DM patients develop diabetes neuropathy, a major 

risk factor for diabetic foot problems. This represents 

the most common cause of non-traumatic amputation 

(Armstrong et al 2017). Although the use of optimized 

footwear combined with foot orthotics is inherently 

implemented in the clinical care path [1], foot orthosis 

prescription is currently based on clinical experience 

and static measures. With a re-ulceration risk of 65% in 

5 years [1], there is an important potential to optimize 

foot orthosis prescription by accounting for dynamic 

foot biomechanical function [2]. As multi-scale 

modelling has proven to accurately predict both high 

plantar pressure and even more important internal tissue 

stresses [3] the aim of this contribution is to devise a 

simplified pipeline to apply this methodology in 

ambulatory conditions without the constraints of a gait 

laboratory.  

Methods 

The foot geometry of a cohort of 9 neuropathic diabetic 

subjects ((mean (SD) age 60.89(17.37) years and BMI 

29.36(5.41) Kg/m2) was captured with a 3D scanner. 

Foot bones geometry was segmented from a database of 

neuropathic subjects foot MRI [4]. The foot bones were 

scaled based on every subject foot morphology 

(Abaqus). Each subject insoles geometries were scanned 

and meshed with tetrahedral elements (Fig. 1) and 

material properties were assigned according to the 

literature [3-4] and to the material characteristics 

declared by the insole manufacturer. The vertical loads 

acquired during gait on a treadmill (2 km/h) through a 

PP insole system (PedarX, Novel gmbh) were applied in 

the FEM as boundary conditions together with the ankle 

flexion/extension angle. Loading response and 

midstance phases of the gait cycle were simulated [3] 

with and without the insole (see example in Figure 2). 

The comparison between the experimental PP and the 

simulated ones (peak and distribution) was used for 

validation purposes. Both simulated PP and internal Von 

Mises stresses in plantar soft tissues were compared 

across the different conditions (Root Mean Square 

Distance). 

Results 

A good agreement was reached between the 

experimental and the simulated PP. Simulated insoles 

did not completely succeed in assuring a better PP 

distribution but they reduced Von Mises stresses. 

 
Figure 1: Pipeline for the FEM creation. 

 
Figure 2: Left, the pipeline for the FEM development; Right, 

the FEM simulation with (1,2) and without (3) the insole. 

Discussion 

The behaviour of the insole was successfully simulated 

through the proposed pipeline by adopting a simple 

experimental protocol applicable in ambulatory 

conditions. This approach can be used to predict the 

effects of the produced insole on the foot function thus 

resulting in an efficient tool for optimizing its design. 
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INTRODUCTION 

Patients with cystic fibrosis (CF) have an increased 

frequency of bone fracture compared to healthy subjects 

[1] and this is more pronounced in adolescent CF 

females, compared their male counterparts and healthy 

females [1]. A CF rat model has recently been 

developed, which exhibits delayed or no CF-related 

pancreatic, gut and lung disease [2]; this enables to study 

bone growth during development without indirect 

secondary affects (e.g. lung, gut or pancreatic disease) 

[2]. This model showed a marked reduction in bone 

content in juvenile CF rats (3-6 weeks) [3], however, it 

is unknown if this transfers into adolescences, a 

developmental stage where fractures are observed in CF 

humans. The aim of this study was to investigate if the 

reduced bone growth seen in juvenile rats continues 

during adolescence. 

METHODS 

Heterozygote (Het) and cystic fibrosis transmembrane 

regulator (CFTR) knockout Sprague-Dawley rats [2] 

(n=11 and 7, respectively) were used to investigate the 

effect of CFTR on trabecular volume fraction. At the 

start of the study, the two groups did not differ in age 

(Het: 13.8±2.2 weeks, CF: 12.9±1.6 weeks, p-value=0.3 

Mann-Whitney) and weight (Het: 268.8±62.6 grams, 

CF: 232.6±21.8 grams, p-value=0.1 Mann-Whitney). 

All experiments were conducted at the AS Imaging and 

Medical beamline (Clayton, VIC) as part of an ongoing 

study. Tissues were scavenged under approval from the 

University of Adelaide animal ethics committee. 

Animals were sacrificed using Sodium Pentobarbital 

overdose. Micro-computed tomography scans of the 

tibiae were performed (energy of 30 keV) at an isotropic 

pixel size of 19 μm and cross-section images were 

reconstructed (X-tract software). The trabecular bone 

volume of interest (VOI) was selected starting 1 mm 

below the lower end of the growth plate, extending 

distally for 3 mm [4] and the following bone 

morphometric parameters quantified: trabecular bone 

volume fraction (BV/TV), trabecular number, trabecular 

thickness and separation (CT Analyser, Skyscan-

Bruker, Belgium) [4].  

RESULTS AND DISCUSSION 

The sample size in this study was not large enough to 

conduct statistical analysis at different time points. 

Therefore, the age distribution of our cohort was used to 

observe only the trend of trabecular growth (Figure 1). 

It was observed that CF rats do not show signs of 

trabecular growth from week 11 to 15. However, Het 

rats show sign of trabecular growth from week 12 to 16. 

Figure 1: A) Slowed trabecular bone growth (BV/TV) 

over time in the right tibia of female CF rats compared 

to female HET (each dot represents an individual rat). 

Figure2.: the effect of CF genetic disorder on trabecular 

thickness (Tb.Th), number (Tb.N) and separation 

(Tb.Sp). (each dot represents an individual rat). 

These preliminary results indicate a trend of reduced 

trabecular bone growth (lower BV/TV, Tb.Th, Tb.N and 

increased Tb.Sp) in a female CF rat model (Figure. 2).  

CONCLUSIONS 

Although preliminary, our results indicate that 

adolescent CF rats have a trend towards reduced bone 

growth compared to their healthy HET littermate. This 

appears consistent with adolescent female CF patients 

having an increased fracture frequency compared to 

their male counterpart and healthy females [1]. This rat 

model provides the opportunity to evaluate bone growth 

and its strength in CF animals. Further studies are in 

progress using this technique. 
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Introduction 

Generic musculoskeletal (MSK) models are employed 

to investigate the internal forces occurring in the human 

body under the assumption that “mean” skeletal 

anatomy can be linearly scaled to adequately match the 

anthropometry of specific individuals. This assumption 

may not be broadly acceptable, and personalization of 

key morphological features may be indicated when 

calculating joint reactions forces (JRFs) for individuals 

who deviate from the mean [1]. For example, femoral 

anteversion (defined as the angle between the plane of 

the femoral neck axis and that of the femoral axis [2]) 

has been previously shown to affect muscle moment 

arms [2] and hip JRFs [3], but its effect on the knee and 

ankle joints remains unknown. In this work we 

investigated how variations of femoral anteversion can 

influence the JRFs in a scaled generic MSK model of 

the lower limb. 

 

Methods 

A generic, full-body MSK model [4] was scaled to the 

anthropometrics of an elderly participant (86 yo, 75 kg) 

with an instrumented total knee prosthesis implanted on 

his left leg [5]. The model was modified by decreasing 

the maximum isometric force of the muscles crossing 

the knee joint by 35% [4], obtaining the baseline model. 

Its JRF predictions were preliminarily assessed against 

in vivo measurements of knee joint contact forces, 

resulting in overestimation of the largest force peak by 

0.59±0.14 BW across five gait trials. Subsequently, the 

left femur of the baseline model (anteversion angle: 12°) 

was deformed using a custom MATLAB tool that 

applies a user-defined torsion profile to the bone long 

axis, generating a new bone geometry and adjusting its 

muscle attachments as in [2]. Five modified models with 

anteversion angles ranging from 5° to 40° (Figure 1A) 

in 7° steps were generated using this approach. The 

angles range was chosen based on population data [7]. 

Apart from the left femur alterations, the nominal and 

modified models were identical. Using a standard 

workflow (inverse kinematics, static optimization, joint 

reaction analysis) in OpenSim 3.3 [8], five walking trials 

from [5] were simulated and JRF peak magnitudes 

calculated for the left leg joints. These values were then 

compared against those of the nominal model and 

correspondent in vivo knee measurements. 

 

Results 

The computed JRF magnitudes showed a marked 

dependency on the femoral anteversion angle (Figure 

1B), with second peaks increasing up to 17.6±4.5% of 

the nominal model values at the hip and 44.6±12.9% at 

the knee joint for 40° anteversion. JRFs decreased for 

lower than nominal anteversion angle (hip: -3.1±1.1%, 

knee: -5.2±0.6% for 5° anteversion). The ankle joint was 

practically unaffected by the changes in femoral bone 

morphology (<2% differences for all models). 

 
Figure 1: A) Femoral geometries with 5° (red) and 40° 

(green) anteversion angles. B) Knee JRFs from nominal 

and modified models for a representative gait trial. 

 

Discussion 

The observed variations of hip JRFs are consistent with 

those reported by [3] using a different MSK model. At 

the knee joint, the most accurate JRFs were estimated by 

the nominal model, which had the closest femoral 

anteversion angle to the actual participant’s femur (≈10° 

estimated from the available CT scans). Our findings 

suggest caution against using a generic MSK model for 

estimating JRFs in specific individuals, as variations in 

a single morphological feature like femoral anteversion 

can strongly influence the model outputs at the hip and 

knee joints. This is valid a fortiori for populations with 

bone deformities beyond those reported in [7]. The 

presented methodology can be used to investigate the 

dependency of JRFs on bone morphology in other 

human joints. 
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Introduction 
Low back pain is recognized by WHO as a priority 
condition and a leading cause of disability [1].  Despite 
this, surgical interventions are notoriously challenging 
[2] and typically are not considered except in chronic 
cases where conservative treatment options have failed.  
Biomechanical models have already proved their use in 
surgical planning.  However, slow computational times 
and manual setups prevent these models from being 
implemented as tools in intraoperative scenarios. 
Recent developments have demonstrated the use of 
artificial neural networks (ANNs) to substitute finite 
element analysis (FEA) at a reduced computational cost 
[3]. To-date, this approach has only been applied to 
simple geometries, where the mesh of each subject can 
easily be made topologically consistent by defining its 
distribution on the geometry’s edges.  This topological 
consistency is essential for training the ANN; however, 
it can pose a challenge in a set of anatomical geometries, 
where edges are typically not clearly defined. 
As a preliminary study, we will discuss here the 
construction of an ANN substitute for FEA of a single 
lumbar vertebra, using a mesh morphing approach to 
solve the issues of mesh topology.  
 
Methods 
The morphing approach was based on the algorithm 
presented in [4] with an adaptation for a hierarchical 
multigrid approach. The algorithm’s inputs are 
segmentations of a reference vertebra (I0) and a target 
vertebra (I1), and outputs are the displacement fields 
that morph I0 to I1. The dataset [5], contained 40 lumbar 
vertebrae (8 spines) which were used for training the 
model, while 2 more spines were retained for testing.  
Initially, every combination of I0 and I1, using the 40 
training vertebrae, were tested to investigate how 
selecting I0 and I1 from different vertebra levels or 
subjects would influence the results.   
After the initial investigation, a ‘typical’ L3 vertebra 
was chosen as I0 for building the ANN and a tetrahedral 
mesh of I0 was generated using MeshLab. The nodal 
coordinates of the I0 mesh were combined with the 
displacement fields obtained from the morphing 
approach to create a set of 40 meshes. Using GetFEM++ 
to implement FEA, all 40 were simulated under non-
physiological loading. NeurEco, a factory for building 
ANNs with intricate yet minimal structures, was used to 
train an ANN for predicting the FEA stress results from 
the mesh coordinates.  The testing set was evaluated 
using the same approach to build the mesh. 

Results 
On the training set, morphing I0 achieved a mean 
Sørensen-Dice coefficient of 0.99 compared to I1. The 
accuracy of morphing between subjects vs. between 
vertebra levels was not significantly different (p=0.46), 
nor between both simultaneously vs. just one (p=0.69, 
p=0.59 respectively). Thus, the entire training set could 
be used for the ANN, regardless of level or subject. 
In evaluating the testing set (10 vertebrae), the stress 
results obtained from FEA simulation and from the 
ANN prediction showed excellent fidelity, achieving a 
mean absolute percentage error (MAPE) of 6.00 % in 
the Euclidean norm of the output vector.  

Figure 1: Testing set results for σ11 of the Cauchy stress 
tensor, obtained using FEA (left) and the ANN (right). 
 
Discussion 
The morphing approach presented here has allowed the 
implementation of an ANN substitute for FEA, even in 
the case of complex anatomical geometries, thus 
opening the door for biomechanical simulations to be 
applied in severely time-constrained applications. With 
the key challenge of obtaining topologically consistent 
meshes overcome, the approach will be further 
developed by applying more physiologically relevant 
loading conditions and by introducing richer subject-
specific training data to the ANN, for example: by 
assigning subject-specific material properties. 
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Introduction 

The onset of degenerative joint diseases such as  

osteoarthritis (OA) is often determined by altered joint 

mechanics due to abnormal joint morphology and/or 

geometrical limb alignment [1,2]. Hip dysplasia and 

cam/pincer morphologies, associated with 

femoroacetabular impingement (FAI) syndrome, have 

been identified as potential risk factors for developing 

hip OA. However, other morphological features, such as 

increased femoral torsion, may also exacerbate or 

diminish the effects of existing cam/pincer 

morphologies [3].  

The aim of this study was to evaluate hip loading during 

gait in a group of asymptomatic adult subjects 

presenting a heterogeneous range of femoral torsion. It 

was hypothesized that increased femoral torsion may 

lead to alterations in hip contact forces (HCFs). 

 

Methods 

37 healthy volunteers (27.7 ± 4.6 years old, 15 females) 

underwent a 3D kinematic (Vicon, UK) and kinetic 

(Kistler, Switzerland) gait analysis session at a self-

selected walking speed. Femoral antetorsion (mean 

angle =15.7° ± 8.8°, min = -7.1°, max = 38°) was 

evaluated with  low-dosage bi-planar radiography (EOS 

Imaging, France). The collected motion capture data 

was used as input for a musculoskeletal modelling, 

inverse dynamics analysis (AnyBody Technology, 

Denmark) to evaluate HCFs, reported in a pelvis-based 

reference frame. Subject-specific models were created 

from a generic lower-limb model [4], which was scaled 

according to marker data from a static trial and 

individual segment dimensions from radiographic 

images. The modelled femurs were morphed (Figure 1a) 

to match each subject’s femoral antetorsion 

measurements. Correlations between antetorsion angles 

and 3D HCFs were analyzed using statistical parametric 

mapping (SPM) canonical correlation analysis (CCA), 

as well as SPM post-hoc linear regression analyses for 

the individual force components. 

 

Results 

A statistically significant correlation between 3D HCFs 

and femoral torsion was found in the investigated cohort 

during terminal-stance and mid-swing (48-52% and 65-

79% of the gait cycle) (Figure 1b). In particular, subjects 

with higher antetorsion have more medially oriented 

HCFs in mid stance and more anteriorly oriented HCFs 

during swing phase. 

 
Figure 1a): femoral geometries of the baseline model 

(grey box) and a morphed model with increased 

antetorsion (blue box). Figure 1b): predicted HCF 

magnitude for individual subjects (light grey) and 

cohort mean (red). Phases of the gait cycle with a 

statistically significant correlation between 3D HCF 

and femoral torsion are reported as red bars below. 

 

Discussion 

This study investigated potential correlations between 

femoral antetorsion and hip loads. Subject-specific 

models were morphed based on individual 

morphological data and driven with matching individual 

kinematic data, which would capture potential 

kinematic compensatory mechanisms, such as in-toeing. 

A statistically significant correlation was observed 

between femoral antetorsion and the spatial orientation 

of the HCF 3D vector during gait. These altered intra-

articular loads, in association with other morphological 

features such as cam/pincer morphology, may become a 

risk factor for hip degenerative changes. A better 

understanding of the forces that are produced within the 

acetabulum is necessary to improve individual 

diagnoses and to optimally plan targeted realignment of 

the lower extremities, which could reduce the risk of 

(over-) loading-induced joint degeneration. 
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Introduction 

Vertebral body compression fractures (VBCFs) are one 

of the most common types of osteoporotic fractures, and 

one of the most convenient surgical options for 

osteoporotic VBCFs is minimally invasive Balloon 

Kyphoplasty (BKP). Clinically, 34% of BKP surgeries 

do not significantly reduce kyphosis angle, or restore 

vertebral body's height [1]. Since 2009, vertebral body 

stent (VBS) was suggested and employed to overcome 

challenges associated with the BKP. To date, several 

studies have investigated the effects of various 

biomechanical factors, which play a crucial role in BKP; 

however, the biomechanical aspects of VBS approach 

have not yet been well understood. The aim of this study 

was to develop finite element (FE) models of both BKP 

and VBS to explore existing differences between the 

biomechanical behavior of the two surgical methods 

under compressive and flexural loading. 

 

Methods 

A computed tomography (CT) based- FE model of L2-

L4 segment was developed. To mimic the geometry of 

the fractured L3, it was assumed that the vertebra should 

experience a 22% reduction in its height, which could be 

caused under compressive and bending loadings. The L3 

vertebra was then reinforced with bone cement in BKP 

(Fig. 1 (left)), and with bone cement-stent complex in 

VBS (Fig. 1(right)) to restore the height of the damaged 

vertebral body. It was also assumed that the final profile 

of the cement in the BKP method is similar to that of the 

stent profile expansion in VBS. Fluid cavity interaction 

was defined for the inside of the balloon, assuming that 

it was filled with fluid until the expansion of the balloon 

can restore the lost height of the fractured vertebra. 

Embedded region constraint was employed for the bone 

cement-vertebra, and also for bone-stent interactions. 

Moreover, the bottom surface of the L4 was fully 

constrained in all directions, and a physiological 

compressive load of 800  N was applied to the upper 

surface of L2, and flexion, extension and lateral moment 

of 7.5 N.m were applied to the center point of the upper 

surface of L2 to simulate compression, extension, 

flexion, and lateral bending movements. Finally, 

compressive/bending stiffness of L2-L4 segment were 

assessed for BKP and VBS cases and compared with 

each other. 

 

Results 

Compressive and bending structural stiffness of L2-L4 

segment for the BKP and VBS are reported in table 1. 

The stiffness analysis of L2-L4 segment revealed that the 

incorporation of a stent in the treatment procedure of the 

fractured vertebra increases the stiffness of the segment 

by an average of about 10%. 

 

 Stiffness of L2-L4 segment in different 

compression and bending movements (kN/mm) 

 Compression Extension Flexion Lateral 

Bending 

BKP 0.587 539.56 545.55 220.55 

VBS 0.655 734.76 467.28 241.13 

% of relative 

change 

between 

stiffness of 

VBS and BKP 

 

+11.6% 

 

+36.18% 

 

-14.4% 

 

+9.33% 

Table 1: The stiffness of the L2-L4 segment in BKP and 

VBS methods for each posture, and percentage of 

relative change between stiffness of VBS and BKP (with 

respect to BKP). The "+" and "-" signs indicate an 

increase or decrease, respectively, in the stiffness of the 

L2-L4 segment in the VBS compared to BKP. 

 

Figure 1: Finite element model of L2-L4 segment, 

including ligaments and intervertebral discs. Height 

restoration of L3 with BKP (left) and VBS (right). 

 

Discussion 

This study showed that the structural stiffness of L2-L4 

segment treated by VBS is greater than that of BKP for 

all postural movements, except for flexion.  This may 

indicate that the VBS can be superior, compared with 

BKP, if one looks at the stiffness of the fixed segment. 

Further research is in progress to discover other existing 

differences between the BKP and VBS methods. 
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Introduction 
The development of anthropomorphic and functional 
artificial hands remains a challenge for design and 
control engineering. To date, a variety of artificial 
hands, robotic and prosthetic, have been designed with 
different purposes: a) grip stability and human handling 
skills; b) anthropomorphism and cosmetic appearance. 
However, an artificial hand should meet both goals, 
fundamentally if oriented to be a prosthesis. Unluckily, 
current prostheses are very simple from a biomechanical 
viewpoint and their manipulation abilities are limited. 
The main problem lies in the difficulty of establishing a 
proper communication between the user and the device. 
In fact, nowadays the communication interface between 
the user and the prosthesis is a technological bottleneck 
[1] that explains the simplicity of current prostheses, 
even when it would be possible to use the most 
sophisticated solutions developed in the last decades. 
This work aims to improve the communication between 
the user and the prosthesis using an EMG-based Human-
Machine Interface (HMI): the MYO armband [2]. The 
authors found this HMI useful for the control of hand 
prosthesis in a limited way [3]: it is easy to use but the 
number of detected hand postures with the manufacturer 
software is low. In fact, various arm and hand postures 
can be recognized, but none of them belong to Activities 
of Daily Living (ADL) [4]. Additionally, deep learning 
algorithms have become increasingly prominent for 
their ability to automatically learn discriminant features 
of experimental data. Still, they have been barely used 
in the field of grasping posture recognition based on 
EMG data, even though they have been proven to be 
valid for gesture classification [5]. 
In the present work, preliminary work has been done to 
increase the number and type of detected grasping 
postures from the EMG signals of the MYO armband 
with a feed-forward artificial neural network (ANN) 
implemented in Matlab. A similar ANN provided good 
results in hand posture prediction in previous works [6].  
 
Methods 
The MYO armband is a Bluetooth HMI device with 8 
EMG sensors, a 3-axis gyroscope, accelerometer and 
magnetometer. Once correctly located on the forearm, 
calibrated and trained, is able to recognize 6 hand 
gestures with the manufacturer software: tap, fist, open, 
wave in, wave out, shown in Fig. 1 (up). 
In this work, experiments were made with 6 right-
handed subjects performing the aforementioned 
gestures plus two additional ADL grasping postures: 
pinch and cylindrical grasps [4] (Fig.1, down). 

  

 
Figure 1: Recognized hand postures from Myo data  
 
The raw signals acquired from the armband were 
processed to extract the relevant information from the 
EMG data. In particular, a window of 20 samples was 
used for feature extraction and the Root Mean Square 
(RMS) of the samples was computed. These features 
were used to train an ANN for posture classification 
with a two-layer feedforward architecture and 100 
neurons in the hidden layer. The inputs to the ANN were 
the RMS values of the 8 EMG sensors and the outputs 
were 8 values corresponding to the probability of each 
hand posture. The implementation was carried out with 
the Matlab "Deep learning toolbox". The performance 
of the ANN was assessed computing the percentage of 
success in the classification. 
 
Results and Discussion 
The mean percentage of success in hand posture 
recognition for two subjects whose data were not used 
for training the ANN was 76.69%, higher that the result 
reported in [5]. In particular, the ADL grasps had the 
following success rates: 84% for the cylindrical grasp 
and 54.1% for the pinch grasp. These results are 
satisfactory and indicate that this technique could be 
used for detection of ADL grasping postures and use it 
for controlling a hand prosthesis. However, the number 
of subjects used was very low and new features should 
be computed in order to increase the success rates, 
especially in the pinch grasp. 
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Introduction 

Musculoskeletal (MSK) models are used to estimate the 

muscle and joint reaction forces (JRFs) in clinical 

patients by personalizing features such as muscle 

strength [1]. For example, total knee arthroplasty (TKA) 

can be associated with a 30% reduction of the maximum 

isometric force (𝐹𝑖𝑠𝑜) of the muscles crossing the 

replaced joint [2]. This study aims to quantify alterations 

of JRFs in the lower limb when 𝐹𝑖𝑠𝑜 of muscles crossing 

either the hip, knee, or ankle joints are altered.  

 

Methods 

A gait trial of an 86-year old man with a left 

instrumented TKA [3] was simulated using a generic 

OpenSim MSK model [4] scaled to the participant’s 

anthropometry. Joint angles and moments were 

calculated using the inverse kinematics and inverse 

dynamics tools. Static optimization and joint reaction 

analysis were used to estimate muscle forces and JRFs 

at each joint of the lower limb after altering the 𝐹𝑖𝑠𝑜 of 

the muscles crossing the hip, knee, or ankle joints from 

their nominal values up to ±40% in increments of 10%. 

For comparison, analyses where 𝐹𝑖𝑠𝑜 was altered at the 

same time for all muscles in the model were also carried 

out. The differences between the peaks of the JRFs 

estimated by the nominal and modified models were 

quantified. Also, the second peak of the JRFs at the knee 

during late stance was compared against the in-vivo 

measurement. 

 

Results 

The JRFs are presented in Figure 1 with respect to 

varying 𝐹𝑖𝑠𝑜 of different muscle groups. The variation of 

the peak JRFs from the nominal value ranged from -0.05 

to 0.63 BW at the hip, from -1.39 to 1.43 BW at the knee 

and from -0.15 to 0.6 BW at the ankle. Weakening the 

strengths of muscles crossing the hip joint increased the 

knee JRFs by 1.43 BW at maximum, while this had a 

limited effect (<0.15 BW) on the peaks of the hip and 

ankle JRFs. Decreasing 𝐹𝑖𝑠𝑜 of the muscles crossing the 

knee resulted in a maximum knee JRFs reduction of -

1.39 BW at its peak load but not significant changes at 

the hip and ankle (<0.12 BW). 𝐹𝑖𝑠𝑜 of the muscles 

spanning the ankle joint had influence on the JRFs at the 

knee (0.76 BW) and the ankle (0.6 BW) but almost none 

at the hip (0.02 BW). The changes in all muscle 

strengths resulted in a similar variation of joint loads at 

each joint (<0.63 BW). In the swing phase of the gait 

cycle, there were also minor changes in the hip and ankle 

JRFs (<0.28 BW). The model with the 40% weaker 

knee-spanning muscles estimated JRFs closer to the in-

vivo knee loads (0.28 BW overestimation at the second 

peak). 

 
Figure 1: The JRFs at the hip, knee and ankle (rows) for 

changes in the 𝐹𝑖𝑠𝑜 of the muscle groups of the hip, knee, 

ankle and all muscles (columns). JRFs from the nominal 

model are shown in black. Experimental measurement 

(green) is available for the knee JRFs. 

 

Discussion 

As expected, the changes in the strengths of a muscle 

group altered muscle recruitment and affected other 

joints via the bi-articular muscles. However, simulation 

quality was not compromised (muscle forces sustained 

≥95% of the peak joint moments calculated from inverse 

dynamics) and joints were differently affected by these 

alterations. The most and least sensitive JRFs to the 

changes in strengths of muscles crossing individual 

joints were the knee and ankle ones respectively, 

consistently with the findings of [5]. The reduction in 

the peak JRFs at the knee joint was also comparable to 

[5] (0.6 BW) although muscle recruitment did not aim 

to minimize the JRFs and further reduction in 𝐹𝑖𝑠𝑜 of 

knee-spanning muscles would still be possible. Finally, 

the best match-up between predicted and recorded JRFs 

at the knee was found using a 40% decrease in 𝐹𝑖𝑠𝑜 for 

muscles crossing the knee, consistently with the 

approach of [1].  
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Introduction 

Anterior cruciate ligament (ACL) injury accounts for 50% 
of knee ligament injuries and 75% of them occur during 
sports activities [1]. The main treatment for this tear is 

ACL reconstruction using autologous or donor tissue. The 
most common tissues for reconstruction are the patellar 
and quadriceps tendon. Currently there are different 

variations of this surgery and, although it is not known 
with certainty which is the best [2], the option chosen 

depends on the preference and experience of the surgeon. 
The objective of this study was to identify changes in 
intra-articular stresses in the knee to foresee possible 

future consequences of tendon-to-ligament transfer 
surgery for ACL reconstruction by means of a 
computational model of the human knee. 

Methods 

The finite element model was reconstructed from 

tomographic images of a healthy patient. This model 
includes the bones of the joint, cruciate, and lateral 
ligaments, menisci, femorotibial cartilage, patellar 

tendon, and quadriceps tendon. The respective Young's 
modulus and Poisson radius were assigned to them. The 

model was validated by simulating compression and 
flexion and comparing the stress results in the menisci 
with literature [3][4]. The initial model was modified to 

represent ACL reconstruction surgery with a patellar 
tendon section. For this, the geometry of the tendon was 
modified, and the mechanical properties of the ACL were 

replaced by those of the tendon. Compression and flexion 
simulations were performed with the modified model. The 

results obtained were compared with the healthy model. 

 
Figure 1: Obtained 3D models: A) Healthy model front 
view. B) Healthy model rear view. C) Modified model 

front view. D) Modified model rear view. 

Results 

Results showed an increase of 40.2% in the maximum 
tension (fig 1-A-B) of the ACL in the modified model, 

proved with a compression test, compared to the healthy 
model.In contrast, there was a 45.5% increase in 
maximum compression (fig 2-A-B) with respect to the 

healthy model. In addition, for the ACL flexion 
movement of the modified model, a 60% increase in 
maximum tension (fig 1-C-D) and 12% in maximum 

compression (fig 2-C-D) were obtained compared to the 
healthy model. 

 

 
Figure 2: Maximum principal stress calculated in ACL: 

A) Healthy model subjected to compression force. B) 
Modified model subjected to compression force. C) 
Healthy model in flexion motion. D) Modified model in 

flexion motion. 
 

 
Figure 3: Minimum principal stress calculated in ACL: A) 
Healthy model subjected to compression force. B) 

Modified model subjected to compression force. C) 
Healthy model in flexion motion. D) Modified model in 
flexion motion. 

Discussion 

The results show that the intra-articular stress of the knee 

is modified when performing the ACL reconstruction. 
The increases in the stress of main maxima and minima 

are consequence of the change in the Poisson radius when 
replacing the original material by a section of the tendon, 
which is incompressible. This parameter changes from 0.3 

to 0.49. The greatest increase was presented in the ACL 
for the main maximums when a flexion was simulated. In 
conclusion, when an ACL reconstructive surgery use the 

patellar tendon, the surgeon should consider important 
stress changes in the new ligament, because it could suffer 

mechanical stresses considerable different from the 
original ligament 
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Introduction 

The Anterior Cruciate Ligament (ACL) rupture is a very 

common knee injury that can occur in sports. Usually, 

this leads to the total replacement of the native tissue 

with a graft. This procedure is known as Anterior 

Cruciate Ligament Reconstruction (ACLR). In this 

work, we propose a computational framework that 

incorporates all the key steps of modeling the ACLR 

surgery. The aim of the developed workflow is twofold: 

first, to enable realistic subject-specific modeling of all 

the parameters and aspects of the ACLR; and secondly, 

to include these modeled elements in assembling a 

Finite Element (FE) knee joint model that can be 

exploited to perform simulations of daily life activities.  

 

Methods 

The MRI data used throughout this work are acquired by 

the OpenKnee database [1] and processed using tailored 

segmentation tools [2]. The ACLR modeling pipeline is 

developed in Blender. First, a set of landmarks on the 

bone surfaces is selected and these are used to drill the 

tibia and femur tunnels. Then, the graft mesh is created 

with customized radius, density, and bundle number, 

which is placed through the tunnels. Modeling of Single 

(SC) and Double Channel (DC) surgery methods is thus 

possible. The key steps and results of the modeling 

workflow are presented in Figure 1.  

 

  

Results 

Test 

Discussion 

 

 

 

 

The created geometries are then used to assembly the FE 

model utilizing the FEBio software [3], along with 

meshes that represent the other key anatomical 

structures such as the menisci and the cartilages. The 

ligaments are modeled as non-linear springs and proper 

contact and material models are established. Four 

versions of the same knee are created that represent the 

intact ACL knee, the ACL-deficient knee and the SC, 

and DC ACL reconstructed knees respectively (Figure 

2).  Subsequently, these models can be used to evaluate 

the parameters of ACLR when performing an anterior 

drawer test. 

 
Figure 2: The developed FE models. A) The intact ACL 

knee, B) The no ACL knee, C) Single Channel ACLR, D) 

Double Channel ACLR. 

The knee is flexed up to 30 degrees and then an anterior 

force of 134 N is applied on the tibia. The femur is fixed 

in all degrees of freedom whereas the tibia is free. The 

measured output is tibial anterior translation. First, the 

test is performed to compare the intact and deficient 

ACL models and obtain a reference model. Then, the SC 

DC models are compared with the reference model. 

Furthermore, the SC model is used with three different 

levels of graft pre-tension to assess the impact of graft 

preparation. Finally, the SC model is used again to 

compare different angles of graft fixation. 

 

Results 

The results demonstrated that the DC ACLR technique 

is superior to SC in terms of restraining anterior tibial 

translation. Additionally, increasing the graft pre-

tension also improves the graft ability to constrain 

anterior knee laxity. Finally, graft fixation angles in the 

20⁰-30⁰ are found to be more suitable for graft fixation.  

 

Discussion 

In this work, a solid, flexible, and extensible framework 

for modeling most of the ACL surgery aspects is 

presented. It can be used to optimize the selection of the 

ACLR parameters by providing insights into their 

potential effects on restoration of the knee joint 

mechanics. 
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Introduction 

Periprosthetic femoral fracture (PFF) is a severe 

complication following total hip arthroplasty (THA). 

The majority of these factures is caused by low-energy 

traumas, such as stumbling or a fall from standing 

height [1]. The post-operative cumulative 20-year 

probability of PFF is 7.7% and the intra-operative 

probability of PFF is 3% in primary THAs with 

uncemented hip stems [2]. Regardless of these still 

high fracture rates, the mechanisms of PFF and its 

predisposing biomechanical factors are not yet fully 

understood. Finite Element (FE) studies have proven to 

be a valuable tool to analyze bone strength and 

fracture, but they require experimental validation to be 

reliable. Therefore, the presented study utilizes human 

cadaveric femurs in a stumbling scenario as 

experimental validation for FE models of PFFs. 

 

Methods 

Experimental testing was conducted on three human 

cadaveric left femurs implanted with uncemented 

straight total hip stems by an experienced orthopedic 

surgeon. Femurs were embedded in pots at a medio-

lateral angle of 8° and an anterior-posterior angle of 0°. 

The native anteversion angles of approx. 15° were 

reproduced by implanting the hip stems according to 

clinical routine. The specimens were then axially 

loaded in an electromechanical testing machine in a 

quasi-static manner and force and displacement at the 

contact to the implant ball head were recorded. The 

stiffness of the femurs at 1 mm axial displacement was 

calculated. Additionally, surface strain measurements 

by Digital Image Correlation and five multiaxial strain 

gauges were carried out. For the creation of the FE 

models the Image-Based Modeling approach by Kluess 

et al. [3] was used. First, the CT scans of the femurs 

were used to semi-automatically segment and 

reconstruct the femoral geometries based on calibrated 

HU units. The implant geometries were then virtually 

positioned according to pre-surgical planning. In a 

preliminary simple model, the material properties were 

assumed to be linearly elastic perfectly plastic. Using a 

custom-developed mapping algorithm, all nodes of the 

bone mesh were assigned elastic moduli and yield 

strains depending on the corresponding HU units to 

reproduce the heterogeneous mechanical properties of 

femoral bone. A frictional contact between bone and 

hip stem surfaces was defined. Fracture was assumed 

when an element reached yield strain. 

 

Results 

The results of the experimental tests showed a mean 

fracture load of 6,686 N or 795% of the patient-specific 

bodyweight (Fig. 1). The experimental mean stiffness 

at 1 mm axial displacement amounted to 3,209 N/mm. 

The load-displacement curve, fracture load and 

stiffness calculated by the FE models showed only 

moderate accordance to the experimental data. Initial 

subsidence of the hip stem was observed in two of the 

three experimentally tested femurs. This initial 

subsidence could not be reproduced by the FE models. 

 

 
Figure 1: Experimental (“exp”) and computational (“FE”) 

load-displacement curves for three left human femurs. 

 

Discussion 

Our experimental results showed good agreement with 

a comparable experimental study by Schwarz et al. [4]. 

Nevertheless, the preliminary, simple FE models are to 

be improved to represent the experimental results more 

accurately. Our study underlines, that especially 

advanced material modeling is a critical parameter to 

improve accuracy and reliability of FE modeling of 

PFFs. 
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Introduction 

In the last decades, the interest towards non-invasive 

approaches to fracture healing monitoring has rapidly 

increased. Many different approaches have been 

proposed from ultrasounds to static angle deflection. 

Recently, this research group has investigated the 

application of mechanical vibrations also in vivo [1].  

In this study, we aim to investigate the feasibility of 

using strain gauges to monitor fracture healing in cases 

treated with an external fixator. This approach was 

considered in the late 90ies but abandoned as not 

reliable. However, at that time the broken limb was kept 

unloaded while nowadays the patient can walk after few 

weeks. Thus, the use of strain gauges placed on the 

fixator can be re-examined.  

The present contribution describes an in-silico 

simulation of a fracture healing process to estimate the 

trend of ‘virtual’ strain measurements as possible 

indicators of bone healing. 

 

Materials and Methods 

A Finite Element model of a Sawbone phantom of a tibia 

with an external fixator was developed. The model of 

the phantom was provided by Sawbone, while the 

components of the fixator were added after a reverse 

engineering operation (Fig.1). 

 

             

Figure 1: Left: Sawbone tibia with fixator. Centre: FE 

model with callus in evidence. Right: sample under test. 

Bone Healing was simulated by varying the elastic 

modulus of the callus as 1-12-60-100 % of the modulus 

of the cortical bone, at weeks 4-8-12-20, respectively. 

The thickness of the callus was very small (5 mm) to 

stress the test case.  

A static compression (F=500 N) of the phantom without 

and with fixator was simulated in Ansys® 2019. 

Experimental validation of the model was also pursued. 

 

Results 

The load distribution in the pins and rods at week 0 is 

shown in Fig.2. As bone heals, the callus stiffens and the 

load acting on the phantom increases. 

 

Figure 2: Load distribution in the fixator at week 0. 

The strain field highlights that the most suitable points 

for strain gauges are on the distal pins (1-5), subjected 

mainly to bending (Fig.3). The trend of strain in the pins 

during healing is reported in Fig.3, where it is evident 

that after week 8 there is no significant variation. 

 

 

Figure 3: Strain trend in the pins during healing and 

strain field in pin 1 and 5. 

Simulated and measured strains were in good 

agreement. The strain level appears rather low for 

achieving reliable measurements in-vivo, but this is due 

to the assumed small thickness of the callus. 

The approach could be feasible especially in the first 

months after fracture. Further analyses with larger callus 

and other values of elastic modulus will be performed. 
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Introduction 

Massive wear is recognized as one of the main causes of 

hip prostheses (HPs) failure. Consequently, the approval 

for the clinical use a new prosthesis design needs a long 

and costly campaign of wear tests. Nowadays, In-silico 

clinical trials represent an attractive alternative made 

accessible thanks to the computational resource 

available. On the one hand, analytical wear models 

(AN), though rarely reported in the literature [1], allow 

parametric formulations and very rapid wear predictions 

for the running in phase. On the other hand, finite 

element (FE) modelling can implement the geometry 

changes due to wear, allowing long-term wear 

predictions, though this often entails user subroutines 

and, typically, high computational costs [2,3]. 

The aim of this study is to compare AN and FE wear 

modelling of HPs, evaluating strengths and limitations. 

A new FE wear model of metal-on-plastic HP has been 

developed which reproduces the case study of the AN 

model in [1]. 

 

Methods 

A FE model of a 28 mm MoP HP has been developed 

using the intuitive ANSYS Workbench® platform, 

rarely used in literature. The wear is modelled as 

unilateral, affecting only the cup, neglecting the wear of 

the metallic head. The Archard wear law is adopted, 

with a constant wear coefficient. The main boundary 

conditions, applied to head and cup, are shown in Fig.1: 

the wear caused by walking is simulated considering a 

vertical load and all hip joint rotations. Computational 

strategies, such as rigid body modelling of the head and 

the submodeling technique [3], were considered to 

reduce simulation time. 

 

Figure 1: FE wear model of a MoP hip prosthesis (left) 

and simulated boundary conditions (right). 

 

Results 

The main results consist in the evolution of the wear 

volume V and the wear map during walking. As an 

example, the results obtained for a single gait cycle are 

shown in Fig. 2. To note that mainly wear occurs during 

the stance phase, when the load and the contact 

pressures (green curve, Fig.2) are higher. The wear map 

is almost circular, with the maximum value located at 

the nominal contact point, that is fixed on the cup. 

Results for steady state phase of wear process are not 

shown for brevity. 

 
 Figure 2: Main results: trend of the volumetric wear 

and evolution of the wear map during a gait cycle. 

 

Discussion 

A first comparison of AN and FE wear models at 1 Mc 

is considered: the same wear volume (23.3 mm3) and 

similar wear maps are obtained, as shown in Fig. 3. This 

confirms the validity of the AN approach for the 

running-in phase.  

Results suggest the combined-complementary use of the 

AN and FE wear models for in-silico clinical trials of 

HPs, which would assure the most accurate results at the 

lowest computational cost. 

 

 
 Figure 3: Comparison of the wear maps predicted at 1 

Mc by FE and AN [1] models. 
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Introduction 

Cortical bone mechanical behavior depends on its 

microstructural properties [1]. High-resolution X-ray 

computed tomography (XCT) has been widely used to 

identify the microstructural properties of the cortical 

tissue (i.e. pore network, Haversian and Volkmann’s 

canals) [2]. However, the connection between its 

microstructural properties and micromechanical 

behavior during plastic deformation is unclear. In situ 

XCT indentation, coupled with digital volume 

correlation (DVC) has been previously employed to 

study plastic deformation of elephant tusk in relation to 

its microstructure [3].  Hence, the purpose of this study 

is to investigate the cortical bone plastic strain and its 

interconnection with the canal network.  

 

Methods 

Bovine cortical bone cylindrical specimens were 

extracted from the femoral diaphysis (D = 4 mm, H = 6 

mm), six in the transverse and six in the axial direction 

with respect to the long vertical axis of the femur. A 

novel set up was designed to fit a Vickers’ pyramidal 

indentation tip onto the top plate of an in situ loading 

device (CT5000, Deben, UK). Two consecutive X-ray 

tomograms (Versa 510, Zeiss, USA) were obtained with 

the jaws of the loading stage fully open for the 

calculation of strain uncertainties uncertainty (SDER = 

423 ± 213 με). The loading stage was set in depth control 

with a displacement rate of 0.1 mm/min. The specimens 

were divided in three different groups of four, two axial 

and two transverse. In the first group, the specimens 

were indented once at 0.4 mm displacement. The second 

group involved two indentation steps; first reaching 0.2 

mm and then increasing the depth to 0.4 mm in the same 

location. The third group included three steps at 0.2 mm, 

0.3 mm, and 0.4 mm displacement. DVC analysis 

(DaVis10, LaVision, UK) was conducted using a multi-

step pass processing scheme (128 to 48 voxels) to 

compute the strain distribution in the volume.  

 

Results 

Microcracks were formed in specimens extracted from 

the axial direction. Additionally, in all the specimens the 

DVC analysis showed that the region of the imprint is 

under tension whereas the volume underneath 

experienced compressive strain. Canal loss was 

displayed in region of higher compressive strains 

exceeding -20000 με and crack formation occurred in 

specimens were Haversian canals were parallel to the 

indentation tip (Figure 1).  

 

 
 

Figure 1: (Left) Visualization of canal network. (Right) 

strain map of 1st principal strain (εp1) on axial specimen. 

Crack forming at the second step of indentation and 

propagating further at the last (white arrows); white 

arrows are indicating crack formation.  

 

Discussion 

This study evaluated the effect of the orientation of the 

canal network regarding microcrack formation and 

prevention. The defect location with respect to the canal 

network was a major determinant in fracture initiation. 

Large canals surrounding the indentation defect were 

allowing uniform deformation in the structure that 

prevented large crack formation. Additionally it was 

observed that canal widening induced high tensile strain 

to the tissue and canal loss showed high compressive 

strain values. The XCT images revealed that specimens 

with higher porosity values locally in the defect area, did 

not crack. 
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Introduction 

Bone is a heterogeneous material characterized by a 

hierarchical structure over multiple length scales. 

Fracture in bony structures is tricky to predict because 

the nature of bone constituents at all scales greatly 

influences the overall mechanical behavior. In addition, 

any kind of alteration in the quantity and quality of bone 

tissue with aging and disease results in significant 

variations in the mechanical response with increased 

risk of bone fracture. Despite this, some micro-

mechanical elements are still not included in the 

numerical models developed for predicting the bone 

mechanical response [1]. The aim of the present study is 

thus to furnish a more detailed modelling of osteons 

(namely, the structural units of cortical bone) via a 

multiscale homogenization approach. The brittle 

behaviour of osteonal bone has been considered by 

accounting for damage mechanics and for different 

failure modes. The mechanical response of osteonal 

structures has been investigated via a nonlinear finite 

element scheme, revealing a good agreement with 

experimental findings available in literature [2].  

 

Methods 

The structural unit of cortical bone is modelled via a 

multiscale constitutive rationale, based on micro- and 

nano-scale parameters having a clear histological 

meaning.  Osteons are constituted of several coaxial, 

approximately cylindrical lamellae around the haversian 

canal, herein reproduced as a void. Lacunae, i.e. oblong 

cavities between the lamellae [3], are modelled as voids 

having an ellipsoidal shape. Each lamella can be 

subdivided into a thick lamella and a thin one [1]. Thick 

lamellae are characterized by considering the features of 

its nano-constituents, namely hydroxyapatite crystals, 

collagen fibres and water, which together form the 

mineralized collagen fibrils (MCF) [4]. Equivalent 

properties of MCFs are obtained via a first 

homogenization step, that has been performed following 

both an analytical and a computational approach. Then, 

anisotropic elastic properties of thick lamellae are 

obtained through a subsequent homogenization phase, 

due to the different arrangements of MCFs in the 

sublayers constituting the single lamellae [1]. Thin 

interlamellar areas, made up primarily of non-

collagenous proteins [5], are modelled as elastic layers 

described by 3D spring elements, accounting for normal 

and tangential stiffness interactions. To simulate the 

fracture process at the lamellar level, a progressive 

damage approach is implemented and the possible 

occurrence of both interlaminar and intralaminar failure 

is described by adopting two distinct criteria. 

 

Results 

The model reliability has been validated by reproducing 

the mechanical behavior of osteons undergoing 

experimental tests. In Fig. 1 a comparison between the 

predicted fracture pattern and the actual one for a single 

osteon is reported, with reference to a uniaxial tensile 

test whose data are available in literature [2]. Figure 1 

shows that, in this case, fracture originates from the 

regions with the highest density of lacunae and 

propagates along a quasi-orthogonal direction with 

respect to the osteonal axis. 

Figure 1: On the top, the fracture pattern predicted by 

the numerical model. On the bottom, a fractured osteon 

after a tensile test performed in [2].  

 

Discussion 

This work presents a nano-micro multiscale modelling 

approach to characterize the mechanical behavior of 

osteonal structures. Comparison of numerical results 

with the experimental ones allows to confirm the 

validity of the proposed model. The present study may 

provide useful indications on microscale failure 

mechanisms of cortical bone that can be adopted for 

defining refined bottom-up constitutive descriptions, 

also accounting for biological aspects. Indeed, 

biological factors as ageing or disease cause structural 

changes in bone at all length scales [6].  
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Introduction 

The Pistoia criterion is often used to predict the strength 

of radius segments based on linear-elastic µFE 

simulations. In most cases, tuning of model parameters 

is necessary to obtain reliable results. One reason might 

be that in-elasticity or stress redistributions are not taken 

into account. In this work, we compare the Pistoia 

criterion with nonlinear µFE simulations up to failure to 

highlight differences and possible future applications.  

 

Methods 

Experimental compression results and µCT scans of 21 

radius segments (20 mm height, resolution of 36um) 

were available [1]. Two simulations were performed per 

radius segment: (1) A linear-elastic simulation and (2) a 

materially nonlinear simulation up to failure. For (1), the 

failure load was predicted with the Pistoia criterion [2]. 

Since the standard parameters strongly overestimated 

the experimental failure load, optimal parameters were 

proposed: The predicted ultimate load was fitted per 

sample to the experimental value using the overstrained 

volume as a parameter (Fig 1, left). Elements were 

overstrained if the effective strain exceeded 0.7%. For 

(2), a damage-based material with a linear-elastic, a 

degradation, and a tissue failure region was used. 

Material parameters were previously validated [3]. 

Failure load and damaged regions were obtained 

directly from the simulations. Additionally, the load 

sharing between cortical and trabecular regions was 

evaluated as proposed in [4]. 

 

Results 

The overstrained volume required to reproduce the 

experimental failure load with the Pistoia criterion was 

larger than the typically used 2% and highly variable 

(Tab. 1). The load sharing at the ultimate point obtained 

from the optimal Pistoia criterion and the materially 

nonlinear simulations was comparable for all samples 

(Fig. 1, right). The local distribution of damaged 

overstrained regions showed only small deviations (Fig. 

2).  

 

Table 1: Percentage of overstrained (Pistoia) or 

damaged elements (NL µFE) at the ultimate load. 

 Mean Standard 

deviation 

Pistoia – Standard 2 % - 

Pistoia – Optimal 33.49 % 19.45 % 

Nonlinear µFE 22.91 % 8.24 % 

 
Figure 1: Experimental and model comparisons (left), 

cortical-trabecular load sharing (right) for a selected 

radius segment predicted by a linear simulation with the 

optimal Pistoia criterion (LIN) and a materially 

nonlinear simulation (NL). The relative length increases 

from most distal to most proximal. 

 

 
 

Figure 2: Local difference in the overstrained (LIN 

optimal Pistoia) or damaged regions (NL µFE) for one 

selected radius. Three different views are shown. 

 

Discussion 

Good agreement between linear (optimal Pistoia 

criterion) and nonlinear simulations was found on the 

apparent level, in the load sharing of cortical and 

trabecular region, and in the local distribution of 

overstrained / damaged regions. However, the Pistoia 

criterion required experimental data, i.e. the failure point 

for the calibration. In contrast, the materially nonlinear 

simulations needed no calibration based on experiment 
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Introduction and Motivation 
Musculoskeletal diseases pose a significant socio-eco-
nomic burden to ageing societies worldwide. Numerical 
methods could be a cornerstone in digital healthcare by 
improving diagnosis and treatment strategies. These 
models critically depend on understanding the complex 
characteristics of bone as a hierarchical material. Cur-
rently, there is limited knowledge on the elasto-plastic 
behaviour of bone's fundamental mechanical building 
block, the mineralised collagen fibre, especially under 
rehydrated conditions. While micro- and nanomechani-
cal data under dry conditions have recently been re-
ported [1], scarce data exist for the quasi-physiologic fi-
bre behaviour. Since the hydration state has a significant 
effect on the bone mechanics [2, 3], we aimed to develop 
a testing protocol to identify the rehydrated micro- and 
nanoscale mineralised collagen fibre behaviour. 
 

Materials and Methods 
Micropillars (N = 10) of 6 x 12µm2 (DxH) were manu-
factured in individual mineralised collagen fibres of 
mineralised turkey leg tendon, a model system for bone 
[4], using a combination of dissection, micro-milling, 
ultra-short pulsed laser ablation and focused ion beam 
milling [1]. A portable nanoindenter (Alemnis AG, CH) 
was integrated into beamline ID13 at the European Syn-
chrotron Radiation Facility to allow simultaneous mi-
cropillar compression and SAXS/XRD tests. Samples 
were rehydrated for 2 hours in Hank’s balanced salt so-
lution (HBSS) prior to testing and kept hydrated during 
testing (Figure 1). Micropillars were uniaxially com-
pressed until 1.5µm displacement at 5nm/s with partial 
unloading steps of 50nm every 150nm. Micropillars 
were exposed to X-rays every 5s in a SAXS or XRD re-
gime to extract fibril or mineral strains [1]. Apparent fi-
bre stiffness, yield, ultimate values and strain ratios were 
extracted from stress-strain data [1]. A statistical consti-
tutive model [5] was used to simulate and evaluate the 
 

    
 

Figure 1: (Left) Experimental set-up for simultaneous 
micropillar compression and SAXS/XRD for rehydrated 
fibres. (Right) Experimental and simulated strain ratio 
distributions between fibre-, fibril- and mineral-levels.     

rehydrated micro- and nanomechanical fibre behaviour 
including fibril stiffness. Data were compared to dry 
testing [1] with a statistical significance level of p=0.05. 
 

Results 
The fibril-to-fibre strain ratio was 0.1±0.03, mineral-to-
fibre 0.04±0.01 and mineral-to-fibril 0.40±0.02 corre-
sponding to relative ratios in the elastic region of 53:5:2. 
Compared to dry conditions [1], fibril-to-fibre and min-
eral-to-fibre strain ratios were reduced by 62% leaving 
the mineral-to-fibril ratio unchanged. We found a fibre 
stiffness of 5.07±1.16 GPa with no reduction also in the 
plastic region. Hydration led to a 75% reduction of yield 
stress and compressive strength and a 25% reduction of 
yield and ultimate strain (Table 1) compared to dry con-
ditions [1]. The model identified a 25% reduced fibril 
stiffness due to hydration. All changes were significant. 
 

𝜎𝜎33
𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 /GPa 𝜀𝜀33

𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦  𝜎𝜎33𝑠𝑠𝑠𝑠𝑠𝑠/GPa 𝜀𝜀33𝑢𝑢𝑦𝑦𝑠𝑠 
0.04±0.02 0.03±0.01 0.05±0.02 0.04±0.01 

Table 1: Apparent mechanical properties at fibre level. 
 

Discussion 
The hydration effect on stress and stiffness values fit 
well to micropillar compression of ovine bone extracel-
lular matrix [2] but the decrease in stiffness was higher 
than for microindentation on mineralised turkey leg ten-
don [4] and trabecular bone [3]. Since our tests were 
done on individual fibres, this indicates a strong influ-
ence of the fibre interfaces on the hydration effect. Hy-
dration had the same effect on fibrils and mineral parti-
cles supporting earlier findings on the effect of water in 
mediating mineral-organic matrix interactions [6]. 
Smaller fibril strains might result from interfibrillar 
gliding due to a watery layer. Our fibril stiffness reduc-
tion further agrees with molecular dynamics simulations 
[7]. We identified the rehydrated micro- and nanoscale 
fibre behaviour by combining experimental and numer-
ical methods. The new insights aim to inform computa-
tional models and the design of bio-inspired materials. 
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Introduction  

Replicate bone models are frequently used as an 

alternative testing medium to human cadaver bones. The 

bone replicates aim to accurately reproduce the 

biomechanical properties of human bone, while a low 

inter-specimen variability is maintained [1]. The goal of 

this study is to investigate the material properties of an 

ORTHObones femur replicate. 

 

Methods 

One replicate of a human femur (ORTHObones left 

femur ref.1016668, 3B Scientific, Hamburg, Germany) 

was CT-scanned with a Somatom Force scanner 

(Siemens AG, Germany) in the University Hospital of 

Leuven to build a FE model. Using Mimics (Materialise 

NV, Leuven, Belgium), two separate meshes with linear 

tetrahedral elements of size 1mm were appointed to 

respectively the cortical and trabecular region in the FE 

model. Experimental modal analysis was performed on 

the bone replicate. It was mounted horizontally with soft 

rubber bands on either side of the femoral shaft to 

simulate free-free boundary conditions. Forty equally 

spread points were marked on the bone and three of 

them were mounted with a single-axis lightweight 

accelerometer (PCB A352A24, PCB Piezotronics, 

Depew, NY, USA, weight 0.8 g) using beeswax. One 

accelerometer measured in the medial-lateral direction 

on the femoral shaft and the two others measured in the 

anterior-posterior direction: one on the femoral shaft 

and one on the femoral head. Then, the structure was 

excited by hammer impaction, normal to the surface of 

the bone model, in all forty points. Data acquisition was 

performed with LMS SCADAS Mobile (Siemens, 

Leuven, Belgium). Based on the measured frequency 

response functions, the resonance frequencies and mode 

shapes of the specimen were estimated using the 

Polymax algorithm over a frequency range from 10 to 

1000 Hz in Simcenter Testlab (Siemens, Leuven, 

Belgium).The first seven modes of the numerical model 

were correlated with the modes of the experimental 

model. The initial material properties for the numerical 

model were based on two technical reports provided by 

the manufacturer of the bone replicate. Two analyses 

were performed wherein the trabecular region was 

approximated by an isotropic material and the cortical 

layer was approximated once by an isotropic material 

and once by a transversely isotropic material. Then, the 

elastic material properties of the numerical model were 

updated through an iterative process as in [2], where the 

maximum and average error between the resonance 

frequencies of the experimental and numerical model 

are minimized . 

 

Results 

The numerical model with the isotropic cortical material 

was improved from an initial average error of 3.71% and 

a maximum error of 8.69% at mode 3 to a final average 

error of 2.36% and a maximum error of 3.92% at mode 

6. The model with the transversely isotropic cortical 

material was improved from an initial average error of 

1.62% and a maximum error of 3.82% at mode 7 to a 

final average error of 1.31% and a maximum error of 

2.67% at mode 7. The updated material properties are 

shown in Table 1. 

 
Updated material 

properties 

Before 

Updating 

After 

Updating 

Difference 

isotropic    

Young’s modulus 

Ecort  [MPa] 
1530 1455 -4,9% 

Poisson’s ratio 

νcort   [-] 
0.3 0.38 +26% 

transversely 

isotropic 
   

Young’s modulus 

E33,cort  [MPa] 
1530 1492 -2,5% 

Shear modulus 

G13=G23,cort [MPa] 
500 503 +0,5% 

Poisson’s ratio  

ν23,cort  [-] 
0,3 0,28 -7,5% 

Table 1: Summary of the updated elastic material 

properties with their respective values before and after 

updating and the update percentage.   

 

Discussion 

The FE model in which the cortical layer was simulated 

with a transversely isotropic material approximates the 

test results most closely. The elastic material properties 

found in this study are close to the values communicated 

by the manufacturer. However, these values are 

significantly smaller than those of human cadaveric 

bones.[3] 
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Introduction 

There is a need to investigate femoral strains during 

walking using patient specific data, to enhance our 

understanding of femur response under physiological 

loading. Previous studies have used finite element 

models (FE) of in vivo cadaveric bones coupled with 

gait data from body-matched volunteers, which could 

induce inaccuracies in the results [1]. This study aims to 

report the first fully personalised multiscale model and 

investigate the strains induced at the femoral neck 

during a full gait cycle. 

 

Materials and methods 

Following ethics committee approval, five 

postmenopausal women (68.3±5.1 y, 69.8±7.1 kg, 

159±3.7 cm) were studied. CT (0.79 x 0.79 x0.63mm) 

and MRI (1.08 x 1.08 x 3mm) scans of the lower limb 

were collected. All participants were subjected to a gait 

analysis protocol during level walking along a 10 m 

walkway at a self-selected walking speed. The 

musculoskeletal models (MSKM) were created in NMS 

Builder (http://www.nmsbuilder.org/) and OpenSim 3.3 

(https://simtk.org/), and were used to calculate the 

muscle and joint reaction forces [2]. FE models of the 

right femur of all subjects were constructed from CT 

images using a validated framework [3]. Eighteen 

muscle forces, estimated by the MSKM, were applied to 

the FE, at the closest nodes to the centroids of the muscle 

attachments area. The distance between the application 

nodes and the estimated centroids varied between 0.1 

and 1.6 mm. Boundary conditions were applied to the 

distal end, where the most distal node of the medial 

condyle was totally fixed, while the most distal node of 

the lateral condyle was constrained vertically and in the 

anterior-posterior direction. An extra node at the mid of 

the patella groove was also fixed in the anterior-

posterior direction (figure 1). Peak principal strains at 

the neck region were predicted for 100 intervals of the 

gait cycle, using ANSYS APDL 19.1. The strains were 

compared with fracture threshold of 0.73% (tension) and 

1.04% (compression), respectively [4].     

 

Results 

Peak maximum and minimum principal strains ranged 

from 0.10-0.37% and 0.05-0.67%, respectively. Two 

peaks were predicted around the 15% (heal strike) and 

50% (toe off) of the gait and were observed in 3 of the 5 

women, while the other two women were predicted with 

one peak either at the 15% or the 50% of the gait (Figure 

1). Excellent correlation was found between gluteus 

medius muscle force and predicted strains (R2 ranged 

0.95-0.99). Maximum strains were predicted at the 

anterior aspect of the neck region (figure 2).   

 
Figure 1: Maximum and minimum principal strain 

predicted by the FE for 100% of the gait cycle. 

 
Figure 2: Location of the maximum principal strain 

predicted at the femoral neck (highlighted in red circle) 

at 15, 30 and 50 % of the gait cycle for a reprehensive 

case (Case3). 

 

Discussion 

During a normal gait cycle, the highest femoral neck 

loading occurs when both feet are in contact with the 

floor (heel strike and/or toe off phases). The current 

findings suggest that not only joint contact forces but 

also muscular forces substantially influence the loading 

at the femoral neck. The activation of major muscles 

attached to the proximal part of the femur (in particular 

the greater trochanter) have a considerable contribution 

to the femoral neck loading during normal gait cycle. 
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Introduction 

In the study an attempt to formulate a micro-scale 

constitutive model of human bone was made. Also, 

calibration of the material parameters was presented. 

The constitutive law can be used to numerically model 

bone behavior and to predict all or some of the bone-

related disorders, as well as to understand the 

relationship between bone and implants. Formulation of 

a micro-scale constitutive model for human trabecular 

bone was based on depth sensing micro-indentation 

technique [1]. The constitutive model was formulated to 

implement it in finite element analyses. 

 

Materials and Methods 

The bone specimens were resected from a femoral head 

of a 63-year-old patient to whom a hip joint prosthesis 

was implanted. The micro-indentation tests were carried 

out on three trabeculae resected from different areas of 

the femoral head. A spherical diamond indentator tip of 

200 μm in diameter was used. The tests were conducted 

until the maximal force values 300 mN, 500 mN and 700 

mN were reached at the load rates 500 mN/min and 1000 

mN/min. A total of 18 tests were conducted. 

To model human bone behaviour we proposed a non-

linear visco-elastic constitutive model of the general 

form: 

 

𝐒 = ∫ 𝑔(𝑡 − 𝑠)
∂ 𝐒e

∂𝑠
d𝑠

𝑡

0
, (1) 

 

where: 𝐒 – second Piola-Kirchhoff stress tensor, 𝐒e – 

elastic second Piola-Kirchhoff stress tensor, 𝑔(𝑡) =
𝑔∞ + ∑ 𝑔𝑖 ∙ exp(− 𝑡 𝜏𝑖⁄ )𝑛

𝑖=1 , 𝑔𝑖 are characteristic 

amplitudes and 𝜏𝑖 – relaxation times. In equation (1) 𝑠 

represents the historical time, whereas 𝑡 is the current 

time. The form of 𝐒e was derived from the Mooney-

Rivlin strain energy density 𝛹: 

 

𝛹 = 𝑐10(𝐼1 − 3) + 𝑐01(𝐼2 − 3), (2) 

 

where: 𝑐10, 𝑐01 are hyperelastic material constants, 𝐼1 

and 𝐼2 – first and second strain invariants, respectively. 

The relaxation times 𝜏𝑖 and the value of 𝑛 were 

determined by fitting the curve described by (1) to the 

relaxation tests in compression performed on cubic 

samples of the trabecular bone. The elastic constants 

𝑐10, 𝑐01 and the visco-elastic constants 𝑔𝑖 were 

determined on the basis of micro-indentation tests using 

an indirect method based on finite element analyses [2]. 

The proposed constitutive model (1) was implemented 

into Abaqus® finite element method package. The 

micro-indentation tests were then simulated and the 

constants calibration was conducted by fitting the 

simulation curves to those obtained in the micro-

indentation experiments [3]. 

 

Results 

In Fig. 1 the results of curve fitting for one of the micro-

indentation case are shown. The solid line represents the 

curves obtained from the micro-indentation simulations 

and the squares represent the experiment.  

 
 

Figure 1: Simulation curves (solid line) fitted to 

experimental results (squares). Maximal force 500 mN, 

load rate 1000 mN/min. 

 

The average values of the calibrated constants are 

presented in Table 1. 

 

Constant Value Unit 

𝑐10 -2153±76 MPa 

𝑐01 2887±81 MPa 

𝑔1 0.11±0.01 - 

𝑔2 0.14±0.02 - 

𝑔3 0.32±0.03 - 

𝑔4 0.02±0.006 - 

Table 1: Average values of the visco-elastic constants 

 

Conclusions 

The formulated constitutive law for human trabecular 

bone proved to be capable to model visco-elastic 

properties of bone at a micro scale. It can be utilized to 

simulate more accurately bone behavior and to predict 

its reaction to various load conditions at a macro scale. 
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Introduction 

In the present paper in silico validation of the bone 

constitutive model formulated in the previous study is 

conducted. The model takes into account visco-elastic 

properties of human bone trabeculae, i.e. hysteresis 

loop, load rate dependency and stress relaxation. In the 

paper the model validation is based on stress relaxation 

tests. 

 

Methods 

The cubic bone samples were resected from a femoral 

head of a 63 year-old patient such that the two cutting 

surfaces were perpendicular to the trabecula orientation 

and the other four surfaces were parallel to the main 

direction of the trabeculae (Fig. 1). 

 
Figure 1: Model of a bone sample 

 

The samples were kept in alcohol. Before the tests they 

were left in room temperature for an hour to get rid of 

the excessive amount of the fluid. The relaxation tests 

were conducted in room temperature, i.e. 20oC ± 0.5oC, 

and air humidity 30% ± 5%. The samples were 

compressed until stain value 0.01 was reached and then 

the change of the force was registered for 500 sec. 

In order to validate in silico the human bone constitutive 

model formulated in Part 1 of the present study we 

implemented the model into Abaqus® finite element 

(FE) package [1]. The general form of the model is 

described by formula (1): 

 

𝐒 = ∫ 𝑔(𝑡 − 𝑠)
∂ 𝐒e

∂𝑠
d𝑠

𝑡

0
, (1) 

 

where: 𝐒 – second Piola-Kirchhoff stress tensor, 𝐒e – 

elastic second Piola-Kirchhoff stress tensor, 𝑔(𝑡) =
𝑔∞ + ∑ 𝑔𝑖 ∙ exp(− 𝑡 𝜏𝑖⁄ )𝑛

𝑖=1 , 𝑔𝑖 are characteristic 

amplitudes and 𝜏𝑖 – relaxation times. In equation (1) 𝑠 

represents the historical time, whereas 𝑡 is the current 

time [2,3]. The values of relaxation times were 

calibrated by fitting the curve described by (1) to 

relaxation experimental curves. The average values of 

relaxation times are shown in Table 1 

 

𝜏1 [s] 𝜏2 [s] 𝜏3 [s] 𝜏4 [s] 

0.25 22.14 1961.5 8744.2 

Table 1: Average values of the relaxation times 

 

The geometrical models of the cubic bone samples were 

imported into the FE software and the relaxation tests 

were simulated. The constitutive model validation 

consisted in comparison of the experimental relaxation 

curves to those obtained from the FE analyses. 

 

Results 

In Fig. 2 one of the results of the curves comparison is 

graphically presented. The experimental curve is shown 

by means of squares and the FE analysis curve with a 

solid line.  

 
Figure 2: Relaxation curves obtained from: experiment 

(squares) and FE simulation (solid line) 

 

Conclusions 

The formulation of the constitutive model for human 

trabecular bone and the calibration of the visco-elastic 

constants proved to be correct. The in silico validation 

presented in the study is based on relaxation tests. Our 

other studies proved that the model also reliably 

describes bone behavior under compression loads. 
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Introduction 

Achieving primary stability is crucial in tibial press-fit 

implant fixation [1]. However, experimental data on 

trabecular and cortical bone deformation during 

implantation is limited. Advancements in large-gantry 

micro-CT imaging and the development of digital 

volume correlation (DVC) allows such data collection. 

This pilot study assesses the DVC strain errors for a 

human tibia implanted with a titanium press-fit tray 

across four scanning configurations using a cabinet 

micro-CT system. The aim is to optimise such analysis. 

 

Methods 

Micro-CT Imaging: One cadaveric proximal tibia was 

resected, implanted with a titanium press-fit tray and 

micro-CT scanned (Nikon XT H225 ST) at 42µm/pixel 

(Fig.1 A-C), first in air (150kVp, 227µA, 0.25Sn filter, 

2s exposure) with a longer (1h46m, rotation step 0.11°) 

and shorter (1h6m, rotation step 0.18°) scan time. Both 

scans were then repeated with the specimen placed in an 

aluminum cylinder of 2mm wall thickness used for 

mechanical testing (215 kVp, 195µA, 0.5Sn filter, 2s 

exposure) [2]. Rescans were taken at each of the four 

configurations, with specimen repositioning in-

between. 3D image co-registration of the rescans was 

performed (DataViewer, Bruker).  

DVC Strain Analysis: Nine cubic volumes of interest 

(VOIs, 13.4mm side length) were selected via software 

(CT Analyser, Bruker): five VOIs contained trabecular 

bone only, and four were centered on the four tibial tray 

pegs (7mm Ø) with surrounding bone (Fig.1 D). DVC 

analysis (DaVis 8.3.1, LaVision, direct correlation) was 

performed on the VOIs. Nineteen DVC settings were 

assessed, including multistep progression (3-6 steps), 

final subvolume size (0.84-1.68mm) and subvolume 

overlap. The strain mean absolute error (MAER) and its 

standard deviation (SDER) were calculated, as 

indicators of DVC’s accuracy and precision, 

respectively [3]. 

To perform DVC on the entire proximal tibia, the 

implant and the volume external to the cortex were 

masked out (CT Analyser, MATLAB). Optimised DVC 

parameters (6-step multipass, 0% overlap, final 

subvolume size of 1.18mm) were hence applied to 

calculate the zero-strain error values.  

 

Results 

Across all VOIs, the accuracy and precision at the four 

scanning configurations (in air or in the aluminum 

cylinder, at 0.11° or 0.18° rotation step), were 

comparable and within the range (MAER) 256-525µε 

and (SDER) 97-264µε, respectively (Fig.1 D). In 

performing DVC analysis in the entire proximal tibia, 

the accuracy was 447µε and precision 372µε (Fig. 1 E). 
 

 

Figure 1: A, B) Coronal micro-CT images (42µm/pixel) 

and C) 3D micro-CT rendering of the proximal tibia 

with titanium implant, D) with the 9 VOIs used for DVC 

(colour represents strain MAER); E) zero-strain MAER 

across the proximal tibia (peg level). 

 

Discussion 

Within the selected VOIs and across the entire proximal 

tibia, the strain measurements’ accuracy was within the 

range deemed adequate in the literature (less than 10% 

of the yield strain of bone, 7,000µε)[4]. Moreover, strain 

errors were comparable across the two rotation steps, in 

air and the aluminium cylinder. This indicates that the 

shorter scanning time, preferred for repeated scanning 

of biological specimens, is suitable for the planned 

mechanical testing configuration. This study will 

continue, performing micro-CT imaging of human 

tibiae implanted with press-fit prothesis under load. 

 

References 
1. AOANJRR, Aus Gov Department of Health, 2020. 

2. Martelli, Perilli, J Mech Behav Biomed, 84:265-272, 2018. 

3. Tozzi, et al., J Mech Behav Biomed, 67:117-126, 2017. 

4. Liu, et al., J Biomech, 40:3516-3520, 2007. 

 

Acknowledgements 
Australian Research Council Training Center for Medical 

Implant Technologies  

456



 

 26th Congress of the European Society of Biomechanics, July 11-14, 2021, Milan, Italy 

MEASUREMENT OF LINEAR STRAIN FIELDS BY MEANS OF DIGITAL 
IMAGE CORRELATION 

Nedaa Amraish (1,2), Andreas Reisinger (2), Dieter Pahr (1,2) 
 

1. Institute for Lightweight Design and Structural Biomechanics, TU-Wien, Vienna, Austria 

2. Division Biomechanics, Karl Landsteiner University of Health Sciences, Krems Donau, Austria 

 

Introduction 

Non-homogeneous strain fields can be found on the 

surface of biological tissues. These strain fields can be 

captured by means of Digital Image Correlation (DIC). 

However, DIC strain field measurements are prone to 

noise [1, 2] which makes it difficult to capture strain 

gradients. DIC full-field strain measurements can be 

verified using finite element (FE) methods. At local 

locations, the normalized strain gradient - which is the 

difference between the strain at two points divided by 

their average per unit millimetre - can be used to verify 

the DIC measurements. The aims of this study are to 

measure linear strain fields for samples under 

deformation, and to verify if the DIC measurement can 

capture the normalized strain gradients at local 

locations. 

 

Materials and Methods 

The sample geometry, w(x), was designed to give a 

linear strain field along the sample’s length when load 

is applied, see Figure 1. Four strain measurement 

methods were employed in this study. The analytical 

strain, strain gauges (SGs) strains, FE strains, and DIC 

strain measurements. Aluminium, polymer, and bovine 

bone samples were subjected to a uniaxial tensile load 

with crosshead movement of 0.5 mm/min till fracture. 

The strain obtained via the FE model was calibrated for 

actual experimental values from SG2. The deviation of 

the DIC strain from the FE strain was evaluated via the 

root mean square error (RMSE). And finally, the 

normalized strain gradient was evaluated at the position 

of SG1 (high-gradient ROI) and SG3 (low-gradient 

ROI). 

 

 
Figure 1: (a) Sample's geometry derived from the analytical 

solution, (b) The analytical strain distribution along the 

sample's length. 

Results 

Figure 2(a) shows the linear strain field along the sample 

length for bovine bone under 1750µstrain deformation. 

Figure 2(b) shows the RMSE for the analytical, DIC, 

and the Gaussian filtered DIC strain in comparison to 

the FE strain over the full-field. Figure 2(c and d) show 

how the precision of normalized strain gradient of 6.9% 

per mm and 3.6% per mm improved with increasing 

load for SG1 and SG3, respectively. Gaussian low-pass 

filter (LPF) reduced the noise in the DIC measurement 

between 25% and 42% on average for all tested 

materials. 

 

 
Figure 2: (a) Linear strain gradient, (b) RMSE, (c) and (d) The 

normalized strain gradient at SG1 and SG3 respectively. 

Discussion  

Overall, the RMSE of the DIC was less than 500 µstrain 

for all tested materials which is in line with values 

reported in the literature [1,2]. No significant difference 

was found between the SGs' strain and the average strain 

computed by DIC at the SGs' positions. Finally, DIC can 

be employed to capture strain gradients. 
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Introduction 

Tendons attach to bones via a highly specialized 

interface called enthesis, which ensures load transfer 

between two strongly dissimilar tissues, for millions of 

loading cycles [1]. This challenging task is solved 

thanks to many adaptation strategies, including the 

presence of fibrocartilage (FC) sandwiched between 

tendon and bone. Despite the recognized biomechanical 

importance of FC, which appears either as mineralized 

(close to bone) or unmineralized (close to tendon), this 

tissue is much less investigated than tendon or bone. A 

clear description of the structure-function relationship of 

FC is still missing, one reason being the small size of 

this heterogeneous region, spanning less than 200 μm. 

Yet, this tissue is of high clinical relevance, being 

involved in enthesis pathologies and degeneration. 

Previously, we have characterized the microporosity of 

FC and the underlying subchondral bone at the tendon-

calcaneus bone insertion site of rats (Fig. 1). This 

location presents attractive aspects: it experiences a 

relatively simple and localized loading condition (in 

analogy with a cantilever beam) and it features two types 

of FC with different mechanical functions: enthesis FC 

(anchoring tendon to bone) and periosteal FC 

(facilitating tendon sliding). Using micro-computed 

tomography, we have highlighted a strong anisotropy of 

fibrochondrocytes lacunae and vascular canal network 

at enthesis FC and subchondral bone in comparison with 

periosteal FC (Fig. 1). Such an arrangement likely 

reflects adaptation to different biomechanical tasks. To 

further investigate the structure-function relationship in 

mineralized FC (mFC) as well as the presence of 

mechanical gradients at the bone-tendon interface, we 

characterize the correlation between mineral content and 

mechanical properties by combining quantitative 

backscattered electron imaging (qBEI) with 

nanoindentation (nIND). 

 
Fig. 1: Rendering of microporosity in bone and mFC.  
 

Methods 

After surface grinding and polishing, two-dimensional 

mineral content maps of bone and mFC (adult Sprague 

Dawley rat, n = 4) were obtained with qBEI (0.8 µm 

pixel resolution, Fig. 2). Elastic modulus was measured 

across the interface and mFC using nIND (Berkovich 

tip, 500 nm penetration depth, 6 µm spacing between 

indents). The correlation between mineral content and 

elastic modulus was obtained superimposing the images 

obtained from the two measurements and calculating the 

mineral content around indent positions. Points falling 

close to voids (lacunae or cracks) were excluded.  
 

Results 

The measurement of the elastic modulus across the 

bone-tendon interface revealed two regions (Fig. 2): a 

steep increase in tissue stiffness occurring in about 20 

μm was followed by a gradual transition in mFC. 

Interestingly, only the initial increase in elastic modulus 

could be explained by a corresponding increase in 

mineral content, while mineralization was practically 

constant in mFC. Mineral content–elastic modulus 

correlations were used to generate 2D maps of the elastic 

modulus, revealing a highly heterogeneous behavior of 

mFC in comparison to bone (Fig. 2). Additionally, for 

the same amount of mineral, bone showed the highest 

stiffness and enthesis mFC the lowest. 

 
Fig. 2: Maps of mineral content and stiffness (based on 

modulus-mineral correlation) along with spatial 

evolution across the bone-tendon interface. 
 

Discussion 

Although compositional gradients at the bone-tendon 

interface have been characterized, information on 

mechanical gradients is rare. Our work provides a direct 

assessment of the tissue modulus at the interface, which 

can be used in finite element simulations of the bone-

tendon complex, and reveals the role of mFC to 

smoothen the transition between tendon and bone. The 

region-specific mineral-modulus relationship, as 

observed at the bone-cartilage interface too [2], calls for 

additional investigations of the arrangement of the 

mineralized collagen network, especially in relation to 

the observed anisotropic microstructural porosity. 
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Purpose 
Bone adapts to withstand its habitual mechanical 
loading environment, leading to bone structure 
variations and strength across patients. Patient-specific 
analyses of the mechanically driven bone remodelling 
process may significantly impact clinical practice; yet, 
it requires an accurate estimation of day-to-day loads 
exerted on the skeleton [1]. Where existing estimation 
approaches assess load history cross-sectionally [2], the 
growing prevalence of longitudinal studies calls for 
methods estimating in vivo load over time. This study 
aims to estimate subject-specific loads in longitudinal 
bone imaging studies by including mechanoregulative 
principles into a prior reverse engineering estimation 
approach [2], which is validated using in silico and in 
vivo imaging data in humans and in mice. In the future, 
linking subtle changes in bone strength to changes in 
day-to-day loading at higher precision may help to 
identify pathological bone remodelling earlier. 

Methods 
The proposed mechanoregulated approach (MR) 
estimates load by superimposing six independent finite 
element calculations. Using a Nelder-Mead method, 
strain energy density (SED) was maximised where bone 
was formed and minimised in regions of resorption. The 
results were compared to a previously published load 
history algorithm (LH) [2]. Validation included three 
unique datasets. First, in silico geometries were derived 
from HR-pQCT images (n=5) and adapted toward nine 
different target loads using a model of load adaptive 
remodelling [4]. Receiver operator characteristics 
(ROC) were used to compare simulated to estimated 
loads Fpred and calculate Sensitivity (Sns), Specificity 
(Spc) and Accuracy (Acc) (Fig. I). Second, MR and LH 
algorithms were applied to longitudinal micro-CT scans 
(vivaCT 40, 10.5μm) of sixth caudal vertebra in mice 
loaded extra-physiologically (F=8N, 3x/week at 10Hz; 
n=7) and sham loaded controls (F=0N; n=8) from a 
previous study [5]. Micro-CT scans were taken weekly 
at five time points (t=5). Root Mean Squared Error 
(RSME) between experimentally derived and estimated 
SED was calculated (Fig. II). Third, HR-pQCT scans 
(XtremeCT II, 60.7μm) were taken for patients (n=7) six 
times during one year and handgrip force FGrip was 
measured using a dynamometer. All patients gave 
informed consent prior to participation (Ethics 
Committee, Medical University of Innsbruck, UN 
0374344/4.31). Pearson’s R between Fpred and FGrip was 
calculated assessing the method’s fidelity (Fig. III).  

 
Fig.: Validation of MR and LH. (I) In silico geometries, 
load cases and patterns over time (t0-t5). Bar plots show 
Acc, Sns, and Spc. (II) Scanninag site and load 
direction. Load patterns shown for loaded and controls. 
Barplot shows RMSE of SED. (III) Scanning site and 
skeletal forces. Lineplot shows Fpred and FGrip linear 
regression. 

Results 
MR classified in silico loads with significantly higher 
(p<0.01) Sns (0.93±0.10), Spc (0.98±0.01) and Acc 
(0.98±0.02) compared to LH (Sns: 0.76±0.10, Spc: 
0.65±0.07, Acc: 0.66±0.06). RMSE was significantly 
lower (p<0.01) for MR compared to LH for loaded (LH: 
0.0072±10-3 MPa; MR: 0.0051±10-3 MPa) and control 
mice (LH: 0.069±10-3 MPa;  MR: 0.0051±10-3 MPa). 
Pearson correlation was significant between FGrip and 
MR’s forces (R2=0.72, p<0.01) and moments (R2=0.18, 
p<0.05). Similarly, LH predicted forces (R2=0.70, 
p<0.01) and moments (R2=0.14, p<0.05) sufficiently. 

Discussion 
Our findings show that MR is an enhanced in vivo load 
estimation algorithm for longitudinal bone remodelling 
studies, achieving better in silico and in vivo 
performance. Further, we provided extensive validation 
paving the way for future bone remodelling studies. 
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Introduction 

Bone is a hierarchically structured composite material. 

Its main components are collagen molecules, calcium 

phosphate minerals and water. Mineralized collagen 

fibrils are embedded into an extrafibrillar matrix and 

form lamellae, 3 to 7 µm thick layers that are wrapped 

around blood vessels forming osteons in cortical bone. 

In daily life, bones are subjected to mechanical loading 
at different strain rates, such as during walking (0.005-

0.08 s-1), sprinting (0.05 s-1) and accidental falls (25 s-1) 

[1]. Microscale tests have been typically conducted at 

quasi-static strain rates (up to 0.001 s-1). In this study, 

we investigate the rate-dependent mechanical behavior 

of ovine bone micropillars at the lamellar length scale 

across seven orders of magnitude (up to ~830 s-1), under 

physiologically relevant humidity conditions. 

 

Methods 

Micropillars were produced in cortical bone with a 

focused-ion beam (FIB) [2] using two samples from one 
ovine tibia oriented parallel (axial) and perpendicular 

(transverse) to the main osteon direction. 93 micropillars 

(46 axial and 47 transverse) were fabricated with a 

diameter of 5.52 +/- 0.14 µm and a height of 10.35 +/- 

0.68 µm. Compression experiments were performed 

under ambient pressure and with a relative humidity 

greater than 90% using a custom-built nanoindenter. 

Experiments were performed in displacement control at 

quasi-static up to impact strain rates (10-4 - 8·102 s-1). 

High resolution scanning electron microscope 

(HRSEM) imaging was conducted on all micropillars. 
To get a better insight into the deformation mechanisms 

six micropillars were selected for FIB cross sectioning 

and a further three micropillars that were compressed at 

high strain rates (102 – 8·102 s-1) for scanning 

transmission electron microscopy (STEM) imaging. 

 

Results 

The yield stress was found to increase with increasing 

strain rate (Figure 1). The strain rate sensitivity 

exponent is defined by the following equation  

 𝑚 =  [
𝑑(𝑙𝑛𝜎)

𝑑(𝑙𝑛𝜀)̇
]

𝑇
 (1) 

and was found to be ma = 0.06 and mt = 0.04 for axial 

and transverse micropillars, respectively. A clear 

anisotropy was found in the microscale yield behavior. 

HRSEM images revealed the main deformation 

mechanism to be localized shear deformation. At high 

strain rates, the deformation mechanism and postyield 

behavior changed, as the energy to fracture and 

hardening significantly increased. Also, thick shear 

bands were observed at high strain rates instead of 

highly localized thin bands in quasi-static experiments. 
 

 
Figure 1: Yield stress extracted from micropillars tested 

at different strain rates in the axial and transverse 

direction. 

 

Discussion 

This study measured the strain rate dependent yield 

properties of isolated bone lamellae under hydrated 

conditions in a large range of strain rates spanning from 

quasi-static to impact loading (10-4 s-1 to 8·102 s-1). The 

strain rate sensitivity was found to be similar to reported 

values in literature for different species and higher 

length scales. This suggests that it is an intrinsic 

property of the bone extracellular matrix. Furthermore, 

an increase in energy absorption as well as thickening of 

shear bands were observed at high strain rates instead of 

highly localized thin bands in quasi-static experiments 

suggesting a change in deformation mechanism.  
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Purpose 

The trabecular network is perceived as a collection of 

interconnected plate- (P) and rod-like (R) elements [1]. 

Previous research has highlighted how these elements 

and their first-degree connectivity (P-R, R-R, P-P) 

influence mechanical properties of bone [2]; yet, further 

work is required to elucidate better the deeply 

interconnected character of the trabecular network with 

distinct element formations conducting forces in 

accordance to their mechanical boundary conditions. 

Within this network forces act through elements: a rod 

or plate with a force applied to one end will transmit this 

force to an element connected to the other end, defining 

the boundary conditions for loading of each element. To 

that end, this study has two aims: First, to investigate 

trabecular bone's morphometric properties of 

individually segmented elements, with respect to their 

local boundary conditions as defined by the surrounding 

trabecular network, and to link them directly to bone's 

overall mechanical response during loading. Second, to 

use this model to quantify the side-artefact, a known 

artefact when testing an excised specimen of trabecular 

bone, where vertical trabeculae lose their load-bearing 

capacity due to a loss of connectivity, which ultimately 

results in a change of the trabecular network topology.  

Methods 

We used a trabecular specimen model to investigate loss 

of connectivity within the network, using cylindrical 

cores taken from 12 bovine femurs. Specimens were, 

subsequently decreased in diameter (S=10 mm, 

M=14 mm, L=18 mm) and tested with matching 

diameter platens (S, M, L). Specimens were scanned 

using a micro-CT (CT40, Scanco Medical AG, 40m). 

3D-Images were spatially decomposed using a shape 

conserving 3D-thinning and topological 

characterization algorithm to identify plate- and rod-like 

structures [3], where a sparse connectivity matrix was 

derived. A weighted graph was constructed using 

individual element bone volume, being one major 

predictor of the overall mechanical performance. A 

Boykov-Kolmogorov maximum flow algorithm was 

applied to compute the effectively loaded BV/TV 

following the network layout. The local mechanical 

environment was derived from voxel-based FE-analysis 

(E=15 GPa,  =0.3), and finally ground truth was 

provided by conducting compressive mechanical testing 

to failure at 1% strain (Instron 8511, Norwood, MA, 

USA).    

 

 
Figure 1: Scatter plots and linear regression lines 

showing the relationship between BV/TV and apparent 

modulus based on BV/TV (A) and based on PR-Network 

(B). Colour code indicating different specimen (Sp) and 

Plunger (Pl) size (S,M,L).   

 

Results 

The max-flow PR-Model successfully identified loaded 

elements within the trabecular network. Comparison of 

von Mises stress derived by micro-FE analysis was in 

good agreement. ROC analysis showed high predictive 

capabilities (AUC=0.73). Max-flow through the 

network predicted modulus by fitting a linear power law 

(R2 = 0.81) as seen in Figure 1. In comparison, 

prediction using conventional BV/TV results in a lower 

accuracy (R2 = 0.72), demonstrating the PR-Model's 

ability to estimate compressive elastic modulus 

independent of specimen size or loading boundary 

condition. Modulus derived from finite element analysis 

(EFE) was in good agreement (R2 = 0.85) with Young's 

modulus from the measurements (Emeas) 

 

Discussion  

PR-Network models are a novel approach to describing 

load and force transfer mechanisms within the 

trabecular network, incorporating mechanical boundary 

conditions within the morphological analysis, thus 

enabling the study of intrinsic material properties of 

trabecular bone. Ultimately, PR-Network models may 

be used as an early predictor or may provide further 

insights in osteo-degenerative diseases. 
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Introduction 

Millions of people suffer from osteoporosis that affects 

mostly the elderly. Osteoporotic hip fractures represent 

a high social and economic burden, and several 

pharmacological treatments are available in the market. 

Bone density (BMD) in patients under osteoporosis drug 

treatment is monitored in clinical practices using DXA. 

Advanced imaging techniques like DXA-based 3D 

modelling can improve the quantification of the cortical 

and trabecular BMD and of the cortical thickness [1]. 

DXA-based 3D finite element (FE) models add 

complementary information regarding bone mechanics 

and have a high potential of discrimination of fracture 

and non-fracture cases [2]. However, the effectiveness 

of such methods to capture the effects of 

pharmacological treatments on bone strength remains 

unknown. The aim of this study is the evaluation of 

pharmacological treatment effects on bone strength 

using DXA-based 3D modelling and FE simulations. 
 

Materials and Methods 

Denosumab (DMAB) and teriparatide (PTH) data of 

155 patients obtained from CETIR Grup mèdic was used 

to generate the 3D femur models. 3D models including 

bone shape and volumetric density were derived from 

baseline and follow-up DXA scans using the 3D-

Shaper® software and statistical average models were 

computed for each group and each timepoint. Both 

trabecular and cortical bone were considered as linear 

elastic material. Young modulus was calculated from 

bone density using empirical relationships [2]. 

Lateral fall was simulated through the application of a 

displacement of 4% of the distance from the femoral 

head to the greater trochanter [3]. The diaphysis was not 

constrained, and the trochanter was fixed (Fig.1).  

 
Figure 1: 3D DXA-based FE model with boundary 

conditions. 
 

Simulations for the inegral bone structure or for only the 

cortical and only the trabecular bone evaluated the 

evolution of the strength of both the femur and the 

individual tissue structures. 

Results 

The calculated strength for the integral, cortical and 

trabecular bone increased for both DMAB and PTH 

treatments (Table 1). The increase in bone strength was 

higher under DMAB than under PTH, for all bone 

compartments. Furthermore, under PTH treatment, bone 

strength in the trabecular bone increased more markedly 

than in the cortical one. 

DMAB Integral Cortical Trabecular 

Baseline 3815.08 685.45 1343.97 

Follow up 4020.10 700.56 1426.42 

Difference (%) +5.37 +2.2 +6.13 

PTH Integral Cortical Trabecular 

Baseline 3660.30 626.89 957.94 

Follow up 3699.30 628.71 978.65 

Difference (%) +1.04 +0.29 +2.16 

Table 1: Femoral strength (in Newtons) for integral, 

cortical and trabecular models, with DMAB and PTH 

treatments. 
 

Discussion 

The increase in bone strength shown in Table 1 are in 

agreement with the changes in integral, cortical and 

trabecular volumetric BMD reported in [1]. Cortical 

bone strength under DMAD was higher than under PTH. 

These results are consistent with the respective effect of 

each drug, since DMAB increases cortical thickness and 

density. DMAB model captured such effect in the 

cortical strength value. Interestingly, we found a very 

slight increase in cortical strength under PTH, whereas 

the BMD decreased, suggesting that the increment of 

cortical thickness compensated this BMD reduction. 

Further simulations using DXA-based models are 

needed to evaluate the effect of pharma treatments on 

individual patients to better interpret the current results. 

To conclude, DXA-based 3D FE models might 

represent a complementary tool to evaluate 

pharmacological treatments effect on bone strength in 

clinical research and practice.  
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Introduction 
Bone lytic metastasis are malignant formation which 
significantly compromises the competence of the bone.  
The spine is the site with the most occurrence. The 
mechanical behavior of vertebrae with mechanically 
induced lesions has been measured experimentally using 
Digital Image Correlation [1].  Finite element (FE) 
models have also been used to predict the mechanical 
properties of vertebral bodies sections with lesions [2]. 
Micro-FE models have been found to predict well the 
local deformation of the vertebra under load when 
compared to Digital Volume Correlation (DVC) results 
[3]. However, it is still unclear if these models can 
predict well the local deformation for vertebrae with 
lesions. The aim of this work is to validate the 
displacement predicted by microFE models of porcine 
vertebras, with artificially induced lesions, through 
DVC data.  
 
Materials and Methods 
Five thoracolumbar three-vertebrae spine segments 
were obtained from pigs (9 months old) from the 
alimentary chain. The posterior arcs were removed, the 
external vertebrae were embedded in PMMA. A 
tangential hole, in the anterior side in the middle of the 
vertebral body, was drilled with a diamond core drill 
(diameter 8mm) to artificially simulate a lytic lesion 
involving the cortical shell. In situ stepwise loading to 
axially compress the vertebra was performed within a 
µCT scanner (Scanco VivaCT80, voxel size 39um): two 
repeated scans were performed with the specimen 
preloaded at 100N to measure the measurement 
uncertainty (as standard deviation of the Cartesian 
components of the displacement for each node) [4]. A 
third scan with the specimen loaded at 6500N.  
BoneDVC with a nodal spacing of 50 voxels was used 
to measure the displacement and strain.   
Linear elastic homogenous micro-FE models of the 
middle vertebrae were generated from the first scan [3].  
Elastic modulus of 12GPa and a Poisson’s Ratio of 0.3 
were assigned to each element.  Two different models 
were prepared for each specimen: one including and one 
excluding the growth plates (80% and 30% of the 
vertebral height, respectively).  For both cases, the 
displacement measured by the DVC were interpolated 
and applied on the top and bottom nodes.  The models 
were solved (ANSYS, APDL) and the displacements 
within the bone were computed at the location of the 
DVC nodes. Strains were computed within the bone.  
Correlation analyses were performed between the 
displacements measured with the DVC and predicted by 
the micro-FE in the middle 75% of the models.  

Results 
The DVC displacement uncertainty was below the voxel 
size: 2.2-4.3um for the different directions.  
The larger deformations were observed on the growth 
plates and close to the lesion.  The strains close to the 
lesion were in the elastic range for three specimens (1, 
2, 3), or close to failure values for two specimens (4, 5). 
When compared to DVC displacement, the linear micro-
FE model showed a fair-to-excellent agreement when 
the growth plates were included (0.39<R2<0.98, 
19<RMSE<33) and excellent agreement for the central 
region (0.93<R2<1.00, 4<RMSE<70).  

 
Fig 1: Correlation between micro-FE and DVC axial (z-
direction) displacements in the central region. 
 

Discussion 
The linear models predicted well the experimental 
displacements, despite the presence of the lesions.  With 
respect to previous works, the vertebrae were loaded 
through intervertebral discs, which allowed larger 
movement of the vertebra.  Better correlation was 
observed when only the central part of the vertebra was 
modeled highlighting issues in the micro-FE prediction 
of the displacements in the region of the growth plates. 
This could be due to the non-linear behavior of these 
structures that include also soft tissues. 
In conclusion, the developed micro-FE pipeline showed 
excellent ability of predicting local bone displacements 
in bone with lesions, encouraging future applications on 
human vertebrae with actual metastases.  
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Introductions 

Type-2 Diabetic (T2D) patients experience up to a 3-

fold increase bone fracture risk [1], [2], despite the fact 

that their bone mineral density (BMD) is not reduced. 

This implies that T2D has a deleterious effect on bone 

quality, whereby the intrinsic material properties of the 

bone matrix are altered. This creates clinical challenges 

as current diagnostic techniques are unable to predict 

fracture probability in T2D as they are based on 

measures of bone quantity/density. The cause of bone 

fragility in T2D is thought to be that the hyperglycemic 

state leads to non-enzymatic glycation in collagen 

causing the formation of crosslinks, known as advanced 

glycation end products (AGEs), in collagen, which in 

turn stiffen the overall collagen network leading to more 

brittle behavior [3]. While previous studies have 

examined the relationships between AGE accumulation 

and some mechanical properties, there is a distinct lack 

of understanding how AGE accumulation affects the 

fracture mechanics behavior of bone tissue.  

This study will investigate the multiscale fracture 

mechanics of T2D bone to elucidate the physical 

mechanisms that of diabetic bone fragility. In the first 

instance, our objective is to establish an in-vitro model 

of T2D, by artificially inducing AGE accumulation 

through non-enzymatic glycation of ex-vivo animal 

tissue and investigating the effect on the mechanical 

properties. 

Materials and Methods 

From a single bovine femur, 20 anatomically paired 

cortical bone samples were obtained through sectioning. 

In-vitro glycation was carried out by immersing the 

samples (n=20) in a ribose solution at 37°C to induce a 

diabetic state in the bone by causing non-enzymatic 

glycation and AGE accumulation [4]. Bone samples in 

the same solution without the ribose were used as a 

control (n=20). Bone samples were removed from the 

solution at day 40 to measure the mechanical properties 

of the bone. Fracture toughness, three-point bend and 

nanoindentation testing was carried out along with AGE 

content analysis. Paired t-tests were used to compare 

differences between the tested groups. 

Results 

Using the 95% CI, signifcant evidence was found for 

increases in AGE content, critical fracture toughness 

(Kic), yield stress, ulimtate flexural srength in the 

ribolysated samples after 40 days (See Figure 1). The 

analysis found that AGE content had an increase of 

between 698 and 1197 ng of quinine/mg of collagen, 

where quinine is a fluorescent AGE biomarker. Kic 

showed an increase of between 0.066 and 0.527 

MPa√m. Yield stress had an increase of between 

10.71MPa to 30.93MPa and ultimate flexural strength 

showed an increase of between 4.09MPa to 33.62MPa. 

There was also a trend observed for increase in secant 

modulus with a 95% CI of between 1MPa and 2140MPa 

in the ribosylated samples. Other properties measured 

that were not found to have a significant difference were 

flexural modulus, yield strain, modulus of toughness, 

modulus of resilience, ultimate flexural strain and 

damage fraction. 

 
Figure 1: Boxplots for (A) AGEs, (B) Kic, (C) yield stress 

and (D) ultimate flexural strength, with comparison of 

control and ribosylated samples. 

Discussion 

The results above show that in-vitro ribolysation has a 

significant impact on the biomechanical properties of 

this bone. Following glycation, the fracture toughness, 

yield stress and ultimate flexural strength increased 

significantly. The secant modulus also trended towards 

an increase. A previous study has shown that an 

accumulation of AGE content increased the yield stress 

and secant modulus of bone [4], the study referenced 

also found an increase in yield strain and damage 

fraction that the current study did not find. To date no 

other study has looked at the fracture toughness. The 

observed increase in fracture toughness in this in-vitro 

model contradicts the current theory that AGE 

accumulation leads to increased brittleness in bone in 

T2D patients. This study suggests that, despite the in-

vitro glycation inducing significant AGE accumulation, 

it may not provide an appropriate representation of bone 

in T2D patients.  
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Introduction 

The mechanical environment is of fundamental 

importance to the regenerative capacity of bone [1]. We 

have recently demonstrated the use of individualized 

cyclic mechanical loading to augment the regenerative 

response in a mouse femur defect model [2]. In this 

approach, in vivo micro-CT imaging and micro-finite 

element (micro-FE) modelling were used to spatially 

map the mechanical environment at the fracture site. 

Loading parameters were then adapted to the individual 

callus properties of each mouse based on the computed 

strain distribution within the callus at each time point. 

Individualized cyclic mechanical loading was found to 

significantly improve bone formation and bone 

mineralization at the fracture site.   

Increasing age is associated with a compromised bone 

regeneration capacity and an increased risk of delayed 

or non-unions. Few studies have investigated the 

efficacy of mechanical intervention therapies in aged 

bone environments [1]. The findings reported in these 

studies suggest that the efficacy of mechanical 

stimulation may be limited by a reduced mechano-

sensitivity in aged bone. However, none of these studies 

made use of an individualized approach to mechanical 

loading. Our aim is thus to investigate the effect of 

individualized cyclic mechanical loading on the 

regenerative response in a mouse model of aging.  

 

Methods 

Experiments were performed in PolgA mice, a mouse 

model of accelerated aging [3]. All animal procedures 

were approved by the local authorities (license: 

ZH229/19; Kantonales Veterinäramt Zürich, 

Switzerland). Female 12-week-old PolgA mice (n = 22) 

received a femoral osteotomy stabilized with an external 

fixator [2]. Time-lapsed in vivo micro-CT imaging was 

performed weekly at the fracture site (weeks 0-7; 

vivaCT 80, Scanco Medical AG, 10.5 µm nominal 

resolution). Mice which exhibited bridging at 3 weeks 

post-surgery (n = 13) were subdivided into two groups: 

Loaded mice (n = 6) and Control mice (n = 7). At weeks 

3 – 7, mice received individualized cyclic mechanical 

loading (6-16N, 10Hz, 3000cycles; 3x/week) or sham-

loading (0N). Individualized mechanical loading values 

were applied 3x per week via the external fixator and 

were based on weekly real-time computation of the 

strain distribution within the callus of each mouse [2].  

 

Results 

N = 13 mice in the study exhibited bridging at 3 weeks 

post-surgery. The remaining mice exhibited either 

delayed union (n = 5) or non-union (n = 4) and were 

excluded from the study. In comparisons between 

loaded and control mice, the mean callus volume was 

120% larger in loaded mice than control mice at Week 

7 (Figure 1). In addition, loaded mice maintained a 

sustained rate of bone formation between Weeks 3 – 7 

(Figure 2). In contrast, the rate of bone formation in 

control mice peaked at Week 4 and decreased 

significantly thereafter. 

 
Figure 1: Representative samples from loaded and 

control mice. Bone formation /resorption sites identified 

via registration of scans from different time-points [2].  

 
Figure 2: Rates of bone formation / resorption (mm3/ 

week) in loaded and control groups at density thresholds 

between 395 and 720 mg HA/cm3. 

 

Discussion 

In a previous study, we found the same femoral defect 

in 20-week-old female WT mice resulted in 100% 

unions [2]. In contrast, 12-week-old female PolgA mice 

exhibited a compromised regenerative capacity with 

41% of fractures resulting in delayed or non-unions. The 

use of individualized cyclic mechanical loading in this 

model was found to significantly enhance the 

regenerative response. This approach therefore has the 

potential to be a promising intervention in the treatment 

of recalcitrant fractures in elderly patients. 
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Introduction 

Osteoporosis is a metabolic disorder that induces the 

imbalance between bone resorption and formation that 

results in trabecular thinning and consequent increase in 

the risk of fracture. Bisphosphonates (BP) represents 

one of the most used treatments [1]. Therapy aims to 

over suppress resorption to prevent excessive bone loss 

and the consequent increase of fragility. This study aims 

to achieve a comprehensive, though preliminary, 

understanding of the changes induced by 

bisphosphonate on femoral trabecular bone matrix 

composition and nanoscale mechanical behavior. 

 

Methods 

The study involves femoral head trabecular bone 

samples from 24 donors (77.9 ± 8) divided into three 

groups: non-fracture control (Control, N = 7), fracture 

control (FxU, N = 10) and bisphosphonates treated 

fracture (FxB, N = 8). Experimental procedure involved 

TGA/DSC3+ (Mettler Toledo®, Indium calibrated, 

ATR-FTIR (Bruker Optics®, ALPHA T Platinum 

spectrometer) and XRD  (PANalytical X'Pert PRO 

Multi-Purpose Diffractometer by means of a Cu Kα 

radiation). The effect of osteoporosis and long-term 

bisphosphonate therapy on the collagen-mineral matrix  

and     mineral     crystal     strain     was also investigated  

using  synchrotron  X-ray  scattering  and diffraction 

techniques. Statistical analysis was carried out using the 

open source software R 3.6.0. 

 

Results 

We found several statistical differences across the three 

groups. Concerning mineral and fibril strain, the FxB 

group showed significant (p < 0.05) lower results 

compared to the remaining. The same trend, as can be 

seen in Figure 1b, was also found for tissue strain. These 

changes in mechanical behaviour are also accompanied 

by changes in physicochemical matrix composition. 

Despite not significant, we noted a that fracture groups 

had a higher mineral content also coupled with the 

decrease in organic and water content. One most striking 

result is the differences in collagen maturity between 

fracture groups and control seen in Figure 1a. Only a 

minimal difference was found to show increased values 

of lattice parameter along the ‘a’axis for the treated 

group (p < 0.05). 

 
Figure 1: group differences show an increase in 

collagen maturity across control, fracture untreated 

(FxU) and fracture treated with bisphosphonates (FxB) 

groups (a). These might reflect on mechanical behavior 

by decreasing strain capability (b) (* p < 0.05; ** p < 

0.01; *** p < 0.001). 

 

Discussion 

Preliminary results in the present study show clear 

difference between the groups. The expected changes in 

mineral size were not found here probably due to the 

high mean age and small sample size. Decrease in 

mechanical properties have been previously correlated 

in a similar sample with age related hip-fracture [2]. 

This is mostly attributed to the decrease in changes in 

structural properties of trabecular bone [1,2] rather than 

changes in matrix composition. However, we found, in 

agreement with other studies [3], that the changes 

induced by BP might affect organic as much as mineral 

matrix. For instance, we detected an increasing trend in 

the accumulation of collagen maturity across the three 

groups (Fig. 1 a). This is known to result in the stiffening 

of collagen fibrils that impairs the fibrillar sliding 

mechanism that reduces bone strain capability. 
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Introduction 

Mechanical resistance to fracture relies on the quality of 

bone and its spatial arrangement. It is well known that the 

risk of fracture increases dramatically with age and the 

causes have been largely believed to rely on structural 

modification especially in relation with certain 

conditions such as menopause and osteoporosis. This 

explains only 75% of the increase in risk of fracture [1]. 

Structural changes cause a considerable decrease in 

toughness and increase risk of fracture [2]. Regarding the 

deterioration in matrix composition, they are responsible 

for a drop of ~80% for bone toughness and ultimate strain 

that results in a loss of ~30-40% of overall strength [1]. 

These modifications are independent of bone architecture 

and mineral density and can be attributed to 

physicochemical changes affecting the bone matrix at the 

nanoscale level [1]. Bone matrix is composed by mineral, 

collagen, non-collagenous proteins and water; its quality 

and spatial organisation explains a portion of the 

mechanical behaviour of this tissue.  

 

Methods 

Sternal ends (~5 cm) of the fourth right rib from 85 

individuals (mean age 45.61), 58 males (mean age 44.78) 

and 27 females (mean age 47.41). from the Forensic 

Institute in Tirana were employed in this study. The 

material was stored at -20°C. Experimental procedure 

involved TGA/DSC3+ (Mettler Toledo®, Indium 

calibrated) for collagen thermal stability and gravimetric 

analysis, FTIR-ATR (Bruker Optics®, ALPHA T 

Platinum spectrometer) for ion substitution and collagen 

content and XRD (PANalytical X'Pert PRO Multi-

Purpose Diffractometer by means of a Cu Kα radiation) 

for coherence length (CL), strain and size of mineral 

crystals. Nano- and micro-indentation was carried out in 

order to obtain matrix mechanical properties (CSM-NHT 

(system v.3.75, CSM, 2034 Peseux, Switzerland).  

 

Results 

Results show the predominant role in mineral content in 

the increase in hardness and elastic modulus before the 

age of 35 years (Fig. 1). This is also combined with the 

related decrease in organic content. Before maturity, also 

the increase in crystal length along the ‘c’axis is a major 

contributor in the increase in hardness and elastic 

modulus. This increment in mechanical capability is also 

complemented by the decrement in energy dissipation, 

maintained only by the mitigating effect of collagen 

stability and bound water. After 35 years, the over-

mineralized matrix, is also characterised by the increase 

in carbonate content and the reduction in crystal growth. 

Both have a detrimental effect on hardness and elastic 

properties. As a result, it was possible to identify a 

decrease in mechanical properties and as well as a drastic 

increase in brittleness. 

 
Figure 1: the increase in hardness and elastic modulus 

before maturity is followed by degeneration for the 

remaining age range (blue circles: <35 years; yellow 

triangle: >35 years). 

 

Discussion 

By the age of 35 years the bone of the ribs reaches full 

mechanical maturity and thereafter due to chemical 

changes of mineral and organic matrix shows a 

deterioration in functional performance. The variation in 

physicochemical properties is highly heterogenous and 

linked to the increase in turnover that reflects in both 

bone structure and composition. 
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Introduction 
The underlying constraint of ultrashort pulsed laser ab-

lation in both the clinical and micromachining setting is 

the uncertainty regarding the impact on the composition 

of material surrounding the ablated region. In orthopae-

dic hole drilling, for example, thousands of pulses are 

typically required to mitigate low ablation rates [1]. The 

cumulative heat deposition here can affect both the cel-

lular viability and the underlying constituents of the ex-

tra-cellular matrix. We focused on a used laser protocol 

for the extraction of micropillars for use in compression 

testing. The scale at which these pillars are present is 

below that at which cell seeding occurs. Therefore, we 

focused primarily on the impact on the underlying col-

lagen, where temperature exposure exceeding 150°C is 

reported to induce denaturation in dehydrated fibrils [2]. 

It is essential to know any laser induced compositional 

changes of the test specimens since it inevitably ques-

tions any data interpretation. Therefore, this study aimed 

to evaluate the micropillar temperature during picosec-

ond laser ablation by implementing a combined ablation 

and heat model into a finite element suite, and to verify 

the results by means of Raman spectroscopy and Energy 

Dispersive X-ray microanalysis (EDX). 

Materials and Methods 
The used protocol we focused on is that of Groetsch et 

al. [3], who used mineralised turkey leg tendon (MTLT) 

as a model system for bone. At the microscale, the 

MTLT exhibits a similar hierarchical setup as bone. 

Samples were dissected and ultramilled prior to laser ab-

lation. For the laser ablation, 515 nm light was focused 

to a beam radius of 10 µm and delivered in pulses of 6 

ps (FWHM) every 1 ms. The chosen scanning pattern 

was an inbound anticlockwise hatch pattern from diam-

eter of 150 µm inward to 50 µm consisting of 4085 

pulses, resulting in pillars of 32.85 ± 0.91 µm in diame-

ter and 50.01 ± 4.04 µm in height (Figure 1b). An abla-

tion model was used to produce a directory of meshes 

representative of the pillar geometry after each pulse 

(Figure 1a). Using this directory, a heat model represent-

ing the laser-material interaction [4] was implemented 

into Abaqus (2016a, Dassault Systemes). For each 

pulse, an energy absorption rate function added heat to 

the system. The temperature field was then mapped to a 

new mesh with the ablated volume removed and a heat 

dissipation step of 1 ms was simulated before the next 

pulse in the pattern. This process was repeated for all 

4085 pulses. 

Results 
The modelling results showed that the micropillar tem-

perature was increased to 70.14°C after 4085 simulated 

pulses (Figure 2), remaining lower than half of the afore-

mentioned permissible temperature of 150°C. Physio-

chemically, the Raman and EDX results showed no 

changes in composition for both the mineral and colla-

gen content. In both analysis techniques, no new phases 

were identified after the laser-material interaction. 

 

 

 

Discussion 
We have established a model allowing us to assess the 

temperature response of laser ablated tissue samples. 

The protocol allows for the interchangeability of tissue 

samples, scanning patterns and laser parameters. We fo-

cused on the extraction of mineralised collagen mi-

cropillars, which our results indicate are unaffected 

when fabricated by the protocol reported by Groetsch et 

al. [3]. The results will allow us to safely and confidently 

produce micropillars directly by ultrashort pulsed laser 

ablation. The modelling framework can be extended to 

soft tissues and may help in the development of mini-

mally invasive surgical strategies. 
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Figure 1: a) Geometric evolution of pillar, N = pulse number in the 4085 pulse pattern. b) SEM image of the final 

laser ablated pillar produced by Groetsch et al. [3] Image (b) taken from Groetsch, A., 2019. PhD Thesis. 

Figure 2: Micropillar temperature response. The sub 

plot shows a development of an oscillating response 

as the dense temperature distribution of each pulse 

diffuses through the micropillar. 
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Introduction 
Osteoporosis is characterised by a failure to maintain the 
balance between bone apposition and resorption, 
leading to progressive net loss. Simulations of bone 
adaptation due to mechanical or pharmacological 
treatment can aid in the optimisation of treatment plans 
for osteoporosis [1]. However, no study has investigated 
the adaptive and strain changes due to different 
treatments in the ovariectomised (OVX) mouse tibia, 
and their impact on treating impaired bone remodelling. 
Therefore, this study uses a combined experimental and 
computational approach to evaluate the effect of 
separate and combined pharmacological treatment and 
mechanical loading on bone adaptation in OVX mice. 
   
Methods 
Eighteen C57BL/6 female mice were ovariectomised at 
week 14 of age and the right tibia scanned using in vivo 
micro computed tomography (10.4μm/voxel) at week 
14, 16, 18, 20 and 22. Mechanical loading was applied 
to the right tibia in vivo at week 19 and 21 with a 12N 
peak load, 40 cycles/day and 3 days/week on alternate 
days (ML, N=6). Mice received either injection of 
Parathyroid Hormone (PTH, N=6) at 100 μg/kg/day or 
vehicle. Combined treatments were also studied 
(PTHML, N=6). Linear isotropic homogeneous 
microCT-based finite element (microFE) models were 
created from the tissue mineral density (TMD) 
calibrated microCT images, and physiological loading 
based on the weight of the mice were applied [3]. The 
follow-up images were superimposed to quantify the 
locations and frequency of apposition and resorption. 
Regression analyses were performed between bone 
adaptation and strain energy density (SED) in seven 
regions above the distal tibio-fibular joint to determine 
the extent that bone adaptation is linearly strain driven.  
 
Results 
Spatio-temporal differences were observed in all three 
treatment types. ML alone had little effect in inducing 
bone apposition in the distal tibia between weeks 18-20 
and 20-22 (Figure 1). Combined PTHML treatment 
resulted in higher bone apposition in the proximal tibia 
than either monotherapy. Compared to the untreated 
OVX group, all treatments were equally effective in 
reducing periosteal resorption at weeks 18-20. However, 
periosteal resorption increased between weeks 20-22, 
which were also similar between the treatment groups. 
A moderate correlation between the average SED and 
surface remodeling was found in the periosteum (R2 = 
0.572 - 0.871). The slopes of the regressions in 
periosteal apposition were significantly lower for PTH 
than the ML or PTHML group (Figure 2).  

  
Figure 1: Periosteal bone adaptation at weeks 18-20. 
Heat maps indicate statistical significant difference. 
Lighter shade, p<0.05; darker shade, p<0.01. Numbers 
in heat maps indicate the relative difference. 

 
Figure 2: Linear regression of periosteal apposition vs 
SED at weeks 18-20. 
 

Discussion 
The beneficial effects of combining PTH and ML were 
both additive and synergistic depending on the location. 
The slopes of the linear regression were different on the 
endosteum and periosteum across treatment, indicating 
the importance to have site-specific mechanoregulation 
models to predict locations of remodelling. Although 
combined treatment prevented the increase in resorption 
at weeks 20-22, further optimization of combined 
treatment is required to improve efficacy, especially in 
the distal tibia.   
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Introduction 

Fracture toughness has been studied for different human 

bones and it has been established that it depends on the 

orientation of the osteons [1]. Nonetheless, little is 

known about the fracture mechanics properties of 

human cranial bone [2]. The aim of this work is to 

determine the fracture toughness of cortical human skull 

by harvesting samples from the frontal and the left and 

right parietal bones, with two objectives in mind, firstly 

to evaluate its resistance and secondly to ascertain 

whether this property can be also considered as 

transversally isotropic.  

 

Methods 

Five unembalmed human crania (75 – 90yo) provided 

samples from the external cortical layer of the frontal, 

left and right parietal bones (ethical approval NH019 

2017-09-01 Universitaire Ziekenhuizen Leuven). Single 

Edge Notched Beam (SENB) specimens were machined 

(1.5mm x 2mm x 12mm, width x thickness x length) and 

separated into three groups with mid-span notches (0.9 

mm) machined in the radial and the two transversal 

directions. Samples were kept irrigated with saline 

solution during machining and refrigerated until tested. 

The samples were tested on symmetric and asymmetric 

3point-bend (Mode I, N = 212) and 4point-bend (Mode 

II, N = 17) configurations. Load-displacement curves 

were recorded and stress intensity factors KI & KII. 

 

 
 

Figure 1: Experimental setup for fracture mechanics 

tests of cortical cranial bone: Mode I (left: SENB test) 

and Mode II (right: Asymmetric 4point bending). The 

dashed line indicates the notch. 

 

Values of KI were calculated following the procedure 

presented in the standard ASTM E-1820 [3], whereas 

the values for KII were obtained by applying the 

procedure presented by Zimmermann et al. [4]. A 

Generalized Linear Mixed Effects Model (GLMM) 

analysis was performed to assess the effect of variables 

like age, sex, density, location and orientation. 

 

Results 

All samples fractured in a brittle manner. In Mode I, the 

crack propagated in a coplanar way with respect to the 

original notch, whereas in Mode II the fracture 

propagated in a kinked path. 

Table 1 shows the stress intensity factors found from the 

Mode I and Mode II tests. For both cases, the GLMM 

analysis showed no correlation with the type of bone 

tested (frontal and parietal bones) nor with the 

orientation, so both factors, KI and KII, are isotropic and 

symmetrical with respect to the sagittal plane. 

 

 KI 

(MPa*m0.5) 

KII 

(MPa*m0.5) 

Female 2.48 (2.16)  

Male 4.75 (2.58)  

All  0.093 (0.084) 

Table 1: Average fracture toughness values found for 

cortical human cranial bone. 

 

Discussion 

Unlike for long bones, osteons do not have a defined 

orientation within the cranial bone. This random 

distribution would explain the isotropy found for KI and 

KII. For KI, females’ values are 50% that of men which 

is consistent with what has been found for other bones 

[1].  

The symmetry of these factors is consistent for other 

properties found for human cranial bone, such as 

Young’s modulus and Poisson ratio. Although for KII no 

statistical differences were found with respect to sex, 

more subjects should be tested to discard a correlation 

between these variables and the human cortical cranial 

bone fracture toughness. 

These values of fracture toughness represent a valid 

fracture criterion that could be employed in the design 

and testing of new head protective devices. 

 

References 
1. Nalla et al, Nat Mat,  2(3): 164-168, 2003.  

2. Botjlar I. et al, Period Polytfjichnica Ser Civ Eng., 38:367-

374, 1994. 

3. ASTM E-1820, 2015. 

4. Zimmerman et al, Biomaterials, 30:5877-5884, 2009.   

 

Acknowledgements 
This work was supported by the HEADS ITN (642662) from 

the European Commission’s Marie Sklodowska-Curie 

Programme. 

470



 26th Congress of the European Society of Biomechanics, July 11-14, 2021, Milan, Italy 

DETERMINING HUMAN FEMUR BONE MECHANICAL ANISOTROPY:                           
IMAGE-PROCESSING METHOD VS MICRO-FINITE ELEMENT MODELS 

Marco Branni (1), Egon Perilli (2), Mark Taylor (2), Saulo Martelli (1) 
 

1. Science and Engineering Faculty, Queensland University of Technology, Brisbane, Australia  

2.College of Science and Engineering, Flinders University, Adelaide, Australia 

 

Introduction 

Finite Element Models (FEMs) have become common 

tools for studying the mechanical behavior of the human 

femur. However, cross-laboratory analyses have shown 

variable accuracy across the different techniques used at 

different laboratories [1]. The aim of this study is to 

compare bone anisotropic mechanical properties 

determined using an image-processing method against 

corresponding micro-FEM from micro-CT images of 

the proximal human femur.  

 

Material and methods 

Ten cadaveric femora were scanned with micro-CT 

(29.81 μm/voxel, Australian Synchrotron Clayton VIC, 

Australia) [2]. From the stack of grey-level images, 

contiguous trabecular bone cubes were extracted (5 mm 

side-length) from the entire femur and analyzed (Fig.1).  

Image-processing method: after thresholding, the 

morphometric parameters Mean Intercept Length (MIL) 

tensor and bone volume fraction (BV/TV) were 

calculated (CT Analyser, Bruker, Belgium). Young’s 

moduli, Poisson’s ratios and shear moduli were 

determined using fabric-elasticity relationships based on 

eigenvectors and eigenvalues of the MIL tensor and 

BV/TV [3].  

micro-FEM: micro-FE models were developed by 

converting bone voxels into linear hexahedra elements. 

Sub-sampling by a factor of 2x was performed to reduce 

computational time. Bone tissue properties were 

modeled as isotropic linear elastic material (E =17 GPa) 

with a Poisson’s ratio equal to 0.3. For each cube, the 

anisotropic elastic constants were computed, simulating 

in displacement control three uniaxial compression and 

three shear tests (six mechanical loadings) (Ansys, 

USA) [4]. 

 
Figure 1: Anisotropic mechanical characterization 

The anisotropic elastic constants obtained by the two 

approaches were compared using linear regression 

analysis for varying BV/TV ranges. Coefficient of 

determination (R2) and the root mean square error 

(RMSE) were calculated. 

 

Results and discussion 

At the time of writing, the analysis was successfully 

completed for one femur. The BV/TV ranged between 

4% and 42%. The linear regression “image-processing-

based vs. micro-FEMs” for the Young’s modulus along 

the principal anisotropic direction showed a coefficient 

of determination of R2=0.76 (Fig.2). However, a toe 

region at low Young’s modulus values was observed, 

which primarily includes specimens with very low 

BV/TV values (below 10%). By considering only cubes 

within a BV/TV of 10-42% the R2 increased (R2=0.80).  

 
Figure 2: Linear regression analysis of elastic modulus 

 

Conclusion 

In our preliminary results, the procedure for determining 

anisotropic material properties of the human femur 

reveals a strong coefficient of determination for cubes 

within a BV/TV range of 10-40%. However, marked 

discrepancies are shown for bone cubes with lower 

values of BV/TV. Further investigations are being 

performed, including other morphometric parameters, 

such as trabecular thickness, number, and separation, to 

examine how these variations may influence the global 

mechanical behavior predicted by FEMs. These studies 

are needed clarify the large deviation in the numerical 

data within the biomechanics community.  
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Introduction 

High quality material parameters are a key factor in 

simulation-driven development of new implants for 

orthopaedic trauma surgery. Only with the help of 

experimentally underpinned material models can the 

mechanical behaviour of bones and bone-implant 

systems be simulated in a meaningful way and 

corresponding predictions made possible. 

In this study, material parameters of human cadaveric 

tibia specimens are determined by means of different 

experiments combined with a simulation-based 

parameter identification. 

 

Methods and Results 

To achieve a broad range of possible material tests, the 

following experiments were performed: compression 

tests on cube specimens, tensile tests on shoulder 

specimens, component experiments using pressure on 

bone plates and 3-point bending tests on complete 

human tibias. All experiments are performed with a 

universal testing machine (InstronTM E10000 linear-

torsion floor instrument) combined with a camera-based 

digital image correlation (DIC) system. In addition, 

computed tomography (CT) scans were performed of all 

human cadaveric specimens including a six-rod bone 

density calibration phantom (see Figure 2b)). 

In order to validate the experimental protocols, all 

experiments are performed in advance with a spare 

material and the results are compared to the 

manufacturer’s specification. A short fiber filled epoxy 

is chosen to simulate the cortical bone and the trabecular 

bone tissue is represented by a solid rigid polyurethane 

foam (see Figure 1). After validating the protocols, the 

human cadaveric experiments were performed. 

 

The following steps describe the experimental 

procedure and the simulation-based evaluation 

workflow in detail: 

1. The different specimen types and samples are 

prepared in our clinical biomechanics laboratory and 

the CT scans were performed. 

2.  After receiving the specimen’s shape, all specimens 

were equipped with a so-called Speckle pattern for 

the evaluation via the DIC. Figure 1 and 2a) illustrate 

typical examples. 

3. All experiments were performed on a universal 

testing machine and recorded by a corresponding 

multi-camera system including real-time triggering. 

4. The experiments were evaluated using a 

combination of the machine sensor data and the DIC 

evaluation. This process starts with the reference 

image of the undeformed specimen and calculates 

the surface displacements and strains with respect to 

the images of the deformed states. 

5. The image stacks from the CT scans of all different 

specimens are segmented, equipped with the bone 

mineral density information based on the calibration 

phantom and passed to a high-quality finite element 

meshes generator. The image processing was done 

in Simpleware ScanIPTM. 

6. A parameter identification was performed for all 

types of experiments using the MatlabTM 

optimization toolbox and the finite element suite 

AbaqusTM. The process optimizes the parameters of 

the material model to match the results of the optical 

test evaluation as closely as possible with the 

simulation results. 

 

 
Figure 1: Solid rigid polyurethane foam a) 30PCF 

without speckle pattern b) 40PCF with speckle pattern 

 
Figure 2: a) Short fiber filled epoxy with speckle pattern 

b) CT scan of human tibia including six-rod calibration 

phantom 

The presented workflow identifies material parameters 

with respect to the different experiments and shows their 

connection to the Hounsfield units (HU) of the 

underlying calibrated CT images. 
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Introduction 

Understanding the effect of calcification on skeletal 

tissue properties is a milestone to propose preventive or 

therapeutic strategies in response to pathologies 

involving an alteration of this process. To study the 

effect of calcification on bone geometry and bone tissue 

mechanical properties, a mouse model deficient in a 

calcification inhibitor, the matrix Gla protein (Mgp), 

compared to non-mutated control, may be very 

instrumental for this type of investigation [1]. In 

addition to standard biomechanical studies [2], subject-

specific simulations [3] may permit to identify local 

relations between elastic properties and bone mineral 

density [4]. At the early stages of growth, such an 

approach may benefit from multimodal imaging 

involving both MRI [5] and µCT [6] in order to monitor 

both calcified and abnormally calcified tissues. 

 

Materials and Methods 

Femurs were harvested at postnatal days P21 (n=3) and 

P28 (n=3) for both mutated (Mgp-/-) and normal 

(Mgp+/+) mice. Right femurs were used for three-points 

bending mechanical testing (Zwicki Z0.50 TN with a 

100N load cell), while left femurs were used for 

histological analysis and 3D imaging using both µCT 

(EasyTom Nano, RX Solutions) and MRI (Bruker 

Avance III 600WB spectrometer) modalities. Subject 

specific non-linear finite element simulations were 

performed from reconstructed geometries, and used to 

identify local elasticity-density relations from 

experimental bending responses. 

 

Results and discussion 

Differences were observed between MRI and CT 

reconstructions at the level of articular cartilage and 

growth plates, with a clear effect of Mgp mutation (Fig. 

1). The skeletal properties were affected by the 

pathologic calcifications since Mgp+/+mice showed an 

increased stiffness compared to Mgp-/-. The mutation 

also significantly affected the evolution in time of 

bending properties, since Mgp-/- femurs showed 

comparable bending stiffness at P21 and P28 while it 

almost doubled for Mgp+/+ femurs. Subject-specific FE 

models (Fig. 2) enabled to identify suited density-

elasticity relationship for each bone group. These results 

offer wide perspectives concerning the detailed 

evaluation of the effect of abnormal calcification on the 

evolution of bone properties during bone maturation and 

will be extended in the future to stages P14 and P35 to 

further describe a calcification kinetics.  

 
Figure 1: Distances between reconstructions issued 

from MRI and µCT for mutated (Mgp-/-) and non 

mutated (Mgp+/+) femurs at P21 and P28 . 

 

 
Figure 2: (a) Three-points bending mechanical testing 

(b) Example of bone material properties distribution in 

bone cross-section for best fitted density-elasticity 

relationship (c) Experimental vs simulated stiffness 

issued from the selected tissue properties. 
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Introduction 

Craniosynostosis (CS) is the premature closure of one or 

more cranial sutures, occurring in 1 in every 2,500 births 

[1]. Limited information is available on the 

morphological and mechanical properties of CS bone. 

Determining the material properties of the cranial bone 

in this paediatric population and elucidating the factors 

that affect them would not only provide an insight into 

bone response to surgical procedures [2], but also would 

improve the accuracy of computational models 

simulating these surgeries. The aim of this study was to 

investigate the parietal bone morphology and 

mechanical properties in infants with sagittal CS. 

 

Methods 

Following ethical approval, parietal bone samples were 

collected from 12 patients (age: 5.2 ± 1.3 months) 

surgically treated for sagittal CS. Upon retrieval, 

samples were fixed and kept frozen at until examination. 

Specimens were imaged using micro-CT (Skyscan 

1172) for structural characterisation and mechanically 

tested using reference point indentation (RPI) (Biodent, 

Active Life Scientific) and micro-CT based finite 

element modelling (micro-FE) of three point bending.  

 

Results 

Micro-CT scans of the samples demonstrated that bone 

microstructure was either fully developed into a 

trilaminar (n=6) or a unilaminar structure comprised of 

a diploe cavity (n=6) (Figure 1).  

 

Figure 1: (A) 3D construction of parietal bones with 

unilaminar and trilaminar structure; Mechanical 

testing of parietal bone using (B) RPI and (C) micro-FE 

model of three point bending; 

 

The average values for cross-sectional thickness 

(Cs.Th), bone volume fraction (BV/TV), specific bone 

surface (BS/BV), bone mineral density (BMD) of all 

samples were respectively 1.32 ± 0.29 mm, 59.63 ± 

11.23 %, 16.50 ± 4.90 mm-1, and 61.68 ± 8.70 (g/cm3). 

A trend towards an increase in BMD (57.15 ± 6.37 g.cm-

3 vs 66.20 ± 8.77 g.cm-3), Cs.Th (1.22 ± 0.29 mm vs 1.43 

± 0.27 mm) and BV/TV (56.76 ± 13.43 % vs 62.51 ± 

8.79 %) from unilaminar to trilaminar bone structure 

was observed. Results from RPI and micro-FE showed 

a higher elastic modulus for cortical table when 

compared to diploe (Figure 2). There was a strong 

correlation between Emicro-FE and ERPI (r=.86, p<0.01).  

Changes in the microstructure and mechanical 

properties of bone specimens were found to be 

irrespective of patients’ age. 

 Figure 2: (A) Elastic modulus of cortical and diploe of 

parietal bone, (B) Correlation between Emicro-FE and 

ERPI. 

 

Discussion 

Certain craniofacial procedures, which rely on the 

malleability of cranial bone are ideally carried out in the 

first year of patients’ life to achieve desired head shape 

changes. Our results revealed that age was not a 

determinant of bone microstructure and elastic modulus. 

To achieve optimal surgical outcomes, the mechanical 

and microstructure of the samples should be considered 

prior to surgery. Since micro-CT cannot be used to 

assess patients preoperatively, it highlights the need for 

translatable imaging biomarkers for clinical settings. 

This study suggests that morphological parameters such 

as BMD and Cs.Th which could be measured by routine 

CT clinical examination - should be further investigated 

as potential imaging biomarkers. 
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Introduction 

Grave predictions have been made about osteoporotic 

fracture incidence for the next years, with major 

economic and social impacts in a worldwide greying 

society [1]. Yet, the predictive performance of the gold 

standard Bone Mineral Density (BMD)-based T-score in 

determining the fracture risk in the clinical practice 

remains limited. In this context, this study explores the 

potential of a combined statistical shape and intensity 

modelling approach [2] in predicting hip fracture status 

in a British postmenopausal cohort. The approach 

promises to be very effective to get  insights into the 

interrelated role played by geometry and density in 

osteoporotic risk fracture, with the final aim to empower 

fracture prediction. 

 

Methods 

A retrospective British postmenopausal women cohort 

of 3D CT-based proximal femur geometries and density 

distributions was investigated building up Principal 

Component Analysis (PCA)-based statistical models. 

The cohort comprised 49 fracture and 49 control 

subjects, pair-matched for age, body weight and height 

[3]. In detail, a Statistical Shape Model (SSM) and a 

Statistical Intensity (i.e. density) Model (SIM) were first 

built individually. The SSM model construction relied 

on Deformetrica [4], which based on the femur 

geometries segmented from the CT images allowed to 

identify the template, i.e. the mean anatomical shape, 

and the deformation functions, gathering the subject-

specific shape patterns, which map the template to the 

subject-specific shapes. The SIM was built by morphing 

the meshed template to each patient so that each mesh 

element was assigned with a Hounsfield Units-based 

density value [5]. Eventually, a Statistical Shape-

Intensity Model (SSIM) [2] was built unifying the 

independent statistical shape and intensity models, 

accounting for the shape and density distribution 

together. For each model, the influence of each PCA 

mode in explaining the fracture status was quantified. 

 

Results 

Considering the first three shape modes, explaining 

together 50% of the shape variability, a significant 

difference between fracture and non-fracture groups 

emerged only for shape mode 3 (p<0.05), which alone 

explained 10% of the total variability. In contrast, 

distributions of the first PCA intensity and shape-

intensity modes, explaining 23% and 15% of the total 

variability respectively, were both significantly different 

between fracture and control groups (p<0.001). In this 

regard, the SIM and SSIM turned out to be superior to 

the SSM in the fracture prediction. For the classification 

of fracture status in the cohort indeed, shape mode 3 

yielded an Area Under the ROC Curve (AUC) of 0.634, 

the first intensity mode yielded an AUC of 0.822, 

slightly improved further by the first shape-intensity 

mode (Figure 1, AUC=0.832). 

 
Figure 1: First shape-intensity mode. For ease of 

visualization, the first row shows only the 3D geometry 

variations as +/-3σ deviations from the template (white). 

The second rows shows, beyond the shape variations, 

also the densitometric variations visualized on a femur 

slice in the frontal plane.  

 

Discussion 

The PCA-based statistical modelling approach for femur 

fracture prediction presented in this study, based on 3D 

shapes and density data, suggests a prevailing role for 

density, compared to shape, in fracture risk assessment. 

When considered together in a SSIM indeed, the shape 

contribution to prediction integrated density-based 

information only moderately, with the SIM 

discriminatory power only marginally lower than that of 

SSIM. 
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Introduction 

Critical-sized bone defect regeneration is a remaining 

clinical concern, with several biomaterial-based 

strategies currently being investigated to enable bone 

defect healing [1]. However, the mechanisms in which 

such biomaterials promote bone formation and how the 

newly formed bone compares to the native tissue 

remains partially unexplored [2]. Changes in the newly 

formed bone quality as result of the action of different 

biomaterials may be involved in the reduction of the 

global mechanical competence of the regenerated tissue 

[3], thus increasing the risk of secondary fractures. The 

aim of this study is to correlate nanostructural changes 

in the newly formed bone with nanomechanical 

properties in relation to the osteoregeneration induced in 

vivo by different bone graft materials implanted in 

critical-sized defects combining X-ray computed 

tomography (XCT), backscattered electron imaging 

(BSE), energy-dispersive spectroscopy (EDX), 

nanoindentation and synchrotron small and wide-angle 

X-ray scattering (SAXS/WAXS). 

 

Materials and methods 

Bone defects were surgically created in ovine femoral 

condyles and bone grafts (Actifuse, ApaPore, 

StronBone and StronBone-P) implanted. Samples were 

extracted from the bone-biomaterial and native bone 

regions six weeks post implantation, dehydrated, fixed 

in alcohol, embedded in epoxy resin and polished prior 

to XCT (Zeiss Versa 510; 7μm voxel) imaging. 

Nanoindentation was performed in selected regions 

across the bone-biomaterial interface using a Berkovich 

tip (Bruker Hysitron). Samples were then sliced (100 

μm-thick sections) and SAXS/WAXS patterns collected 

at I22 (Diamond Light Source, UK). The predominant 

direction of orientation of the mineral particles, the T 

and ρ parameters were calculated as in [4] from the 

integrated SAXS data. Finally, sections were polished 

and BSE and EDX (Zeiss Evo MA10) images acquired 

for mineralization and elemental composition analysis. 

 

Results 
BSE images allowed visualization of the microstructure 

of the newly formed bone close to the implanted 

biomaterials (Fig. 1a). Gradients in the mineral particle 

thickness and orientation were observed at the bone-

biomaterial interface, with the more mature tissue 

showing thicker mineral particles and higher degree of 

orientation (Figure 1b, c). Indentation modulus (Er) of 

the new bone tissue induced by each bone graft ranged 

from 12.94 GPa to 14.75 GPa, whereas the hardness (H) 

from 0.46 GPa to 0.57 GPa. One-way ANOVA test 

revealed a significant effect of StronBone-P on both Er 

and H (p < 0.001) of the newly formed bone compared 

to the other biomaterials. The regenerated tissue showed 

significantly lower (p<0.001) Er and H than the native 

trabecular bone (Fig. 1d). 

 

Discussion 

This study revealed new insights on the nanomechanical 

properties of newly formed immature and mature bone 

following the implantation of commercial biomaterials. 

Both hardness and indentation modulus of the 

regenerated bone are significantly lower than those of 

native bone, due to differences in their nanostructure, 

with smaller and less organized mineral particles. Full 

correlations between nanostructural and 

nanomechanical properties [2] will be performed and 

compared among the applied treatments to better 

understand the in vivo integration and performance of 

biomaterials on the regenerated bone quality. 
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Introduction 
Bone is a natural composite possessing outstanding 
mechanical properties combined with a lightweight 
design. The key feature contributing to this unusual 
combination of material properties is its hierarchical 
organization, which is present from the nano- to macro-
scale. Our study focuses on the microscale, namely on 
the level of a single lamella – the elementary building 
block of bone, consisting of aligned mineralized 
collagen fibrils (MCF) embedded in an extrafibrillar 
matrix. The goals of this study were to (i) establish a 
quantitative method for 3D MCF orientation estimation 
and (ii) investigate the effect of MCF orientation on the 
yield stress and elastic modulus of isolated bone 
lamellae. 
 

Methods 
Bovine tibia and mineralized turkey leg tendon samples 
were obtained from a local abattoir, finely cut and 
polished. Polarized Raman spectroscopy (PRS) was 
used to estimate the bone collagen fibril orientation from 
the polarization dependence of amide collagen bands [1] 
(Fig. 1). We calibrated the PRS data on MTLT samples 
cut at five angles between 0° and 90°, as verified  
using SAXS measurements (Bruker AXS, CuKα 
λ=1.5406 Å). The calibrated method was then applied to 
the study of structure-property relationships at the 
lamellar level on bovine cortical bone specimens.  

 
Figure 1: Polarized Raman spectra of cortical bone; 
Polarization dependence of ∫Amide I / ∫Amide III bands 
for axial and transverse in-plane fibril alignment. 
 
Microscale compression tests were performed on 
focused ion beam milled micropillars [1] (N=36, 
diameter 5 µm, aspect ratio 2) with known collagen 
fibril orientation measured by PRS. Compression 
experiments were performed at ambient temperature and 
pressure, with a controlled relative humidity > 93%, 
ensuring hydration of the sample. Experiments were run 
in displacement control up to 10% strain at a rate of 
0.001s-1. 

Results 
The new quantitative method for 3D MCF orientation 
measurement was validated and found to feature an 
angular uncertainty <10°. This allowed us to measure a 
unique spectrum of microscale structure-property 
relationships based on compression data for MCF 
orientations ranging from 0° to 82° (Fig. 2). We could 
demonstrate a strong dependence of the microscale 
compressive mechanical properties of bone on the local 
MCF orientation. A high degree of anisotropy was 
found for both the elastic modulus (𝐸𝐸𝑎𝑎/𝐸𝐸𝑡𝑡 = 3.80) and 
the yield stress (𝜎𝜎𝑎𝑎

𝑦𝑦/ 𝜎𝜎𝑡𝑡
𝑦𝑦  = 2.54). Moreover, the post-

yield behavior was found to depend on the MCF 
orientation with a transition between strain softening to 
hardening at 𝜃𝜃 = 48°– 54°. 
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Figure 2: Stress-strain curves of bovine cortical bone 
lamellae with different MCF orientations [1]. 
 
Conclusion 
Heterogeneous fibril orientation is a common 
phenomenon in natural materials like bone, and it 
significantly affects the measured mechanical 
parameters. As was shown in this work, measuring the 
local microstructure and mechanical properties in a site-
matched fashion allowed us to reduce the apparent 
scatter in the collected mechanical data and to reliably 
determine structure-property relationships of bone at the 
lamellar level. This is a prerequisite for developing and 
validating multiscale models predicting bone failure 
with increased accuracy in the future.  
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Introduction 

Osteogenesis imperfecta (OI) is a group of inherited 

bone diseases, which affects the collagen quality and 

increases bone fragility. The three most common disease 

types are, in order of increasing severity, OI type I, IV 

and III. Despite previous investigations, the actual 

mechanisms of OI bone fragility remain unclear. Unlike 

nanoindentation, micropillar compression allows to 

determine post-yield properties of bone at the ECM 

scale [1]. Accordingly, the aim of this study was to 

investigate compressive mechanical properties of 

human cortical OI bone extracellular matrix (ECM) and 

its potential dependency to the degree of mineralization. 

We hypothesized that strength of OI bone is inferior 

compared to healthy control bone at the ECM scale. 

 

Materials and Methods 

Twelve human, transiliac bone biopsies of healthy 

controls (n=6), OI type I (n=3), OI type IV (n=2) and OI 

type III (n=1) were fixed in formalin and infiltrated with 

PMMA [2]. A total of 65 micro-pillars (healthy n=23, 

OI I n=16, OI IV n=11, OI III n=15) were milled (ø=5 

µm, h=10 µm) in osteonal bone with a focused ion beam 

and compressed (rate 5 nm/s) with a flat punch in the 

vacuum of a scanning electron microscope (SEM). 

Ultimate strength was extracted from the resulting 

force-displacement curve. In the same osteons, next to 

each micro-pillar, three nanoindentation measurements 

were collected and the average indentation modulus per 

pillar was calculated. Moreover, in the same region, 

three Raman spectra were recorded to quantify the 

averaged local mineral-to-matrix ratio (ν2PO4/ 

amideIII). Additionally, global tissue mineral density 

(TMD) was determined using µCT at the biopsy level.  

 

Results 

Global and local degree of mineralization are higher for 

all OI types compared to healthy control. Interestingly, 

both elastic modulus and ultimate strength are superior 

for the OI types compared to healthy bone (see table 1). 

Finally, indentation modulus and ultimate strength 

(figure 1) are correlating linearly with the mineral-to 

matrix ratio (p= 8.28·10-7 and p=9.88·10-15 

respectively). 

 healthy 

control 
OI type 

I 

OI type 

IV 

OI type 

III 

TMD 

[mgHA/cm3] 

1012.7 

±41.6 

1097.6 

±17.0 

1143.9 

± 42.2 

1141.1 

ν2PO4/ 

amideIII [-] 

0.35 

± 0.12 

0.54  

± 0.09 

0.69  

± 0.13 

0.61  

± 0.13 

E [GPa] 19.8  

± 2.2 

23.8  

± 3.0 

22.9  

± 1.9 

22.0  

± 2.0 

σult [GPa] 0.59  

± 0.13 

0.72  

± 0.08 

0.79  

± 0.07 

0.77  

± 0.12 

Table 1: Means and standard deviations of TMD, 

mineral-to-matrix ratio (ν2PO4/ amideIII), elastic 

modulus (E), and ultimate stress (σult) of each group. 

 

Discussion 

Surprisingly, the results contradict our initial hypothesis 

that the compression properties of OI bone ECM are 

inferior compared to healthy bone. Independently of OI 

type, the compression properties of bone ECM, 

especially ultimate stress, increase significantly and 

substantially with the degree of mineralization. 

Although our results suggest that OI bone is stronger at 

the ECM level, we only tested in compression and the 

collagen defect may have more influence on tension. 

 
Figure 1: Ultimate stress by micropillar compression 

versus site-matched mineral-to-matrix ratio by Raman 

spectroscopy for controls and different types of OI. 
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Introduction 

Bone is a naturally occurring composite mainly made of 

Hydroxy Apatite (HAp) mineral phase and an organic 

matrix composed of collagenous and Non-Collagenous 

Proteins (NCPs). While NCPs comprise only 10% of the 

organic phase, it has become apparent that their role in 

intrinsic toughening, one of the primary contributors 

towards healthy tissue’s excellent fracture resistance, is 

considerable [1]. Osteocalcin (OC) and Osteopontin 

(OPN) are the most abundant NCPs [2] and, together, 

these are known to form protein complexes that mediate 

bonding at nanoscale mineral interfaces [3] in the 

extrafibrillar space. It has been established that these 

NCP complexes facilitate plastic sacrificial sliding, 

which is a major contributor to the tissue’s excellent 

fracture toughness [3]. Furthermore, knockout animal 

models have shown that the capacity of sacrificial 

sliding is impaired when either OC or OPN are removed, 

leading to reduced fracture toughness [4]. While this 

highlights their critical role in energy dissipation, the 

underlying molecular mechanisms that facilitate such 

behaviour are poorly understood. In this study, we use 

Steered Molecular Dynamics (SMD) to elucidate the 

mechanism by which OC and OPN dissipate energy at 

HAp interfaces.  

Methods 

MD simulations were utilized to study the nanoscale 

interfacial energy dissipation potential of OC and OPN 

proteins. The experimentally resolved 49-residue OC 

protein structure was used [5], while the 298 residue 

OPN protein structure was obtained through homology 

approaches (Figs 1.a and 1.b). Adsorption of proteins on 

the HAp surface was simulated using the LAMMPS 

simulation framework. SMD simulations for the 

adsorption modes with contact residues like the most 

frequent contact residues were carried out, whereby 

energy dissipation was calculated via parallel and 

perpendicular pulling of each protein structure on the 

HA mineral (Figs 1.a and 1.b).  

Results and Discussion 

Both the OC and OPN proteins showed strong 

adsorption on the HA mineral surface. It was found that  

α-helix structures on the OC protein were responsible 

for mediating adsorption on the HAp surface. 

Meanwhile, the OPN protein interacted with the HAp 

mineral surface thanks to its highly charged 

phosphoserine residues. It was found that OPN protein 

could dissipate large amounts of energy, with large 

deformation of its random coil elements in 

perpendicular pulling (Fig 1.c). Interestingly, this was 

not due to protein backbone deformation, but was due to 

breaking of intra-protein hydrogen bonds and 

electrostatic interactions of its charged residues and 

surface ions (which were possible even in the absence 

of a wider protein network). Although the OC protein 

was more compact, several key mechanisms directly 

associated with binding at α-helix structures were 

observed that enabled excellent energy dissipation 

behavior parallel to the mineral surface, which included 

stick-slip behavior and a sacrificial bond mechanism. 

Also, movement of its 3-calcium motif on the HAp 

surface provides a unique energy dissipation mode.  

 
Figure 1: SMD simulation setup for of a) OPN and b) OC with 

arrows showing pulling orientations. Force-displacement 

curves for c) OPN and d) OC. 

Conclusions 
In this study, the role of OC and OPN in bone 
toughening was investigated. For the first time, it was 

shown that OC and OPN dissipate energy mainly 

through stick-slip and the deformation of its random coil 

elements, respectively. It was also found that OPN does 

not necessarily need to be in a wider protein network to 

dissipate energy. These findings provide important 

insight into large deformation/sliding mechanisms that 

have been previously observed at mineral interfaces, 

which are known to contribute the tissue’s excellent 

fracture resistance [3]. 
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Introduction 

Intracellular calcium (Ca2+) signaling is a part of the 

mechanotransduction pathway which converts 

mechanical stimulation to molecular signals. The 

extracellular matrix (ECM) of cartilage is mainly 

composed by collagen, proteoglycan and chondrocyte. 

The collagen fiber shows anisotropic arrangements from 

the surface to the bottom of cartilage and the cell density 

is uneven, which produces a non-uniform dynamics 

field and complicates mechanotransduction signals. 

Hence, to understand the physiological response of 

chondrocyte in cartilage tissue, it is important to 

investigate the dynamic Ca²⁺ signal transmitting 

processes responding to changes of the dynamics field 

in cartilage. In this study, we analysed them using the 

calculation model and the cartilage compressing 

experiment using a round indenter to non-uniform 

dynamics field. 

 

Materials and Methods 

Loading Ca2+ dye into chondrocytes in the tissue 

Porcine articular cartilage (6-month old) tissue punched 

out from distal femur was molded into a semi-

cylindrical shape (diameter: 5mm). All the samples were 

washed in PBS(-) and stained with Fluo4-AM solution 

(CS32, Dojindo) to visualize Ca2+ signaling． 

Analysis of intracellular Ca2+ Dynamics under 

mechanical compression A stained sample was 

installed on a device which can control strain rate. 

Forced displacement was applied to specimen at the 

strain rate of 0.01/s, 0.1/s, and 1/s until achieving 15% 

strain. The load and displacement of the specimen were 

measured by the displacement sensor and the load cell. 

Ca2+ images were acquired with a digital CMOS camera 

(ORCA-Flash 4.0 V3, Hamamatsu photonics).In the 

analysis of Ca²⁺ luminance value, the Ca2+ images were 

poler-transformed from the center of the round indenter 

and the area surrounded by dash line in Figure 1(a) was 

picked up to make luminance profile. 

Calculation of stress-strain field The stress and strain 

field generated in cartilage tissue were simulated by 

using the visco-anisotropic hyperelastic constitutive 

equation proposed by Nakamachi et al [1]. 

 

Results and Discussion 

Figure 1(a), (b), (c) shows the luminance image of 3 s 

after compression against each strain velocity. When the 

cartilage is compressed at 0.01/s, the luminance of the 

surface layer mainly increased and as the strain velocity 

increases, luminance of the mid-deep zone started to 

increase in addition with the surface layer. From this 

result, the Ca²⁺ signaling of the mid-deep zone in 

cartilage could be affected by compressive strain 

velocity. Figure 2(a) shows the profile of luminance 

expression between 1 s to 3 s after compression (The left 

back corresponds to the initial contact point between the 

round indenter and the tissue surface). Figure 2(b) 

shows the mean stress field calculated by using 

anisotropic collagen structured cartilage model. This 

result shows that the stress gradient is steep at the mid-

deep boundary zone. However, when the mean stress 

field is calculated by the isotropic collagen structured 

model, the stress gradient came out gentle at the mid-

deep boundary zone. According to the result, we found 

that the anisotropic transmission of force and 

displacement due to the arrangement of collagen fiber 

specifically influenced the stress profile at the boundary 

between the mid-deep zone. Moreover, the profile of the 

mean stress field in the anisotropic model closely 

correspond to the luminance profile. These results 

indicate that the difference of the stiffness and 

permeability caused by the anisotropic zonal structure 

changed the interstitial fluid flow leading to the increase 

of fluid pressure and the chondrocytes are primarily 

responsible against those mechanical changes.  

 

 
 

Figure 1. Luminance image of strain velocity (a)0.01 /s, 

(b) 0.1 /s ,(c)1 /s(×40, Bar:500 µm). 

 
Figure 2. Comparison of the profile between luminance 

and mean stress. (a) Profile of luminance expression 

between 1 s to 3 s after compression. (N=3, strain 

velocity: 1 /s) (b)Calculation result of mean stress field.  

(Strain velocity:1 /s, Stain amount: 15%.) 
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Introduction 
Hutchinson-Gilford Progeria Syndrome (HGPS) is a 
rare genetic condition that appears in the premature 
aging of the individuals and causes further diseases 
commonly observed in the elderly, such as 
cardiovascular disorders, and abnormalities in the 
development of the skeletal and dental system. Because 
of its rapid metabolism, the murine progeric model is an 
excellent tool to investigate the effect of the pathology 
[1]. 
The study is aimed a studying the murine models of 
progeria at two length scales: the macro-scale of the 
whole femoral bone and the micro-scale of the cortical 
wall. 
 
Materials and Methods 
Healthy (wild) and progeric (heterozygous) murine 
models have been analysed by means of mechanical test 
at the scale of the whole bone segment (four-point 
bending tests), to determine the bending stiffness 
obtained through the force-displacement relationship, 
and at the microscale with a nanoindentation test 
protocol [2], to determine the indentation modulus 
(Figure 1). The results obtained from the 
nanoindentation tests were subjected to statistical 
analysis to evaluate the distribution of mechanical 
properties in four anatomic regions of the section to 
evaluate the differences between sample groups. 
The four-point bending test was also simulated by 
means of finite element (FE) models in a subset of six 
specimens. The real anatomy of the whole murine bone 
segments was reconstructed from micro-CT scans. The 
micro-CT FE models were used to determine the tissue 
modulus value to be set to achieve an estimated stiffness 
consistent with that determined experimentally.  
 

 
Figure 1: left: transverse section image in the femur 
central region. right: laser confocal image showing 
nanoindentations grid in lateral region (10 indentations 
equally-spaced grid performed in each region). 

Results and Conclusions 
The bending stiffness resulted from 4-point tests were 
about 40% higher for healthy samples vs progeric 
samples. Micro-CT FE models confirmed that this 
difference is largely explained by the anatomic 
structural shape (moment of inertia) difference between 
the two groups. However, the FE analyses must account 
for a reduction in bone tissue modulus to predict the 
experimentally determined stiffness. These preliminary 
results were in agreement with the nanoindentation 
outcome, which showed an overall reduction of about 
6% in bone tissue modulus in the progeric tissue with 
respect to the healthy case: Er=29.9GPa. and 31.7GPa, 
respectively. The nanoindentation study revealed that 
healthy subjects exhibited a non-homogeneous 
distribution of indentation modulus (with significantly 
higher values in the Anterior region, based on p-value of 
2 tail parametric t-test); while progeric subjects did not 
feature such regional distribution of the elastic property.  
The region-by-region comparison between healthy and 
progeric samples results in statistically significant 
difference for anterior and posterior regions (Table 1). 
  

Er [GPa] ANT POS MED LAT 
Healthy 34.9±3.6 30.9±4.4 29.9±4.3 31.0±3.2 
Progeric 30.2±5.7 29.0±4.6 30.5±5.3 30.0±5.4 
p-value <0.01 0.01 0.14 0.49 

Table 1: Regional distribution of the indentation 
modulus values in the four anatomic regions. 
 
The nanoindentation study revealed peculiar properties 
of the progeric bone which was not revealed by the 
bending tests thus emphasizing the relevance of this two 
scales investigation. 
These preliminary results seem to confirm an impact of 
HGPS on bone tissue structure, as already sustained by 
Schimdt et al. [3]. 
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Introduction 

One of the most widespread pathologies related to the 

aging process is osteoporosis, that alters bone 

microstructure leading to an enhanced bone fragility. 

Proximal femur fractures are the most common and 

risky osteoporotic fractures. Nowadays, the reliability of 

femoral fracture risk needs to be improved and this 

could be performed by deeply investigating and 

understanding bone multi-scale damage mechanisms. 

Within the femur, the trabecular bone structures are 

arranged along the lines of compressive and tensile 

stresses resultant from weight bearing activities; these 

stress trajectories are known to be altered in presence of 

osteoporosis. In addition to this, the role of femoral 

micro-scale features (such as lacunae, small cavities 

where osteocytes reside) in osteoporotic damage 

progression is still not clear [1]. The aim of this research 

is to shed some light on the variation of femoral local 

mechanical properties at the meso and micro-scale in 

non-osteoporotic and osteoporotic human samples. The 

exact comprehension of bone damage at the multi-scale 

can give better insights on the mechanical behavior of 

bone and on proximal femur fracture development. 
 

Materials and Methods 

Three non-osteoporotic and three osteoporotic human 

femoral heads are collected in agreement with the Ethic 

Committee, stored in formaldehyde + 70% ethanol and 

cut in three zones (Z1, Z2 and Z3) with different 

distances from the frontal plane and 3 sub-zones: medial 

(M), proximal (P) and distal (D) with respect to the 

pelvis’ position. A total amount of 36 samples is 

obtained from each femoral head, with a final sample’s 

resistant section of 4x4 mm2 and an effective length of 

6 mm. In order to visualize real-time damage 

progression in the samples, femoral specimens are tested 

under wet conditions inside ELETTRA synchrotron in 

Trieste using a novel-designed portable micro-

compression device (MCD). The MCD, compatible with 

SYRMEP beamline, is characterized by limited height 

(40 cm) and weight (2 kg), easiness of mounting and 

disassembling. Samples are tested until failure, at an 

interval of 0.1 mm/step and at a rate of 0.1 mm/second; 

each compression step is followed by 5 min relaxation 

time at constant displacement, providing synchrotron 

images without any moving artefacts. 4 points are 

considered in the force-displacement curve with phase 

contrast at a resolution of 1.6 µm, using white beam at 

2.4 GeV.  
 

Results 

Local mechanical properties of femoral samples tested 

with the MCD are expressed in terms of apparent stress 

and apparent strain, highlighting an exemplificative 

trend as the one reported in figure 1. 

  
Figure 1: Representative trend of apparent stress- strain 

curves in non-osteoporotic and osteoporotic samples. 
 

Average values of apparent elastic modulus for non-

osteoporotic and osteoporotic samples are reported in 

table 1. 

 Apparent elastic modulus [MPa] 

Non-osteoporotic  86.29±38.95 

Osteoporotic 53.71±28.16 

Table 1: Average apparent elastic moduli in non-

osteoporotic and osteoporotic samples 
 

The SR-CT images obtained for non-osteoporotic and 

osteoporotic specimens at step 0 (prior to the 

compressive tests), step 1 (pre-yield), step 2 (post-

yield), and step 3 (post failure) show that cracks 

propagate from bigger voids (i.e., canals, vessels) and 

are influenced by the presence of lacunae. 
 

Discussion and conclusion 

Non-osteoporotic and osteoporotic samples show a 

significative difference in terms of apparent Young 

Modulus and local mechanical properties of different 

zones. On the other hand, the sub-zones do not show 

statistically significative differences between them. The 

stress-strain curves’ trends are coherent with previous 

literature data [2]. Interesting outputs are shown when 

correlating local collapses of femoral bone with the SR-

CT images, showing crack progression (Fig. 2). Further 

developments will focus on the comparison among 

micro-scale morphological features of lacunae in non-

osteoporotic and osteoporotic samples and on the 

definition of local micro-scale fragility indexes, that will 

help the comprehension of bone damage. 

 
Figure 2: Visualization of cracks deviated by lacunae  
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Introduction 

Bone fractures are often caused by pathologies, such as 

widespread degenerative illnesses (osteopenia (OP), 

osteoarthritis (OA), etc.) or may happen in presence of 

rare bone diseases (i.e., osteopetrosis (PET)). While at 

the macro-scale the identification of those fragility 

fractures is assured by the clinical practice, micro-scale 

features are still underexplored: their investigation could 

lead to a more accurate and early diagnosis of these 

pathologies. In this research a special interest is devoted 

to cellular level porosity represented by the lacunar 

network, a complex system of cavities populated by 

osteocytes, whose role is still under debate. Lacunae 

play a dual mechanical role influencing both strength 

and toughness. In the first instance, lacunae are stress 

concentrators, contributing to strength reduction. 

However, considering bone as a damage-tolerant 

material, lacunae give a beneficial contribution to 

toughness, by deviating the crack path [1]. The aim of 

this research is to investigate how a variation in the 

lacunar distribution or in the lacunar shape in presence 

of osteopenia, osteoarthritis or osteopetrosis could affect 

bone resistance to fracture. 
 

Materials and Methods 

In order to isolate the effect of lacunar morphology on 

damage progression, healthy bone lacunae are replicated 

in Ti6Al4V samples, realized by means of Laser powder 

bed fusion (LPBF) in CNR (Lecco, Italy). An additional 

notch is introduced to simulate external surface 

discontinuities, typical of natural bone samples. The 

titanium specimens are then analyzed by means of the 

micro-CT, in order to test the reproducibility of the 

lacunar disposition and geometry. Mechanical tests are 

performed including static tensile tests (crosshead 

speed=1.60 mm/min) and fatigue tests (f=20 Hz, 

R=0.1). Tensile tests are performed instead of 

compressive tests, due to the presence of unmolten 

titanium  powder inside lacunae caused by the intrinsic 

properties of LPBF fabrication method. Both fatigue 

tests up to failure and interrupted cyclic tests are 

performed, in order to identify the region where the 

crack starts and how it propagates. Fracture surfaces are 

observed by stereomicroscope and by scanning electron 

microscope. In parallel, both static and fatigue 

numerical simulations are implemented: fatigue 

simulations consider the possibility to investigate both 

the fatigue life of the component and fracture analysis. 

Once the models based on healthy bone’s lacunar 

network are validated, seven different configurations are 

explored [2], in order to consider the effects of different 

lacunar morphological features encountered in OP, OA 

and PET pathologies (Table 1).  

 
Table 1: scheme of different lacunar morphologies. The 

actual pathological configuration is highlighted in 

green. 
 

Results 

The healthy lacunar network configuration serves as a 

preliminary validation for the implemented 

computational models. Three different categories of 

samples are selected: three specimens without lacunae, 

three with one lacuna, three with six lacunae and three 

notched samples with six lacunae. The results for tensile 

tests show a decrease in elongation at break and a more 

brittle behavior for samples with a higher number of 

lacunae. Fatigue tests show a clear effect of the lacunar 

voids in sample life and in damage propagation. The 

visualization of the fractured specimens shows that in 

absence of an external notch, the crack starts from 

lacunae, while in presence of the notch, crack starts from 

it and encounters lacunae, as its path is influenced by 

lacunae arrangement. Samples’ toughness and crack 

patterns are significantly influenced by the presence of 

different lacunar networks: PET_3 experiences the 

shortest fatigue life. 
 

Discussion 

In the considered titanium samples, damage pattern is 

influenced by the presence of lacunae, as expected from 

the past computational studies on bone samples. 

Stereomicroscope images (Fig. 1) allow a comparison 

with the crack pattern obtained from computational 

models on bone lacunae. 

 
Figure 1: Damage pattern around a lacuna. 
 

The main limitations of the experimental study reside in 

the difficulty to reproduce lacunae as empty cavities. 

Further developments may focus on considering the 

effect of bone-like canals and vessels to evaluate 

damage progression. 
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Introduction 

Although bone possesses an intrinsic healing capacity 

following fracture, bone regeneration remains 

challenging in large defects where the bone is not able 

to heal spontaneously [1]. In this context, biodegradable 

magnesium (Mg) alloys are promising candidates due to 

their density and mechanical properties close to those of 

trabecular bone [2]. This study aims to employ X-ray 

computed tomography (XCT) to qualitatively and 

quantitatively assess the bone regeneration induced by 

the latest generation of biodegradable Mg-based fibres 

in large bone defects. 

 

Methods 

Cylindrical bone defects (Ø5mm) were created in dog 

mandibles and filled with either Mg-based fibres 

(N=24), tetracalcium phosphate (CaP) particles (N=12; 

Cerabone, Botiss Biomaterials) or left empty (N=12). 

for 4, 8 or 16 weeks. Each defect site was individually 

imaged by XCT (2µm voxel size, Xradia 520 Versa, 

ZEISS) and the bone volume fraction computed. 

Thereafter, cylindrical specimens (Ø6mm, 10mm 

length) from the Mg-bone and CaP-bone systems at 16 

weeks were cored and mechanically tested in situ under 

compression (CT500, Deben). At different compression 

stages (2%, 4%, 6% and 8%), XCT tomograms were 

recorded (20µm voxel size, XT H 225, Nikon). 3D full-

field strain was calculated by digital volume correlation 

(DaVis10, LaVision), using a multipass scheme (110 to 

20) and 0% overlap (SDER always <500µԑ [3]). 

 

Results 

At 16 weeks, Mg displayed a significantly higher 

volume fraction (0.53, 0.54 and 0.79 for empty, CaP and 

Mg, respectively). The bone was closely integrated with 

the remaining Mg fibres while a 20-70µm gap separated 

it from the CaP particles (Fig. 1). Osteocyte lacunae and 

blood vessels cavities were also found in the newly 

formed bone in both cases (Fig 1). The overall 

mechanical properties of Mg-bone and CaP-bone were 

comparable (e.g. E of 0.15GPa and 0.17GPa for Mg and 

CaP, respectively). The third principal strain (p3) 

distribution of Mg-bone in the regenerated issue showed 

local values up to 57 048 at 2% and 194 545 at 8% 

compression (Fig 2). 

 

Discussion 

More bone regeneration with closer interaction (Fig 1) 

was induced by Mg fibres than CaP particles up to the 

restoration of tissue integrity, probably due to the 

smaller size of the fibres leading to a faster degradation. 

The newly formed bone seemed to undergo 

physiological remodelling (osteocytes cavities) and 

angiogenesis after 16 weeks, enabling the Mg-bone 

system to gain sufficient mechanical integrity. This 

study provides evidence that this novel type of Mg-

based fibres has the ability to promote osteointegration, 

conduction and promotion of newly formed bone 

allowing the reconstruction of critical-sized defects, 

while maintaining the mechanical integrity of the 

injured site. 

 

Figures 

 
Figure 1: XCT images of the interaction between the Mg 

fibres (pink) and CaP particles (purple) with the newly 

formed bone at 16 weeks. 

 

 
Figure 2: Full-field third principal strain distribution 

(p3) at 2% (left) and 8% (right) compression.  
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Introduction 
In osteogenesis imperfecta (OI) mutations in collagen 

type I alter the whole bone hierarchical structure and 

composition, increasing its vulnerability to spontaneous 

fractures and fragility [1]. Bone fracture toughness of 

the OI murine (oim) model is significantly smaller than 

its healthy counterpart [1, 2]. We also recently showed 

that fracture toughness increases with skeletal growth in 

both healthy and oim mice, and that toughening 

mechanisms to resist crack propagation are different in 

young and older oim mice [3]. Disorganized collagen 

fibers have often been suggested the reason for the low 

fracture toughness of OI bone. However, to date it is not 

known if collagen orientation is site-specific in OI bone. 

To better understand the brittle behaviour of these 

bones, we here investigate the structural changes in 

collagen orientation in oim and healthy mouse bone with 

respect to anatomical directions using second harmonic 

generation (SHG) microscopy. 
 

Methods 
Tibiae from 14 week old oim/oim (B6C3fe-

a/acolla2oim/oim) mice model of OI and their wild type 

(WT) counterparts (N=5-6/group) were dissected, 

removed from soft tissue and cross-sections of 3 mm 

height were generated at 37% of tibial length using a 

slow speed saw machine with a diamond blade. Bone 

cross-sections were then glued on microscope slides and 

maintained hydrated with PBS.  

SHG images of the bone cross-sections at their anterior, 

posterior, medial and lateral sides were collected at a 

fundamental excitation wavelength of 920 nm using a 

40X 0.8 N.A. water immersion objective using a Prairie 

Tech. Ultima IV Multiphoton Microscope (Bruker; 

Madison, WI). Objective was focused on each tibia to 

achieve the maximum birefringence before capturing an 

image Collagen fibers degree of orientation (weighted-

average),  and distribution of orientation (second-order 

susceptibility ratio) were determined (OrientationJ-

ImageJ (NIH)) as descriptors of the hierarchical 

organization of collagen.  
 

Results 
The orientation color surveys and histograms for 

representative sample of WT and oim/oim tibiae cross-

sections at their anterior, posterior, medial, and lateral 

sites are shown in Figure 1. Color plots of the collagen 

fibers orientation show that in WT bone at each site the 

preferred orientation of collagen fibers are mostly 

parallel to the bone surface, while in the oim/oim bone 

there are smaller concentrations of fibers following the 

bone contour, mostly in the medial and lateral sites at 

the periosteum. Well organized WT collagen fibers 

along the tibia cross-section are also evidenced by the 

tall and narrow peaks of the red histograms. The 

oim/oim tibia generally has not well organized collagen 

fibers, as shown by the small and wide peaks of the 

green histograms, except in the medial side (showing a 

tall and narrow peak in the green histogram).  

 
Figure 1: Degree and distribution of collagen fiber 

orientation  for the anterior (A), posterior (P), medial 

(M) and lateral (L) regions of WT and oim/oim tibiae. 

Black box indicates region of interest for each site.  

Peaks of histograms for WT bone are higher and 

narrower than those of oim bone. FWHM values for 

oim/oim and WT are in A (79° vs. 34°), M (40° vs. 43°) 

and P (97° vs. 28°) sites for these representative tibiae. 
 

Discussion 
This work reveals the presence of site-specific 

orientation of the collagen fibers in OI bone. The 

presence of  concentrations of well aligned collagen 

fibers in the medial and lateral sides of the oim/oim bone 

is important when considering the low bone strength and 

toughness of these bones. Because of the curved shape 

of the tibia, when loaded, its medial side is in tension, 

while its lateral side is in compression [5]. Thus, it 

seems that the oim/oim bone has optimized its collagen 

structure in an attempt to resist deformations and 

fractures at these sites of high tensile/compressive  

strains by having a concentration of well-organized 

fibers. Our future studies will further explore the 

relation between site-specific collagen fibers orientation 

and fracture toughness in oim/oim bone during skeletal 

growth.  
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Introduction 

Upwelling is a natural phenomenon that depends on 

winds appearing in the spring-summer and produces an 

upsurge of deeper waters that are colder and present 

lower oxygen saturations and higher CO2 concentrations 

(acidic) in comparison to surface coastal waters. 

Upwelling will be increased due to climate change 

increases in pCO2, leading to higher acidification rates 

that will dramatically impact the sustainability of the 

aquaculture industry of Chilean scallop Argopecten 

purpuratus (AP) [1]. Acidification impacts shell growth 

and mechanical properties, altering crystallographic 

structure while reducing the ability of shellfish to 

biomineralize [2]. Changes of the mineral composition 

have been shown to lead to variations in biomechanical 

behavior at the tissue level in bone and marine calcifiers.  

Recent studies have shown that AP is highly tolerant and 

resistant to the stressful phenomenon of upwelling, with 

an increase in the net calcification rate observed under 

acidification [3]. However, the effect of acidification 

due to upwelling on the mechanical properties has not 

been evaluated. Thus, the purpose of the present study 

was to evaluate the impact of upwelling on the 

nanomechanical properties of AP valves. 

Methods 

Materials: AP were cultured in natural conditions in 

Tongoy Bay, Chile and exposed to 4 treatments, namely 

2 levels of time (50 or 103 days) to compare the 

adaptation process; and 2 levels of depth (10 or 25 m) to 

compare 2 different levels of acidification (the deeper 

the more acid). One specimen per each combination of 

treatments was embedded in epoxy resin and subject to 

polishing using different types of sandpaper (from 600 

to 2400 grids) and different concentrations of aluminum 

oxide (ranging from 1 µm to 0.03 µm) until they 

presented a flat, smooth surface for their subsequent 

analysis. Only the external side (calcite) at the newer 

growth area (Fig. 1) of seashells was analyzed.  

Nanoindentation testing and analysis: Nanoindentation 

experiments were performed with a TI-950 

Triboindenter (Hysitron, Minneapolis, MN) equipped 

with a commonly used sharp Berkovich tip [3]. All 

indents were performed with the same loading profile: 

load in displacement control at 35 nm/s to 350 nm, hold 

for 30 s, and unload at 35 nm/s. A lift off was included 

at the start of the indent to allow for rezeroing of data. A 

minimum of 100 indents were collected from each 

sample. Extreme outliers were removed before analysis.  

Results 

pH alterations observed at different depths (10m vs 

25m) were expected to lead to different levels of shell 

calcification [3], and differences in nanomechanical 

properties were observed for shells grown at different 

depths in this study. A significant increase (p<0.0001) 

in both the elastic modulus (Fig.1) and hardness (data 

not shown) of the AP shells was observed at increased 

depths for each level of time, suggesting the newest 

calcite laid down in more acidic conditions is stiffer and 

harder than the calcite laid down under less acidic 

condition. These results suggest that AP is adapted 

acclimated to short-term acidic condition due to 

upwelling, with stronger, stiffer shells.  
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Figure 1: Mean values of elastic moduli of AP extracted 

from natural environment. Values are reported in GPa. 

Error bars represent one standard deviation. 

Conclusions 

This study, despite its limited sample size, complements 

and improves upon the available results in the field by 

providing a deeper understanding of the interplay 

between environmental climate change features of 

upwelling intensification and material properties of 

bivalves as AP.  By combining nanoindentation data 

with chemical and structural analyses, a greater 

understanding of the impact of climate change on 

bivalve mineralization can be achieved. 
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Introduction 

Bone lamella, which forms one of the tissue's primary 

structural units, is typically composed of many 

mineralized collagen fibrils (MCF) embedded into Extra 

fibrillar matrix. The two primary constituents of MCFs 

are collagen proteins and hydroxyapatite (HA) mineral 

crystals, distributed throughout the gap zones at the end 

of collagen molecules [1, 2]. However, the overall 

volume available in these gaps zones is relatively small 

and it is now apparent that the majority of the HA 

mineral phase actually resides outside the collagen 

fibrils. In this extra-fibrillar space, stacks of HA mineral 

platelets are distributed in an extra-fibrillar matrix 

comprising of noncollagenous proteins (NCP). 

However, few finite element-based models have 

considered the mechanical implications of the mineral 

residing outside fibrils. The present study aims to 

provide a detailed hierarchical finite element model of 

lamellae bone to predict its elastic properties. 

 

Methods 

In this study, two levels of structural hierarchy are 

incorporated to predict the lamellae elastic properties.  

At the nanoscale, it was assumed the Extra fibrillar 

matrix comprises aggregated unidirectional HA 

platelets (C11 = 147GPa, C33=185GPa, C44=47.5GPa, 

C12=47.3GPa, C13=41.3GPa [1]) with ellipsoidal cross-

sections embedded into NCP matrix (Vf-HA=0.38 and 

mineral portion in MCF = 0.25[2]). The microstructure 

of the Extra fibrillar matrix was generated through the 

representative volume element (RVE) method in 

ABAQUS, and a single layer of 1.3 nm thick NCP 

matrix (E = 1.2 GPa, 𝜈 = 0.35 [3]) was added to the back 

of the RVE to justify the tissue periodicity (Fig. 1). 

Another RVE represents the MCF (Vf-MCF=0.53) having 

a diameter of 50nm [4], and composed of mineral 

crystals within the collagen matrix was generated 

following Vercher-Martinez et al. [1] approach (Fig. 1). 

The distance between adjacent mineral crystals was 

assumed 27 nm to form the gap and overlap zones. The 

RVE of Extra fibrillar matrix and MCF was analyzed 

using the homogenization scheme with periodic 

boundary conditions to extract their transversely 

isotropic elastic tensor. At the microscale, the lamella 

RVE was created based on the properties driven from 

the smaller scale and depicted in Fig. 1. The anisotropic 

elastic tensor of lamella was obtained employing by a 

similar homogenization scheme. Furthermore, two 

parametric studies were carried out by varying the 

collagen stiffness among EC =  1.2 – 7 GPa [5, 6] and 

varying the fibrils orientation within 0 - 47° [4]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Demonstration of Lamella volume element 

along with the MCF and Extra fibrillar matrix RVEs. 

 

Results and Discussion 
Figure 2 shows the longitudinal and transverse elastic 

moduli of bone lamella for a range of collagen moduli 

and fibril orientations. The properties of the tissue were 

higher with increasing collagen stiffness and lower 

orientation angles. Interestingly, it was found that in the 

case of stiffer collagen (EC = 7GPa), the effect of 

collagen orientation on longitudinal modulus was less 

pronounced, compared to the case of more compliant 

collagen (EC = 1.2GPa). This suggests a complimentary 

role of the (anisotropic) extra-fibrillar matrix in 

determining relative degree of anisotropy at the tissue-

level. 

 
Figure 2: Lamella (a) longitudinal and (b) transverse 

elastic properties. 
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Introduction 

Lower urinary tract dysfunction, with consequent 

Urinary Incontinence (UI), is a major health concern, 

with age increasing incidence. UI leads to a miserable 

quality of life, with huge costs and still sub-optimal 

solutions by Artificial Urinary Sphincters (AUS). The 

AUS usually consists of an inflatable cuff and a 

pressure-regulating system. Commonly, the cuff is 

placed around the bulbar urethra. AUS cuff pressure is 

defined based on clinical experience, considering that 

AUS has to ensure continence up to the case of high 

bladder pressure conditions. AUS interacts with the 

urethra, eliciting non-physiological mechanical 

stimulation of urethral tissues, leading to damage 

phenomena and potential AUS failure. AUS pressure is 

often in the order of 50-80 cmH2O, in spite of the fact 

that pressures that exceed 40 cmH2O can lead to risky 

reduction of tissues blood perfusion and consequent 

tissues degradation. High surgical revision rates, up to 

50%, have been reported, following AUS failure due to 

urethral tissue atrophy or erosion, perineal pain, or 

mechanical breakdown. The frequent access of elderly 

patients to AUS surgery suggests investigating the 

influence of tissue degeneration because of aging 

phenomena on AUS functionality and reliability. 

 

Materials and Methods 

A specific procedure is developed aiming to analyze the 

influence of degenerative phenomena on urethral tissues 

mechanics [1], functionality and interaction with 

prosthetic devices. Based on data from coupled tensile 

and inflation tests [2], a specific hyperelastic 

formulation was defined to characterize the non-linear 

mechanical behavior of urethral tissues. The 

investigation of degenerative phenomena occurring 

because of ageing was performed by considering 

variations of constitutive parameters. Anatomical 

sections of urethral duct were collected, leading to the 

definition of finite element models. AUS cuff represents 

the fundamental component of the prosthetic device, 

providing the mechanical action addressed to lumen 

occlusion. A computational model of the cuff-urethra 

system was developed (Fig. 1a). Computational 

analyses made it possible to simulate cuff wrapping 

(Fig. 1b), inflation and interaction with urethra [3]. 

 

Results and Discussion 

The computational investigations made it possible to 

evaluate urethral tissues response in normal and in 

pathological conditions. Numerical results show how 

the urethral tissues deform in a non-homogeneous way, 

determining areas of great strain and stress values that 

can cause phenomena tissue damage (Fig. 1c). Firstly, 

the analysis of AUS effects on urethral tissues 

functionality requires investigating the influence of 

compressive actions on the urethral vascular system. 

 
Figure 1: Computational model of cuff and urethra (a); 

wrapped conformation (b); compressive strains at 50 

cmH2O cuff pressure (c); relationship between cuff 

pressure and mean compressive stress within urethral 

tissues (d). 

 

The AUS device acts on the urethral wall leading to 

significant compressive strain and stress conditions 

within biological tissues. When compressive stress 

exceeds blood pressure, vessels occlusion occurs, 

leading to ischemic phenomena (Fig. 1d). Prolonged 

ischemic conditions entail urethral tissues infection, 

atrophy and strictures formation [4]. Such degradation 

phenomena usually determine a reduction of tissue 

compressibility that, in turn, may amplify compressive 

stresses. It follows that after the AUS placement, the 

urethra may undergo a modification of tissue 

biomechanical properties with time and a cuff that was 

initially sized appropriately may become inadequate. 

 

Conclusions 

The here reported activities highlight the potentialities 

of the in silico approach for the investigation of surgical 

procedures. The approach allows overtaking the 

difficulties of experimental and clinical investigations, 

which require the identification of patients’ conditions, 

samples acquisition and management. 
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Introduction  

Obesity is a global health problem and its spread is 

increasing. Approximately, 4 million deaths worldwide 

are attributable to obesity [1]. The most effective 

treatment consists in bariatric surgery. Among the 

bariatric procedures, Laparoscopic Sleeve  Gastrectomy 

(LSG) is the most performed operation in the world [2]. 

Currently, the bariatric operation selection depends on 

surgeon’s expertise and patient medical conditions. The 

actual challenge is to move toward a more rational and 

customized approach. In this respect, computational 

biomechanics may provide useful tools. The main 

difficulty pertains to the development of a reliable 

computational model of the stomach. Previously, 

models have been identified by means of data from 

experimentations that have been performed on animal 

samples [3]. The aim of this work consists in advancing 

towards a more reliable computational model of the 

human stomach. 

 

Materials and Methods 

Human resected stomachs from LSG intervention were 

provided by Azienda Ospedaliera of Padova. The 

experimentations involved a saline inflation tests to 

evaluate the pressure-volume relationship (Fig. 1a) [3].  

Figure 1: Experimental set-up (a). Comparison between 

statistical distributions of experimental and 

computational results (b). Development of the patient-

specific FE model of the LSG stomach residual: real 

photo (c), virtual solid model (d) and finite element 

discretization (e). Typical results from computational 

analysis of insufflation tests (f). 

 

Gastric wall thickness was measured for each residual in 

different locations. Subsequently, a virtual solid model 

of each stomach was built by photogrammetric 

reconstruction techniques (Fig 1c/d). The finite element 

discretisation led to a computational burden ranging 

from 95,000 to 140,000 nodes. The constitutive 

characterization consisted in a multi-layered anisotropic 

visco-hyperelastic formulation, which made it possible 

to interpret the typical features of gastric wall 

mechanics, as multi-layered configuration, fibre-

reinforced composition, non-linear elasticity and time-

dependent behaviour. Despite physiological differences 

between tissues from different subjects, the same 

constitutive parameters were adopted for all the stomach 

residuals. Starting from parameters identified from 

experimentations on swine model [3], the constitutive 

parameters were adapted to fit the mechanical behaviour 

of all the human samples by assuming multiplicative 

factors. The model of each experimental sample was 

exploited to simulate the corresponding experimental 

insufflation process. 

 

Results and Discussion 

Results from experimental and computational 

insufflation tests were statistically processed, leading to 

distributions of pressure-volume curves. Comparing 

experimental and computational results, the finite 

element models revealed to describe reliably the 

experimentations. In fact, the statistical bands at 75% of 

confidence interval almost coincided and the numerical 

median curve respected the trend of the experimental 

one (Fig. 1b).  

The contour of maximum principal strain distribution 

(Fig. 1f) highlights the capability of computational 

methods to provide quantitative information about 

mechanical stimulation of gastric receptor, which play 

an important role in satiety mediation [4].  

 

Conclusion 

Experimentations on resected stomachs from LSG 

interventions made it possible to update a previously 

developed computational model of the stomach. Such a 

computational approach can provide results that allow 

rationally improving bariatric surgery interventions, 

comprehending the causes of clinical failures and 

individualizing the optimal procedure. 
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Introduction 
Intra-abdominal pressure (IAP) is the pressure contained 
in the abdominal compartment. Unhealthy levels of IAP 
are often caused by peritoneal inflammation and/or 
abdominal fluid build-up, typically as a result of acute 
abdominal injury or surgery [1]. Rates of high IAP have 
been recorded in 20 to 50% of intensive care unit 
patients, with rates increasing further in ventilated 
patients [2]. This increased IAP can reduce blood flow 
to vital organs, perpetuating further pressure build-up as 
organs become unable to drain excess fluids [1]. 
Conversely, low levels of IAP may be representative of 
poor spinal stability, a phenomenon linked to the onset 
of low back pain [3]. Thus, measuring and 
understanding a patient’s IAP may improve diagnostics, 
monitoring, or early treatment of IAP-related 
complications. That said, existing clinically-accepted 
IAP measurement techniques are invasive or indirect [4-
6]. Therefore, it is the objective of the present research 
to design and validate a novel, non-invasive IAP 
measurement tool. 
 
Methods 
Research suggests that the abdomen can be represented 
as a pressurized cylinder of incompressible fluid for 
mathematical modeling [7]. Some successful IAP 
measurement tools exploit said model to evaluate the 
abdominal wall tension and correlate this value with IAP 
[5-6]. The present research project looks to advance this 
theory, evaluating the system at a quasi-static 
equilibrium state to accurately calculate, rather than 
correlate with, IAP.  
Fourteen living participants (7 male, 7 female) were 
tested with the novel device, 5 cm subxhiphoid, in 
supine, inclined, sitting, and standing positions. 
Participants were tested without abdominal activation 
and at end-exhalation. Measured IAPs were compared 
to “ideal” IAP values, as suggested in literature. The 
correlation between the two measurement sets was 
evaluated with Pearson’s correlation (r), where r greater 
than 0.7 is deemed a “high” correlation [8].  
 
Results 
The designed device, Fig. 1, is set against a patient’s 
abdomen at 5 cm subxiphoid. A locally applied suction 
(2-5 kPa) is created using a hand pump (Qosina 80215). 
Applied pressure and resulting tissue deformation are 
measured by sensors 5 PSI-D-HGRADE-MINI and 
VL6180, respectively. Data is collected via a 
microcontroller (ESP32), which wirelessly transmits 
results for further processing.  

 
Figure 1: Prototype; major components indicated. 
 
Descriptive statistics of results from living participants 
are detailed in Table 1. Pearson correlation between 
ideal IAP values from literature and living participants 
was 0.982 (p < 0.0001), signifying “very high positive” 
correlation [8]. 
 

 Supine Incline Sitting Standing 
Avg. 
IAP 5.2 (1.0) 11.1 

(0.9) 
17.1 
(1.1) 

23.9 
(1.2) 

Ideal 
IAP 6 (1) 9 (1) 15.5 

(N/A) 
21.0 
(N/A) 

Table 1: Mean and standard deviations (SD) [mmHg] of 
measured and ideal data. 
 
Discussion 
A novel device for non-invasive IAP measurement was 
developed. Initial prototypes posed concerns with air 
leakage; thus, improved connections were made 
possible with tee connections, tube reducers, and luer-
locks (Qosina). Design iterations were made based on 
manufacturability, efficiency and function. Positive 
results, namely high correlation to published values, 
encourages the need for further research on the novel 
device, particularly in larger and wide-spread samples. 
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Introduction 

A commonly used method to determine one-

dimensional strain in ligaments [1], tendons [2] and 

menisci [3] is the use of a Linear Variable Displacement 

Transducer (LVDT). A wide variety of fixation 

techniques of the LVDT's exist for both in-vitro and in-

vivo applications [1,2,3]. However, it is unknown how 

these different fixation techniques may affect the strain 

output. Further, due to the inhomogeneous nature of soft 

tissues, measurements of local strains may differ from 

global (grip-to-grip) strains. Thus, we hypothesize that 

LVDT’s underestimate global strain in ligaments. 
 

Methods 

Seven porcine lateral collateral ligaments (LCL) were 

consecutively fixed in a standard material testing 

machine (Z010, Zwick, Germany) using special clamps. 

Then, a M-LVDT (LORD Corporation, USA) with a 

3mm linear stroke length and an accuracy of ± 0.1% was 

attached to the center of the ligament using four different 

fixation techniques (Fig 1): pinned (A), pinned + cross-

stitched (B), pinned + entangled ligament (C), pinned + 

cross-stitched + entangled ligament (D). After reaching 

a preload of 5N, the initial gauge length of the ligament 

was automatically detected. All tests were carried out in 

displacement-controlled mode at a velocity of 10 

mm/min until a global ligament strain of 4% was 

reached. Each fixation technique was tested in random 

order for three cycles, with the last cycle used for data 

analysis. For validation of the test setup, the same test 

was used to measure the strain at seven random positions 

on a rubber strip (Fig 1, E). Statistical analysis was 

performed using SPSS (IBM, Inc), while p ≤ 0.05 was 

considered statistically significant. 
 

Results 

The measured local LCL strains of the four fixation 

techniques showed no statistical difference (p > 0.78) 

and ranged between 1.44 % (pinned + cross stitch) and 

1.92 % (pinned + entangled ligament) (Fig 1, A-D). The 

validation of the test setup was defined successful, as the 

LVDT measurements on the rubber strip indicated a 

median strain of 4.07%, which was similar to the applied 

global strain of 4% (Fig. 1, E). 
 

Discussion 

The main finding of this study is that the local strain 

measured with the LVDT was up to 60% lower than the 

grip-to-grip strain for all fixation techniques, confirming 

our hypothesis. Additionally, the LVDT strain showed 

no significant difference between the four tested fixation 

methods. The reason for the comparably low local 

strains can be attributed to the structural properties of 

the ligament, mainly composed of parallel aligned 

collagen fibers exhibiting unique time-dependent 

mechanical properties and highly inhomogeneous strain 

patterns [4]. These findings are in accordance with 

Gijsbertse et al., who also reported lower local strains 

compared to global LCL strains using two ultrasound 

systems and digital image correlation techniques [5]. 

Therefore, we conclude that although the M-LVDT 

provides a high measurement accuracy by itself, it might 

lead to an underestimation of total ligament strain. 

Consequently, users should be aware, when interpreting 

results from in-vitro and in-vivo measurements utilizing 

LVTDs. 
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Figure 1: Test results of the four fixation techniques and the validation. 

A: pinned, B: pinned + stitched, C: pinned + entangled, D: pinned + 
stitched + entangled, E: rubber strip. The horizontal lines indicate 

median, minimum and maximum values (n = 7). The four fixation 

techniques showed no statistical difference (p > 0.78). 
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Introduction 
In research and medical education, fresh human tissue 
is often replaced by preserved human or fresh animal 
tissue due to practical reasons. The Thiel method was 
developed as an improvement to conventional formalin 
fixation, aiming at maintaining elasticity during 
embalming [1]. Thus, human Thiel preserved tissue is 
used when accurate mechanical properties are required. 
As an alternative, fresh porcine or bovine tissue is also 
frequently used. 
In the current study, we evaluate the effect of Thiel 
preservation on human liver parenchyma in terms of 
viscoelasticity. Furthermore, the results of fresh human 
liver are compared to fresh porcine and fresh bovine 
liver. Testing is conducted in tension, measuring the 
stress relaxation of the tissues. 
 
Methods 
Strips of liver parenchyma were cut from one fresh 
human, one Thiel embalmed, one fresh bovine and six 
fresh porcine organs. The samples were mounted to the 
mechanical testing machine and tested under uniaxial 
tension (Fig.1a). Stress was calculated based on the 
force recording of a 100 N load cell and strain/stretch 
was calculated based on displacement, measured with 
digital image correlation. The samples were stretched 
to a constant strain (~0.06) and held for 5 minutes, 
causing stress relaxation. 3-element Prony series were 
fit to the stress over time data, yielding storage and loss 
modulus (E’, E”) and loss tangent (tan 𝛿) after 
transforming to the frequency domain (Fig.1b). The 
given viscoelastic properties were calculated for a 
frequency of 1 Hz. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1: a) Liver sample in testing machine; b) typical 
stress relaxation curve with the rheological model used 
for extracting viscoelastic properties. 

 

Results 
 
Fig. 2: Vis 
 
 
 
 
 

Fig. 2: Viscoelastic properties at 1 Hz for human fresh 
(HF), human Thiel preserved (HT), porcine fresh (PF) 
and bovine fresh (BF) liver: a) loss tangent tan 𝛿, b) 
storage modulus 𝐸’, c) loss modulus 𝐸”  
 

Statistical analysis (t-tests with Bonferroni correction, 
α = 0.05) revealed that fresh human liver showed 
viscoelastic damping (tan 𝛿) to a higher degree than 
Thiel preserved human and fresh bovine liver. 
Furthermore, fresh bovine liver exhibited the smallest 
storage modulus E’ compared to the other tissues. 
Concerning loss modulus E”, preserved human, fresh 
porcine and fresh bovine tissues were indiscernible 
from fresh human tissue.  
 
Discussion 
The differing viscoelastic properties might be a result 
of characteristic microstructural features. The so-called 
sinusoidal network is responsible for channeling fluid 
through the liver parenchyma. Differences in 
viscoelasticity between species could be explained by 
morphological differences in this sinusoidal network, 
specifically in the sinusoid endothelial lamina [2, 3]. 
Altered viscoelastic properties stemming from Thiel 
preservation can be explained by increased cross-
linking and dehydration [4], inhibiting fluid flow.  
In conclusion, when substituting fresh human tissue, 
the relevant properties for the respective application 
must be considered. The current results indicate that 
Thiel preserved human liver is the best alternative 
regarding viscoelastic properties. 
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Introduction 

The menisci play a decisive role for the physiological 

biomechanics of the knee joint. With progressing age, 

meniscus degeneration occurs, which can finally lead to 

osteoarthritis [1]. Therefore, research focused on the 

general biomechanical characterization of meniscal tis-

sue and also on the influence of degeneration on that [2-

4]. However, most recent studies performed quasi static 

tests, although the menisci are mainly loaded dynami-

cally, e.g. during walking. To the best of our knowledge, 

only PEREIRA ET AL. transferred the Dynamic Mechani-

cal Analysis (DMA) from polymer characterization to 

biological tissue and examined the material properties of 

human menisci in more detail [5]. Thus, the aim of this 

study was to investigate the elastic and damping proper-

ties of meniscal tissue with regard to its degree of de-

generation using the DMA. 

Methods 

49 menisci of total knee replacement patients 

(~69.5 yrs) were harvested and the degree of degenera-

tion (1-4) of each region (PA: pars anterior, PI: pars in-

termedia, PP: pars posterior) was macroscopically clas-

sified according to PAULI ET AL. [6]. From each re-

gion, cylindrical samples (Ø 4.6 mm) were punched out 

resulting in 132 samples (42x PA, 47x PI, 43x PP). For 

the DMA, a dynamic material testing machine (Electro-

Force® 5500, TA Instruments, USA) equipped with a 

200 N load cell was configured for an unconfined com-

pression test. After applying a small compressive pre-

load (0.1 N), a dynamic, sinusoidal strain amplitude of 

12% was applied over a frequency spectrum of 0.1-

10 Hz. Thereby the number of loading cycles ranged be-

tween 4, 7 and 20 cycles for low (≤0.25 Hz), mid 

(≤2.5 Hz) and high frequencies, respectively.  

For a detailed characterization of the degenerated me-

nisci, the storage modulus E’ (1) that relates to the elas-

tic stiffness of the material, as well as the loss factor 

tan(δ) representing the viscous damping properties were 

calculated with δ being the detected phase shift between 

the applied strain and resultant stress.  

 𝐸′ =
𝜎0

𝜀0
𝑐𝑜𝑠𝛿 (1) 

To detect any regional or degeneration specific differ-

ences, a Kuskal-Wallis with posthoc Dunn’s test for 

multiple comparison were performed. 

Results 

Both parameters were frequency dependent, with higher 

values at low (≤0.25 Hz) but also at high (≥2.5 Hz) fre-

quencies. At the typical gait frequency of 1 Hz, E’ 

reached values between 0.07-0.72 MPa and tan(δ) of 

0.06-0.1 (Fig. 1). Additionally, the posterior region (PP) 

was the stiffest meniscus region by tendency (p≥0.05).  

With increasing degeneration, PP showed a decreasing 

storage modulus from approx. 0.72 MPa (Degen. 1) at 

1 Hz to less than 0.1 MPa (Degen. 4) (Fig. 2). 

 
Fig. 1: E’ (left) and tan(δ) (right) of the degenerated me-

nisci for each region: PA, PI, PP. (median with range) 

 
Fig. 2: E’ (left) and tan(δ) (right) of PP for each degree 

of degeneration (Degen. 1-4). (median with range) 

Discussion 

The current study was the first performing a classical 

DMA on degenerated human menisci. It could be shown 

that PP was stiffest at the lowest degree of degeneration 

in comparison to the other meniscal regions (PI and PA). 

However, these regional dependencies of E’ decreased 

with increasing degeneration. Therefore, it could be as-

sumed that lateral menisci become significantly softer 

with increasing arthritic changes, whereas the posterior 

region is mostly affected, while the damping properties 

remain almost unaffected. 
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Introduction 

Soft biological materials can be well modeled in 1D with 

the adaptive quasi linear viscoelastic model (AQLV), 

especially for large strains [1]. This model has the 

advantage of accounting for different strain levels 

during calibration with ramp and hold experiments. 

However, the AQLV has only been defined for positive 

ramp and hold experiments and usage of different 

loading protocols require complicated mathematical 

operations. Recently, the AQLV was implemented in 

Abaqus as finite element (FE) model with 1D 

rheological connector elements by Smith et al. [2] (see 

Figure 1- Right). Here, properties of rheological 

elements and individual load steps had to be adjusted 

manually. Goal of the current work was to adapt this 

model for automatized load and stress prediction for 

arbitrary experimental protocols, such as saw-tooth and 

sine load with python scripts. 

 

Methods 

Porcine liver tissue was tested in ramp-hold experiments 

to determine the AQLV parameters (see Figure 2 – Top).  

Experimental vertical strain was measured optically (see 

Figure 1 – Left) und used as input parameter for the 1D 

FE AQLV model. In short, python scripts were used to 

automatize generation of input files that incorporate the 

non-linear behavior of all spring and dashpot elements, 

sample geometry and the optically measured strain. 

Using the exact strain from the experiment is important, 

since large strains of biological tissue show a hyper-

elastic behavior (linear strain ramps as input would 

cause an artificial deviation). Exemplarily, a cyclic 

loading protocol was used on a different liver tissue, 

both experimentally and with the FE model. For the FE 

model the AQLV parameters were used from the 

previous sample with the ramp-hold experiment.  

 
Figure 1: Left: Liver sample with optical strain tracking. 

Right: AQLV in rheological element representation. 

Nonlinear springs and dampers are defined with respect 

to global strain ε. 

Results 

The ramp-hold experiment used for AQLV parameter 

identification showed a very good fit for the FE model 

(see Figure 2 -Top). Further, the calibrated FE AQLV 

model was still able to predict the overall stress response 

of a different sample in a cyclic loading protocol (see 

Figure 2 – Bottom), after correction for differences in 

sample length and cross-sectional area. 

 
Figure 2: Experimental determined stress response 

(black) with respect to FE model stress response (red). 

Top: Ramp and hold experiment used for AQLV 

parameter identification. Bottom: Cyclic loading of a 

different sample with used AQLV parameters of sample 

on top. 

 

Discussion 

The AQLV model has been mostly used for ramp-hold 

experiments so far, limiting its application possibilities. 

The presented adaptation of the FE Abaqus model also 

allowed a sufficient prediction of a cyclic loading 

protocol. Deviations to the experiment are likely caused 

by biological variation and the inability of the physical 

liver sample to experience compressive stresses in the 

experiment because of its softness. In future, further 

samples will be tested, also in different loading modes 

(e.g. sine, ramp at different strain-rates) to determine if 

the FE AQLV can be used in general for soft tissue load 

prediction. Moreover, determination of stress-strain 

phase shift and viscous energy dissipation will ease the 

comparison to other visco-elastic material models. 
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Introduction 

3D printed phantoms are demonstrating their benefits in 

pre-operative planning by improving visualization of 

key features. However, current models lack kinesthetics 

feedback suitable for surgical rehearsal. Hence, there is 

a need to accurately characterize soft biological tissue to 

develop tissue mimicking materials for surgical 

rehearsal [1]. Different constitutive models are applied 

to model the non-linear viscoelastic behaviour of soft 

biological tissue, whereby Fungs’ quasi-linear 

viscoelastic (QLV) model is the most applied one due to 

its elegance and ease of use [2]. The standard QLV 

model requires only 8 parameters for calibration of 

stress relaxation curves but is limited due to its 

assumption of a single reduced relaxation function at all 

strain levels. The standard Adaptive quasi-linear 

viscoelastic model (AQLV) model [3] overcomes this 

issue by calibrating its 19 parameters over 4 incremental 

strain levels. Here, we apply the AQLV model to 

porcine liver parenchyma tissue and propose a 

”reduced-parameter” AQLV model which improves the 

accessibility of the model whilst reducing the 

experimental burden of calibration. 

 

Methods 

Incremental ramp and hold experiments were performed 

on fresh porcine liver parenchyma tissue (Fig.1A). 

Stress responses are fitted to standard (3rd order) AQLV 

model (Fig. 1B). Parameter reduction studies were 

performed by investigating the effect of reducing the 

number of parallel Maxwell elements (the order) and the 

number of experimental steps (n) used for calibration. 

3rd, 2nd and 1st order models were compared, in 

combination with using 4, 3 and 2 ramps (Fig. 1C) for 

model parameter calibration. 

 
 

Figure 1: A) Porcine liver tissue sample. B) AQLV 

model with elective non-linear Maxwell elements (gray). 

C) strain-time inputs ramp and hold steps (n). Elective 

steps are colored in gray. 

Results 

Analysis of the effect of order reduction and sequential 

step reduction showed that a 2nd order AQLV model 

calibrated with 2 ramp and hold steps (n=2&4), referred 

as the ‘reduced’ model produced the best trade-off when 

reducing parameters while maintaining experimental 

data fitting acceptable (see Figure 2). The average 

coefficient of determination (R2) and root mean square 

error (RMSE) is shown in Table 1. 

 
Figure 2: Reduced parameter model (red) and standard 

AQLV model (black) fits of experimental incremental 

stress relaxation response (gray) of porcine liver 

parenchyma. 

 

AQLV Model R2 [-] RMSE [kPa]  
Standard (3rd)-4n 0.983 ± 0.030 0.103 ± 0.126 

AQLV (2nd)-2n        0.925 ± 0.029 0.203 ±0.148 

AQLV (2nd)-4n        0.964 ± 0.042 0.119 ± 0.141 

AQLV (1st) -4n            0.905 ± 0.087 0.191 ±148 

Table 1: R2 and RMSE values between experimental 

data and standard and reduced parameter AQLV 

models. 

Discussion 

The standard AQLV model can accurately model the 

non-linear viscoelastic behavior of porcine liver tissue 

over 4 incremental strain levels very well but requires 

19 parameters for fitting. In comparison, the 2nd order 

AQLV model calibrated with 2 ramp and hold steps is 

sufficiently accurate and produces only 8 parameters. 

Hence, the model is more accessible and reduces the 

experimental burden (halved) associated with 

calibrating the model. This has only been applied to 

porcine liver tissue so far and other soft tissues, like fat 

and muscle, will be investigated in future. 
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Introduction 

The infrapatellar fat pad (IFP) is an adipose tissue 

situated between the patellar tendon, the femoral 

condyle and the tibial plateau of the knee, while the 

suprapatellar fat pad (SFP) is located above the patella 

and behind the suprapatellar joint (Fig. 1a). The 

structural functionality of IFP and SFP pertains to a 

cushioning role in the knee joint, providing to distribute 

and to damp mechanical actions during articular 

activity. Recent studies suggest that IFP is involved in 

knee Osteoarthritis (OA), in consideration of its location 

and on the metabolic properties of this tissue as a 

potential source of adipokines and cytokines [1-3]. The 

purpose of this work is to describe the mechanical 

characteristics of OA IFP and SFP, with the aim of 

providing new insights on the implication of IFP and 

SFP in the development and progression of OA knee.  

 

Methods 

Mechanical tests have been performed on IFP and SFP 

samples collected from patients affected by OA 

undergoing Total Knee Arthroplasty (TKA) at the 

Orthopedic Clinic, Padova. Ten patients were enrolled 

(M: 3, F: 7; age 68±8 years; BMI 27±5 Kg/m2). 

Confined compression tests with a spherical indenter 

(10 mm diameter) were performed via a multi-step 

procedure (Fig. 1b-c). After preconditioning, each 

loading step was composed of 15% strain at 3000%/s 

strain rate, and subsequent 300 s of resting to allow the 

almost complete development of relaxation phenomena. 

The mechanical behavior was described using a visco-

hyperelastic constitutive model [3]:  
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Constitutive parameters identification required the 

inverse analysis of confined compression tests, 

considering both hyperelastic and viscous behavior.  

 

Results 

Experimental activities allowed to achieve force-time 

data depending on strain-time setting. Post-processing 

gave almost equilibrium force-strain data and force 

relaxation curves (Fig. 1d-e).  

Results from mechanical tests showed the typical 

features of adipose tissues mechanics, as non-linear 

stiffening with strain and time-dependent response. OA 

IFP showed major stiffness compared to OA SFP. 

During the resting period assumed of 300 s, the micro-

structural rearrangement phenomena almost completely 

developed.  

 

 
Figure 1: Anatomical localization of IFP and SFP (a). 

Cylindrical specimen (b) and experimental setup (c) for 

confined compression tests. Equilibrium force-strain 

data (d) and normalized force-time (e) (mean and 

standard error of mean).  

 

Discussion 

Experimental results provided the basis for the 

development of computational tools that will allow 

investigating the influence of OA on knee mechanics 

including the presence of IFP and SFP in the knee 

models. These findings may be of interest during 

surgical intervention procedures and in the assessment 

of the possible removal of IFP in case of TKA, in 

consideration of pain induced by tissue high stiffness. 

On the contrary, SFP analysis suggested that this fat pad 

seems not involved in OA, probably due to its 

localization and physiological function. 
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Introduction 

The anterior cruciate ligament (ACL) is often injured 

during sport activities and requires a long time to 

rehabilitate and not all athletes return to the same level 

of competition [1]. It is thus important to understand the 

injury mechanism to implement strategies that aim to 

decrease the risk of injury and rate of re-tears. 

The main objective of the present work is to determine 

the importance of knee biomechanics in the mechanism 

of noncontact ACL injury by analysing with finite 

element method (FEM). 

Methods 

The knee FEM model used in this work was adapted 

from the Open Knee project (OKP) [2]. The ACL 

geometric model was built based in anatomic medical 

images, including the anteromedial (AM) and 

posterolateral (PL) bundles inbuilt in the connective 

tissue. The new ACL developed was assembled with the 

other structures of the knee in the proper positions of the 

femoral and tibial insertions (Figure 1). The properties 

of all structures used in the model are obtained from the 

literature [3]–[5].  

 

 
Figure 1: Knee FEM model with the ACL developed 

highlighted in red. 

 

Once the model was validated, the study was carried out 

by performing several simulations representing a large 

set of severe real situations. It included several 

combinations of tibial rotation, flexion, valgus and axial 

loads applied to the model in order to evaluate the stress 

and strain distributions that could lead to ACL injuries. 

 

Results 

The peak stress and peak strain of the whole ACL and 

each bundle (AM and PL) were obtained from all the 

simulations. The anatomical location where the peak 

occurs was also identified. The higher stress (11 MPa) 

and strain (4.8%) values for the different loading 

conditions tested, were obtained at the AM bundle 

(Figure 2). 

 
Figure 2: Strain peak in the AM bundle. 

Results obtained show that ACL tear is more susceptible 

to start the damage at the midportion of the AM bundle. 

 

Discussion 

The FEM model showed that the ACL tear mechanism 

is with the knee at valgus, slight flexion, high axial load 

and tibial external rotation. Interestingly, anterior load 

displays a low sensitivity in peak ACL stress and strain 

values during the simulation. Another interesting 

finding was that there was a significant contribution of 

axial loads in ACL tear. Most importantly, the external 

rotation had a superior influence in stress and strain 

values than internal rotation, which is in line with video 

analysis studies and against the commonly reported in 

cadaveric studies. 
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Introduction 
Due to its low regenerative potential, local articular 
cartilage damage may progress into osteoarthritis. 
Although the exact cause of damage initiation and 
progression is still unclear, it has been hypothesized that 
excessive local strain during mechanical overloading is 
primarily responsible. Correlating locations of excessive 
strains with damage locations inside the tissue could be 
an effective approach to test this hypothesis. 
Nevertheless, determining intra-tissue strains in 
cartilage is challenging. Existing experimental methods 
such as Digital Image Correlation (DIC) require a cut 
surface [1], which may alter tissue structure and 
deformation behavior. Non-destructive alternatives such 
as Magnetic Resonance Imaging (MRI) [2] are 
expensive and restrictive in terms of equipment and 
resolution. Ultrasound (US) elastography is an 
affordable, widely available, high-resolution technique, 
which has been applied and validated for strain 
determination in tissues such as the heart [3]. This study 
demonstrates the potential of US elastography to 
determine the internal strain distribution in articular 
cartilage during recovery after mechanical loading. 
 
Methods 
Osteochondral samples (ca. 1.5 x 1.5 cm2) were 
extracted from fresh bovine patellae obtained from an 
abattoir. Using a hemi-spherical impermeable indenter 
(R = 2 mm), samples were loaded at 5 mm/min up to 10, 
40, or 70 N. After 15 min, the load was removed and 
samples were translated from the indenter to the US 
probe using a custom-made sliding panel, such that 
imaging of strain recovery over time could be performed 
in the indented area after unloading. Radio frequency 
(RF) image data were acquired at 37 steering angles with 
a high-frequency linear probe (‘L22-14v’, Verasonics, 
Kirkland, WA, USA; 18 MHz center frequency, 67% 
bandwidth). Imaging was conducted for 1 h with a frame 
rate starting at 10 frames/s and decreasing exponentially 
over time, which resulted in 3600 frames. 1 in 10 frames 
were selected in MATLAB (MathWorks Inc., Natick, 
MA, USA) and a region of interest was manually 
indicated in B-mode images around the indentation zone 
in the most relaxed cartilage state. The region of interest 
was meshed using a mesh point distance of 0.2 mm. 
Starting from the last image, which was considered the 
unstrained condition, each point was followed over the 
360 frames by means of a RF-based speckle tracking 
algorithm to calculate intra-tissue LaGrangian strains in 
the axial (indentation) direction [3].  

Results 
Strain maps show the depth-dependent strain 
distribution typical for cartilage tissue, with the highest 
values in the superficial layer below the indenter tip and 
decreasing values towards the deeper layers (Figure 1). 
With increasing applied load, the strain magnitude 
immediately after indentation increased, while the rate 
and amount of internal strain recovery over time 
decreased. The average pixel-specific strains in the 
central region of the samples were -0.39, -0.53 and -0.78 
immediately after loading at 10, 40 and 70 N, 
respectively, and decreased to -0.16, -0.40 and -0.61 
after 10 min. The sample compressed at 10 N recovered 
almost completely after 10 min, while recovery of 
samples loaded at 40 N and 70 N was not complete after 
1 h, which may indicate the presence of tissue damage. 
 

 

Figure 1: Pixel-specific intra-tissue strain maps. 
 
Discussion 
The resulting spatial strain distribution and recovery 
after various loading regimes demonstrate that high-
frequency US imaging and RF-based elastography are 
very promising for characterization of intra-tissue 
strains in intact cartilage. With the present approach, the 
actual tissue strains may be underestimated in case 
recovery is not complete after the experiment. 
Furthermore, it is yet unknown whether strain profiles 
during loading and load-recovery are similar. Therefore, 
in the future, we aim to develop a technique to determine 
intra-tissue strains during loading, rather than recovery. 
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Introduction 

Optical Coherence Tomography (OCT) is a non-

invasive optical technique based on the Michelson 

interferometry principle. OCT measurements can reach 

1μm lateral resolution and 2mm in measuring depth and 

it is the first non-invasive and in-vivo imaging technique 

that enable to image biological tissue in depth with such 

lateral solution [1]. 

To enhance contrast and depth penetration of OCT, 

optical clearing, which consists of replacing interstitial 

fluids by an optical clearing agent, can be used on the 

tissue. Propylene glycol (PG) is an optical clearing agent 

that has never been used on skeletal muscle, and PG is 

used for this study. 

According to [2], muscle type IID/X fiber is about 

63±1.0μm, so that OCT acquisition enhanced with 

optical clearing might enable to distinguish muscle 

fibres. This morphological non-destructive imaging 

technique can be used to perform multiscale mechanical 

characterization throughout the muscle depth.  

 

Methods 

OCT imaging was performed on Extensor Digitorum 

Longum (EDL) muscle extracted from 6-month-old 

wistar rats (398±35g). Rats were sacrificed by isoflurane 

induction followed by exagon injection. Samples were 

extracted and frozen at -24°C after sacrifice. Before 

imaging, muscles were thawed overnight at 4°C, and 

immersed for one hour in a solution of 80% (v/v) PG in 

Phosphate Buffered Saline. An OCT system (Thorlabs 

OCT-TEL220C1, central wavelength: 1,300nm, focal 

length: 18mm, maximum sensitivity range: 111dB at 

5.5kHz) was used for imaging. Lateral and vertical 

resolution were set to 3μm and 2.45μm. 

For morphological architecture analysis, EDL muscle, 

of a wistar rat, was harvested and immediately frozen in 

an isopentane bath which was cooled by liquid nitrogen 

to -80°C for histological analyses. 10 µm thick sections 

were cut parallel and perpendicular to the main axis of 

the muscle using a cryostat (Cryo-star HM 500, Microm 

International GmbH, Germany) at -20°C and mounted 

on glass slides [3]. All sections were stained with 

azorubine and then visualized under a Leica microscope 

using a 20× objective, and high-resolution images were 

acquired with an Olympus cooled digital camera DP-72. 

 

Results 

OCT imaging enable to distinguish the different 

components of muscle and tendon. A similar structure is 

observed on both OCT imaging and histological 

observation.  

 
Figure 1: Azorubine staining of rat extensor digitorum 

longus muscle cross section (a) and longitudinal section 

(b) compared to OCT acquisition cross section (c) and 

longitudinal section (d). 

To compare structure observed with both imaging 

technique, fibers diameter has been measured. Mean ± 

standard variation fiber diameter measured on OCT 

images is dOCT=45±12μm on that of histological images 

is dhist=32±7μm. Both are within the same order of 

magnitude but dOCT is higher than dhist. 

 

Discussion 

OCT imaging enable to accurately imaged skeletal 

muscle structure, which is confirmed by same fibers 

diameter order values. The difference in diameter is due 

to different tissue preparation processes for imaging 

such as tissue clearance for OCT imaging or dehydration 

for morphological analysis. Image resolution of OCT 

imaging is also lower than morphological analysis one, 

which means that measurement is less accurate. To 

improve this point, our protocol can be use with an OCT 

which a center wavelength of 900nm to have better 

lateral resolution and probably thinner details. 

However, this technique associated to Digital Volume 

Correlation can be relevant to study the local mechanical 

properties of skeletal muscle [4]. 
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Introduction 

Mechanical cues play a continuous, crucial regulatory 

role in growth, maintenance, and pathophysiology of 

cardiac tissue [1]. Thus, for studying in vitro cardiac cell 

mechanobiology, it is fundamental to use substrates that 

mimic the mechanical properties of the native 

environment. Here, specific polydimethylsiloxane 

(PDMS) blends with tunable stiffness [2], to be used as 

model substrates for cardiac mechanobiology 

investigations, were prepared. By allowing 

investigations at typical cell-length scales and applying 

small forces suitable for soft materials, nanoindentation 

was used to mechanically characterize PDMS blends in 

physiological conditions (wet conditions, 37°C). 

 

Methods 

PDMS substrates with tunable stiffness were prepared 

using pure Sylgard 184 and Sylgard 527 (Dow Corning, 

USA). Five different Sylgard mass ratios 184:527 (1:10, 

1:20, 1:30, 1:50, 1:100) were blended. PDMS blends 

were poured into 50 mm diameter petri dishes (cured at 

65°C) to create ~3 mm thick films for mechanical 

testing. The procedure was repeated in three different 

days producing three lots (seven specimens per lot) for 

checking the manufacturing reproducibility. Indentation 

of the specimens, immersed in demineralized water at 

room temperature (RT) or at 37°C, was performed in 

displacement-control (indentation depth = 2 µm, 

cantilever stiffness = 4.4 N/m for Sylgard 184, 0.5 N/m 

for the other specimens) using the PIUMA nanoindenter 

(Optics11, NL), which automatically provided the load-

indentation curves and their respective elastic modulus 

(E) values (Hertz model fitting). Each PDMS specimen 

was indented in three different regions (5x5 points, step 

size = 50 μm). Three different indentation rates (v1 = 1 

μm/s, v2 = 10 μm/s, v3 = 50 μm/s) were set to investigate 

the viscoelastic response of the specimens. Preliminary 

indentation tests were performed on bovine 

myocardium. The specimen (~3x3x0.5 cm3), immersed 

in demineralized water at 37°C, was indented in a 

central region (5x5 points, step size = 100 μm) in 

displacement-control (indentation depth = 4.5 µm, 

cantilever stiffness = 0.5 N/m, indentation rate = 2 

μm/s). Statistical analysis of variance was performed to 

assess the impact of manufacturing, temperature and 

indentation rate on PDMS E values (p < 0.05). 

 

Results 

No statistical difference emerged among PDMS lots in 

terms of elastic modulus, proving the reproducibility of 

the manufacturing. Considering specimens with 

decreasing mass ratio of Sylgard 184 with respect to 

Sylgard 527, the average of the measured E values 

(setting v1) ranged from 1.80±0.09 MPa to 10.25±2.76 

kPa when tested at RT, and from 1.44±0.13 MPa to 

10.87±1.47 kPa when tested at 37°C (Fig.1). 

Interestingly, 1:100 blends matched the E values of 

healthy cardiac tissue (10-15 kPa), while 1:20 and 1:10 

blends matched the E values of fibrotic tissue (20-100 

kPa) [3]. Increasing the indentation rate, the measured E 

values significantly increased, confirming the 

viscoelastic behavior of PDMS. For preliminary tests on 

bovine myocardium, the average of the measured E 

values (11.76±2.81 kPa) was in agreement with 

literature data for normal heart muscle. 

 

 
 

Figure 1: Average elastic modulus values measured for 

all PDMS specimens at RT and at 37°C (v1 = 1 μm/s). 

The elastic modulus ranges reported in literature for 

healthy (10-15 kPa, green band) and fibrotic (20-100 

kPa, red band) cardiac tissue are shown [3]. * p < 0.05. 

 

Discussion 

The findings support the use of specific PDMS blends 

as model substrates for mimicking in vitro the 

mechanical properties of physiological or pathological 

cardiac tissue. Interestingly, it emerged that the testing 

temperature has an effect on PDMS mechanical 

properties, in particular for blends stiffer than 30 kPa. 

To our knowledge, this is the first systematic attempt to 

characterize at typical cell-length scale and in 

physiological conditions the mechanical properties of 

specific PDMS blends for mechanobiology applications.  

 

References 
1. Zhu et al, Stem Cell Res Ther, 5(5):117, 2014. 

2. Palchesko et al, PloS one, 7(12):e51499, 2012. 

3. Van Putten et al, J Mol Cell Cardiol, 93:133-142, 2016. 

 

500



 

 26
th

 Congress of the European Society of Biomechanics, July 11-14, 2021, Milan, Italy 

INDENTATION METHOD USING SPHERICAL INDENTERS. DETERMINING 
THE ERRORS WHILE USING HERTZ EQUATION 

Stylianos-Vasileios Kontomaris
1
, Anna Malamou

2
, Andreas Stylianou

3,4
 

 
1.Athens Metropolitan College, Greece; 2. National Technical University of Athens, Greece; 3. University of 

Cyprus, Cyprus 4. European University Cyprus, Cyprus 

 

Introduction 

Hertzian analysis is probably the most widely used 

theory regarding data processing in nanoindentation 

experiments on biological samples [1]. However, there 

are significant limitations that should be taken into 

account. For example, Hertz equation assumes a 

parabolic indenter; however, in practice spherical 

nano- or micro -indenters are usually employed. Thus, 

there is a limitation regarding the maximum 

indentation depth in order to apply the Hertz equation 

for data fitting. Despite the fact that an analytical 

solution is available (Sneddon’s analysis) [2], the 

related equation does not directly correlate the applied 

force on the sample with the indentation depth. As a 

recent advance, a new equation was developed for the 

aforementioned purpose [3]. Thus, in this paper the 

results as provided by the Hertz equation are compared 

to the results acquired using the accurate solution for 

spherical indenters to provide a conclusive result 

regarding the maximum indentation depth that it is 

valid to employ Hertzian analysis. 

 

Hertzian analysis and spherical 
indenters 

The equation that was initially derived by Hertz 

correlates the applied force ( ) to the indentation 

depth ( ) as follows: 

 

                    
 

 

 

(    )
                    ( )        

 

In Eq. (1),     are respectively the sample’s Young’s 

modulus and Poisson’s ratio and   is the indenter’s 

radius. The accurate equation that describes the force-

indentation data using a spherical indenter is presented 

below [3]: 
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In Eq. (2), factor Z equals to [3]: 
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In Eq. (3), the factors            and   depend on the 

indentation depth. For example, the aforementioned 

values at the domain           (which is a 

typical domain in indentation experiments on 

biological samples) are equal to          ,    

       ,           ,     and      
      . 

 

Determining errors  

If the data is fitted to equation        , then  

  
       

 (    )
 and the fitting parameter that is determined 

is     . Thus, the errors arising from a parabolic 

approximation will be calculated using the following 

parameter: 
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The results are presented at the domain           
    (Fig.1). 

 
Figure 1: The error of using Hertzian equation for 

spherical indentation. 

 

As it can be clearly seen in Fig.1 if         the error 

in Young’s modulus determination is less than 1%. On 

the contrary, for         the resulting error is ~  6%. 

 

Discussion 

Hertz equation can be used for spherical indentations 

only in the domain          . This result is 

consistent with empirical suggestions in the literature 

regarding the maximum indentation depth that can be 

used in spherical indentations on biological samples[4]. 
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Introduction 
Pancreatic cancer is the fourth cause of death from 
cancer worldwide and surgical resection, when feasible, 
is the only curative treatment. Pancreatic fistula is a 
treacherous postoperative complication with a rate of 
10-20%. Pancreatic fistula is strongly related to 
pancreatic parenchyma consistency and structure. There 
is a lack of knowledge about the mechanical and 
chemical properties of pancreatic tissue. Therefore, the 
aim of this project is to investigate the porcine 
pancreatic parenchyma characteristics towards the 
definition of a standardized method also suitable for 
human pancreas in order to obtain the needed 
parameters to build up a pancreas phantom, a device not 
yet available and fundamental to improve surgical 
techniques and training programs in this field of surgery. 
 
Methods 
All the samples tested in this work come from porcine 
pancreas provided by a slaughterhouse. Cylindrical 
samples (d= 10.91 ± 0.33 mm, h = 4.16 ± 1.08 mm) were 
cut to perform unconfined compression (stress-
relaxation) tests while dog bone specimens (l0 = 31.54 ± 
6.79 mm, w0 = 4.16 ± 0.32 mm, h0 = 2.87 ± 0.76 mm) 
were obtained to perform uniaxial tensile tests. Each 
specimen was withdrawn from a different lobe of the 
gland, and all the tests were performed using the MTS 
Synergie 3200H test machine. Compression 
experiments were performed using a displacement-
controlled protocol (8 steps each one made by 5% 
deformation) while tensile tests were conducted by 
imposing strain rate from 3 to 200 mm/min. The stress-
strain relationship was obtained, and the elastic modulus 
was determined. Further tests will be performed using 
the Anton Paar Bioindenter. 
 
Results 
After each stress-relaxation test, ten parameters Prony 
series were used to well fits results data. Frozen and 
fresh tissue were analyzed in order to investigate if the 
conservation method could influence the mechanical 
properties. According to preliminary results, freezing 
increases the elastic modulus at both small and large 
deformations (Fig. 1). Tensile tests were performed at 
several strains rate and the elastic modulus evaluated at 
small deformation (ε=0-0.03) is higher than the elastic 
modulus evaluated at large deformation (ε=0.06-0.08) 
(Fig. 2 and Fig. 3) 
 

 

 
Fig.  1 Elastic moduli at small  (<20%) and large (>20%) 
deformations (SD and LD respectively) for frozen and fresh 
pancreatic tissues obtained from compression tests. 
 

 
Fig.  2 Stress-strain relationship from tensile test, highlighting 
the regions where E1 and E2 are evaluated. 
 
 

 
Fig.  3 Elastic moduli E1 (small deformation) and E2 (large 
deformation) for frozen and fresh pancreas under uniaxial 
tensile test at different velocities. 
 
Discussion 
This work demonstrates that porcine pancreatic tissue 
has a viscoelastic behaviour like the other abdominal 
organs (e.g: liver, kidneys, spleen). Further tests should 
be performed on each pancreatic lobe to assess either a 
peculiar behaviour of each lobe or heterogeneous 
properties of the whole gland. This method seems 
appropriate for the mechanical characterization of the 
porcine pancreas and could also be applied to the human 
pancreas, in order to obtain all the needed parameters to 
build up a pancreas phantom. 
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Introduction 

Robust tribological properties of articulating surfaces 

are essential for the preservation of joint function. In hip 

joints, the femoral head interacts with an articulating 

surface that comprises the cartilage of the acetabular 

socket and the inner surface of the acetabular labrum [1]. 

While cartilage tissue has been extensively studied, the 

surface properties of the acetabular labrum remain 

largely unknown [2]. The purpose of this study was to 

examine the labrum surface friction, microstructure, and 

the presence of a lubricating glycoprotein (lubricin). 

 

Methods 

Friction. In order to measure and compare the 

coefficient of friction (COF), cylindrical labrum, 

cartilage and meniscus samples (n=6 each) with a 

diameter of 6 mm were loaded using a rotating stainless 

steel pin with a defined pressure of 0.6 MPa at a 

rotational speed of 135 RPM. The COF was derived 

from the recorded normal force and torque using Eq. 1, 

with µ being the COF, τ the torque and FN the normal 

force acting on the tissue surface. Finally, a one-way 

ANOVA with Tukey post-hoc test was performed. 
 

μ =
3 × τ

2 × FN × r
 (1) 

 

Microstructure. The microstructure of aldehyde and 

osmium tetroxide fixed labrum surfaces was 

characterized using scanning electron microscopy 

(Hitachi, Japan).  

Lubricin. Formalin-fixed paraffin-embedded tissue 

sections were immunohistochemically stained using a 

purified mouse monoclonal IgG primary antibody to 

lubricin and a Novolink Polymer Detection System Kit 

(Leica, Germany). Cartilage tissue specimens were used 

as a positive control. 

 

Results & Discussion 

The COF between the steel pin and the labral, cartilage 

and meniscus surfaces were found to be 0.15 ± 0.029, 

0.22 ± 0.027 and 0.20 ± 0.026, respectively. To validate 

our custom-built device, we compared our measured 

COF between a steel pin and cartilage surface to results 

reported in the literature [3] and found good agreement. 

The COF from labral samples were found to be in a 

similar range to values reported for cartilage and 

significantly lower compared to meniscus tissue.  

 
Figure 1: Coefficient of friction of labrum, cartilage and 

meniscus. 

The labral surface microstructure shows a typical mesh-

like architecture, as seen in other articulating tissues [2].  

In line with recent findings in the human labrum [4], 

lubricin (Proteoglycan 4) was identified in the bovine 

labrum as a discrete layer on the tissue surface, within 

the superficial extracellular matrix, and intracellularly in 

all regions. This is similar to observations in cartilage 

and meniscus tissue, indicating that lubricin plays a role 

in the tribology of these tissues.  

 

 
Figure 2: SEM image of the articular surface of the labrum 

(left) and IHC staining of lubricin in acetabular labrum tissue 

(right). 

The characterisation of the surface properties of labral 

tissue provides new insight into the normal mechanics 

of healthy tissue, possible pathomechanisms of 

degradation, and target properties for regenerative 

medicine approaches. 
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Introduction 

The pelvic muscles undergo a degree of stretch in less 

than 2 hours during childbirth unparalleled elsewhere in 

the body.1 This can lead to significant injury in the 

vagina (VA) and levator ani muscle (LA).2,3 The LA 

makes up most of the pelvic floor, creating a sling 

spanning the pelvic cavity, acting against gravity to 

provide support to the pelvic organs. Up to 20-30% of 

women over the age of 20yrs and up to 50% over 504 

may suffer from pelvic floor disorders. Studying the 

complicated mechanics of childbirth has moved towards 

computational models. However, these have been 

limited by a lack of accurate anisotropic and time-

dependent mechanical properties. This research aims to 

address this gap in understanding by developing a novel 

test platform for multiaxial static and viscoelastic 

characterisation of pelvic floor tissues. 

 

Materials and methods 
A radial stretcher specifically adapted for soft tissue was 

designed and built, based on a concept by Schauberger 

et al.5 Two cameras were incorporated for imaging 

failure during tests and enabling digital image 

correlation, which was used to verify suitability of grip-

to-grip displacements for calculating specimen strains 

(Fig 1A). Three 100 N load cells were placed on three 

of the eight arms, 450 apart, accounting for load in X, R, 

Y directions (Fig. 1A,B). An environment chamber to 

hold samples in  phosphate buffered solution at 370C 

was also fabricated. Custom velcro-lined grips with a 

pin and spring-loaded clamp were developed to 

overcome challenges in gripping specimens. Ovine VA 

and LA muscles from six sheep (due to similar 

dimensions and three-level support system to humans) 

were dissected and removed of all connective tissues. 

Uniaxial samples (Figs. 1C,E) were cut in fibre (FD) and 

cross-fibre directions (CF) for the LA (aligned with X 

and Y directions resp.) and in longitudinal (LD) and 

circumferential directions (CD) for the VA (X and Y 

directions resp.) measuring 20mm x 4mm. Radial 

samples were cut with diameter 20mm.  Both tests were 

carried out at 6 mm/min following 10 preconditioning 

cycles. A series of ramp and hold tests were carried out 

to measure stress relaxation in both uniaxial and radial 

format. Uniaxial tests had 5 steps, with strain increasing 

by 5% in each step. For radial tests, however, only 2 

steps could be achieved in four samples due to frequent 

failures after the second step. 

 

Results and Discussion 
Both tissues were stiffer in the Y direction and softer in 

the X (Fig. 1D,F). The influence of fibre direction was 

less evident in the uniaxial tests for LA compared with 

radial tests (Fig. 1D), which could be due to difficulty 

obtaining samples with a single dominant FD, small 

specimen sizes, and dispersion of fibre angles.  

 
 

Figure 1: (A) Adapted radial rig. (B) Load cell 

locations. (C) LA muscle samples for radial and 

uniaxial in FD and CD direction. (D) Average curves of 

engineering stress vs strain for both LA failure tests. (E) 

VA muscle samples for both tests. (F) Average curves of 

engineering stress vs strain for both VA failure tests. (G) 

Normalized stress vs time for LA & VA radial relaxation 

test. (H) Normalized stress vs time for LA radial 

relaxation test, comparing steps 1 &2 in X & Y 

directions. 

Radial relaxation tests in LA tissues illustrated the 

influence of directionality in its response: least 

relaxation in the Y (FD) and most in the X (CF) 

directions (Fig. 1G). However, VA tissues showed no 

directional dependence (Fig. 1G). The multiaxial 

relaxation tests showed little or no change in normalised 

relaxation rate when the strain was increased for either 

tissue in all directions, indicating the viscous response 

can be treated as strain-independent (1H). In conclusion, 

the accumulated data adds important new information 

on the anisotropic and viscoelastic properties of pelvic 

floor tissues, demonstrating both tissues exhibit 

anisotropic hyperelastic and mostly isotropic quasilinear 

viscoelastic (QLV) responses (although some 

directional dependence was observed in LA stress 

relaxation). Ongoing work will fit a fibre-reinforced 

hyperelastic model with QLV to the dataset. 
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Introduction 

Recently, an advanced experimental procedure has been 

proposed to highlight the close relationship existing 

between structure and function in fibrous materials [1], 

specifically focusing on Anterior Cruciate Ligament 

(ACL) tissue. A micro-CT system embedding a custom 

tensioning device was specifically used to acquire the 

fibrous tissue volume at the micro-scale, considering 

several levels of strain (i.e. 0÷8%); a biochemical 

contrasting process optimized fiber visualization and 

tissue mechanics preservation. After those experimental 

acquisition sessions [1], this study focused on image 

data processing and analysis, to identify “fiber” objects, 

hereinafter called fibers, and estimate mechanical 

properties, including their mean elastic modulus. 

 

Methods  

One healthy ACL sample (H) harvested from a cadaver 

donor (age 40) was compared to a sample (OA) coming 

from a patient (age 69), who underwent total knee 

arthroplasty (ethics committee n.8425). Image 

processing and analysis included: 1) defining the region 

of interest on the central portion of the tensioned sample, 

thereby excluding clamping distortion; 2) binarizing the 

dataset using Niblack local thresholding algorithm 

(ImageJ) and separating the resulting objects combining 

watershed, distance map and H-Maxima methods 

(Avizo), as to reveal individual fibers; 3) calculating for 

each fiber i the mean cross-sectional area Ai, volume Vi 

and orientation with respect to the loading axis θi 

(Figure 1, CTAn); 4) excluding objects with Vi < 0.125 

mm3 to eliminate artefacts; 5) estimating the 

experimental stress F/A acting on samples, where F is 

the applied load and A is the area obtained by summing 

Ai of all fibres; 6) modelling the stress σ starting from 

the analysis reported in [2] applied on a discrete domain: 

𝜎(𝜆) = 2𝜋𝜆2𝐸𝑓 ∑ 𝜈𝑓(𝜃)𝑅(𝜃) (1

𝑁

1

−
1

𝜆𝑓(𝜃)
) 𝑠𝑖𝑛𝜃𝑐𝑜𝑠2 𝜃𝛥𝜃                (1) 

where λ is the tissue finite strain; Ef  is the mean fiber 

elastic modulus and the only unknown parameter; 1:N 

are the number of orientation (θ) intervals that span from 

0 to π/2 with dimension Δθ and in which θi are 

distributed; vf(θ) are the corresponding volume fractions 

(thus weighting the orientation contribution of fibers by 

their volume with respect to the total tissue volume); 

R(θ)sinθΔθ results to be the angular frequency on the N 

intervals [3] and λf(θ) is the fiber strain, calculated as:  

𝜆𝑓(𝜃) = (𝜆2𝑐𝑜𝑠2𝜃 +
1

𝜆
𝑠𝑖𝑛2𝜃)

1

2                                     (2)   

7) obtaining Ef by fitting (1) to experimental F(λ)/A(λ).  
 

 
Figure 1: Fiber orientation θ intervals, where red is 0° 

and blue 90° with respect to the loading axis.  

 

Results  

For the sake of brevity, by assuming N=10, Ef  resulted 

502.6 MPa and 2.9 MPa for H and OA, respectively. A 

further sensitivity analysis regarding N, as well as the 

volume of excluded objects, is ongoing. 

 

Discussion 

Healthy ACL showed a far higher resistance to 

deformation with respect to the pathological one. 

Histology degenerations are expected in OA ACL, 

which can influence ligament biomechanics [4]. The 

implemented experimental and modeling procedure can 

highlight the constitutive and structural components of 

fibrous tissue behavior and can be useful for testing 

physiopathological and artificial tissues.  
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Abstract
Keloids are fibrous benign tumors of the human skin
caused  by  cutaneous  trauma.  They  grow  on  some
specific anatomical sites (arm, abdomen, sternum, etc.),
subjected to natural mechanical load due to peripheral
stress  of  the  tissue  and  to  repeated  postures,  or  to
anatomical  singularities  [1].  Genetic,  biological  and
mechanical  factors  have  an  important  impact  on  the
occurrence  and  the  propagation  to  theses  tumors.  A
tight  collaboration  between  researchers  from  clinical
science,  biology,  mechanics,  mathematics  and
computational  mechanics,  has  been  established  to
analyze  and  understand  the  mechanical  effects  on
theses  cutaneous  alterations.  Starting  from  a
multimodal  investigation  on  a  patient,  a  numerical
pipeline consisting of several open-source frameworks
has been developed leading to stress field analysis in a
domain composed of a keloid and surrounding healthy
skin. The main objective through this methodology is
to  conceive  specifications  of  a  customized  medical
device to confine keloid growth or prevent against its
growth (Figure 1).  In this congress,  the experimental
and  computational  contributions  of  this  project
achieved  at  that  time  are  presented  as  follows  :  (i)
Mechanical characterization with extensometer [2] and

ring  suction  tests  [3]  combined  to  medical  imagery
technique,  (ii)  Bi-material  parameters  identification  via
inverse  method of  healthy  and pathological  soft  tissues
from  in  vivo uniaxial  test  coupled  with  digital  image
correlation  and  finite  elements  model  (FEniCS-based
open-source framework) [4], (iii) Mechanical analysis of
multiaxial  test  of  ring  suction  using  digital  image
correlation to characterize the anisotropy of the skin [5],
(iv) Mesh optimization by error estimators [6] applied to a
heterogeneous soft tissue, (v) Uncertainties quantification
associated with mechanical and topological parameters of
2D  and  3D  models.  The  summary  of  these  works  in
tissue-scale  is  part  of  a  global  project  of  multi-scale
modelling and analysis of mechanical factors influencing
the fibroproliferative cellular kinetics.
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Figure 1: Numerical pipeline: from patient to medical device. (1): Keloid modelling. (2) Uniaxial extensometer test. (3)
Digital  Image  Correlation.  (4)  Finite  Element  Model  Updating  to  identify  material  parameters.  (5)  Stress  field
quantification. (6) Medical device to prevent against keloid growth.
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Abstract 
In this work, we present the elastic and viscoelastic 
characterization of aortic tissue and synthetic materials 
used for the design and fabrication of artificial vessels 
(Dacron, hydrogels). The materials were characterized 
using hysteretic methods and a quasi-viscoelastic 
model. Hysteretic methods are shown to be practical and 
robust to differentiate the materials. Significant 
differences in viscoelastic properties are reported 
between the biological and the synthetic materials 
 
Introduction 
Vascular grafts are implanted in the human body in 
order to replace damaged or blocked vessels [1]. The 
design of synthetic grafts began in the 1940s [1]. In the 
1950s, the concept of porous, fabric vascular grafts were 
introduced. By the 1960s, most fabrics were abandoned 
except for Dacron and Teflon. Prosthetic Dacron grafts 
are widely used as a synthetic substitute following aortic 
resection. While these polyester grafts are readily 
available, durable, and biocompatible, they exhibit 
mechanical properties inconsistent with native aortic 
tissue. Indeed, aortic tissue which reflects a strong 
viscoelastic nature [5] was shown to play a key role for 
the proper functioning of vascular structures 
(Windkessel effect, pulse traveling wave [3]). For 
designing the next generation of grafts, the assessment 
of the needed viscoelastic properties is required.  
 
Methods 
Dacron samples were cut from a commercial graft 
(Hemashield Platinum, MAQUET Cardiovascular 
LLC). The hydrogel samples (PVA) were prepared 
using freezing-thawing cycles of a PVA solution 10% 
(weight) concentration with temperature plateaus at -
20°C and 20°C and the tissue samples were obtained 
from resections. The samples were fastened to an 
EnduraTEC Electro Force ELF 3200 Biaxial Tensile 
Tester (TA Instruments). The tests were performed on 
patches of 15×15 mm2 affixed with four silk surgical 
threads with adjusted suture hooks. Equi-biaxial 
loading-unloading cycles are performed to 60% strain at 
0.1 mm/s strain rate.  
 
It can be shown that for a Kelvin-Voigt viscoelastic 
material, the complex modulus of elasticity is 
E*=E+i with E and  the elasticity and viscosity 
respectively. Graphically the corresponding hyteresis, 
on the stress-strain curve, can be  approximated with an 
ellipse with a semi-minor axis b=D/2 (D the width 

between the loading and unloading curves) from which 
the viscosity is S). The energy loss is the 
elliptical hysteretic area Wd), with the heart 
beat frequency andthe strain. The elasticity E 
corresponds to the (global inclination) slope of the 
ellipse. We recently investigated  the loss factor and 
have shown its capacity to differentiate human aortic 
tissue [2, 4, 5]. Samples were also studied with the 
Fung’s Quasi-Linear Viscoelastic model.  
 
Results 
In Figure 1, we illustrate the results for the stiffness 
(incremental modulus) at 15% and the viscoelasticity 
characterization assessed with the energy loss. They are 
shown for healthy aortic tissue, PVA and Dacron.  
 

 
Figure 1: Stiffness and energy loss for aortic tissue, PVA 
and Dacron 
 
Discussion 
One can note the significant differences between the 
polyester graft material and the soft vascular tissues and 
the similitude between the aortic tissue and the 
hydrogel. The correspondence between the methods 
shows that the hysteretic methods allow to estimate 
viscoelastic properties from the stress-stretch results and 
can differentiate the materials. It can serve as a tool to 
support the design of the next generation of grafts. 
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Introduction 

Since most soft tissue is anisotropic[1], it is quite 

interesting to quantify the tissue's mechanical properties 

in different directions regarding its fiber orientation. 

Considering that it has been affirmed that the 

mechanical biomarkers differ significantly regarding the 

direction in which the tissue is measured [2,3]. 

Estimation of the mechanical biomarkers can only be 

done in one direction at the time. The experimental 

evidence comes from traditional tensile studies on 

histological sections that follow the direction of fibers.  

To the best of our knowledge, no commercial device can 

measure tissue anisotropy. Interestingly, our group has 

developed a torsional wave sensor that emits and 

receives torsional waves, whose main advantages are the 

absence of spurious longitudinal waves and a right 

safety margin since the projected This new TW 

technique is applied using three independent 

piezoelectric elements made from PZT ceramic 

(NCE51), allowing the device to quantify the shear 

modulus in three different directions. There are three 

slots arranged to form 0, 90 and 225 degrees, aiming to 

measure parallel to a selected fiber direction, 

perpendicular to it and an intermediate orientation, 

respectively. The sensor is built considering three 

distinct parts: excitation, reception and casing.  

 

Methods 

Scans were done using Torsional Wave Elastography 

(TWE) technique with the proposed anisotropic probe. 

Scans were done on cirs phantoms, homemade tissue-

mimicking anisotropic phantoms with a fiber 

arrangement (3D printed) similar to that of the cervix. In 

addition to ex vivo chicken breast and three ex vivo 

human cervix samples obtained from hysterectomies 

due to prolapses. Figure 1 shows the TWE-anisotropic 

probe.  

 

Results and discussion  

The preliminary results are promising; the transducer 

can capture the biomechanical properties in different 

tissue areas. Some of the results are shown in Tables 1 

and 2. From tables 1 and 2, one can observe the 

difference in the stiffness values obtained from the three 

sectors of the torsional wave probe. In table 1, the probe 

sector at 0º, that is, parallel to the fiber orientation of the 

breast fibers returns higher values of stiffness as 

expected.  

 

 
Figure 1: Left: Cross-section of the torsional wave 

anisotropic probe. Right ex vivo human uterine cervical 

sample to be scanned.  

 

Freq 

(Hz) 

Channel-I  

0º 

Channel-II 

90º 

Channel-III 

225º 

700 

1000 

1300 

40.75_1.41 

43.57_1.60 

56.25_2.39 

16.26_1.63 

17.85_1.07 

19.85_1.64 

32.26_0.96 

33.60_2.02 

36.72_1.19 

Table 1: Values of stiffness in kPa, of ex vivo chicken 

breast, measuring using the TWE-anisotropic probe on 

(0º, 90º, and 225º).  

 

Cervix-

sample 

Channel-I  

0º 

Channel-II 

90º 

Channel-III 

225º 

1 

2 

3 

18.88±1.02 

20.53±1.51 

32.86±2.74 

25.35±0.79 

26.99±1.58 

56.02±3.81 

12.96±1.63 

13.41±1.21 

22.23±2.91 

Table 2: Values of stiffness in kPa, of ex vivo human 

cervix, measuring using the TWE-anisotropic probe on 

(0º, 90º, and 225º).  

 

Results are encouraging; the anisotropic probe has been 

shown to be able to capture the tissue variability respect 

to the fiber orientation and frequency with a tendency 

close enough to the gold standard in elastography. This 

new technology can be considered as a baseline for 

future studies on TWE.   

 

References 
1. Fung, Y.C. (1993) New York: Springer-Verlag. 

2. Gennisson, et al, Ultrasound Med. Biol. 38: 1559–1567 

(2012). 

3. Brum, J.B et al, Phys. Med. Biol. 59: 505–523 (2014). 

4. Callejas et al, Sensors, 17, 2078, 2017. 

 

Acknowledgements 
To the Spanish Ministry of Education DPI2017-85359-R, 

DPI2014-51870-R, EQC2018-004508 and UNGR15-CE-

3664 projects. Infraestructuras IE2017-5537, Junta de 

Andalucía and EQC2018-004508-P, MINECO. 

508



 26th Congress of the European Society of Biomechanics, July 11-14, 2021, Milan, Italy 

YARN-SCALE STRAIN MEASUREMENTS USING S-DIC IN ABDOMINAL 
WALL REPAIR MESHES 

Baptiste Pierrat (1), Anicet Le Ruyet (2), Damien Simons (2), Stéphane Avril (1) 
 

1. Mines Saint-Etienne, Univ Lyon, Univ Jean Monnet, INSERM, U 1059 Sainbiose, Centre CIS, Saint-
Etienne, France; 2. Medtronic – Sofradim Production, Trévoux, France 

 

Introduction 

Abdominal wall hernia (AWH) is a protrusion of the 

abdominal cavity contents through a defect in the 

abdominal wall. AWH repair is one of the most common 

surgeries worldwide and the use of mesh has become 

standard of care. Despite tremendous progress in the 

treatment, complications remain with AWH repair and 

reported recurrence rates are still high [1], and represent 

significant socio-economic burden.  

These meshes have been extensively characterized at a 
global scale, assuming a continuous medium [2]. 

However such approaches are not suited to apprehend 

failure modes, as these phenomena are initiated at yarn 

scale. Local observations pose significant experimental 

challenges, but are necessary to apprehend the 

mechanisms leading to failure by relating yarn stretch to 

global solicitations. In this study, knitted prosthetic 

mesh implants were loaded using a functional plunger 

test, and the response at the yarn scale was characterized 

using an original approach. 

Methods 

Plunger tests (Figure 1.A) up to rupture were performed 
with a hemispherical indenter on 4 pre-aged knitted 

meshes cut in circular samples at a quasi-static rate (0.1 

N/s). Two 12MP cameras were placed on top of the 

specimen with a field of view showing the apex of the 

hemisphere, and a high enough resolution so that 

individual yarns were visible. A speckle pattern was 

sprayed on the yarns using an airbrush. The specimen 

were backlit and frames were captured at 0.5 frame/s 

while recording global plunger force and displacement. 

 

A custom code was developed in the Julia language to 

process the image sequences using stereo digital image 

correlation (S-DIC). In brief, the degrees of freedom of 

a beam shape function (6 rotations, 6 displacements) 

were obtained by minimizing the reprojection difference 

of the deformed beam against the left and right images 

throughout the full sequence (Figure 2). 

Results 

The plunger response exhibited a strong non-linear 

behaviour. Plunger rupture forces ranged from 135 to 
150N (Figure 1.B). Rupture consistently happened 

around the apex of the hemispherical plunger, in an eye-

shaped fashion. At the yarn scale, measured strains 

ranged from 0 to 6%, with the largest values concerning 

only a few specific yarns.   

Discussion 

Yarn scale results show that strains did not distribute 

evenly among the yarns, indicating that some of them 

may take a majority of the load while others are barely 

stretched. It highlights the complex behaviour of such 

structures, suggesting a strong reordering of the network 

under load, as observed through large loop slidings. 
This approach provides promising results to better 

understand how the load is transferred from the 

abdominal wall to individual yarns, depending on the 

knitting pattern. It is the first step towards the design of 

optimized meshes specifically adapted to their 

mechanical environment to better accommodate the 

physiology of the abdominal wall. 

 
Figure 2: S-DIC progress on a single yarn, showing the 

images, correlation windows and obtained yarn strain. 

References 
1. Kadakia et al, Cureus, 12:8, 2020. 
2. Röhrnbauer and Mazza, JMBBM, 29:7-19, 2014. 

Figure 1: on-going plunger test (A) and force-

displacement curves (B). 
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Abstract 

Red blood cells (RBCs) are simulated in a Couette shear 

flow using a fully-Eulerian fluid-structure interaction 

scheme wherein structural dynamics are solved in the 

Eulerian reference frame. Simulations are executed for 

individual spherical vesicles and bi-concave RBCs, as 

well as for multiple RBCs in a shear flow. The diffusion 

of hemoglobin through the RBC membrane when pores 

are opened under stress is also simulated. The effect of 

cell proximity on peak strain and on the rate of 

hemoglobin diffusion is evaluated. 

 

Introduction 
During hemolysis caused by damage to the RBC 

membrane, the contents of RBCs (primarily 

hemoglobin) are released into plasma, which are toxic 

and thrombogenic. Lower levels of fluid stress on the 

RBC membrane, called sublethal hemolysis, leads to the 

formation of pores through which the RBC contents can 

also diffuse into plasma. High levels of extra-cellular 

hemoglobin are highly deleterious, but even low levels 

can cause spontaneous formation of blood clots that may 

lead to stroke or heart attack [1]. Sublethal hemolysis, 

being a multi-scale process, is difficult to model at 

macroscopic scales as pore formation and size, and 

hence the rate of hemoglobin diffusion depends on 

distribution of strain on the membrane. Simulation of 

red blood cell membrane dynamics is not 

computationally tractable for practical flows, and hence 

novel approaches to account for the dynamic response 

of the RBC membrane to varying flow conditions are 

necessary. Recent work [2] employs a multi-scale 

approach to estimate sublethal hemolysis. Loading 

conditions for RBCs are extracted along path lines from 

CFD simulations, which are then used to solve for the 

stress distribution on a single RBC that is subject to 

these stress profiles. RBCs are however densely packed, 

comprising 40-55% of blood, and have a strong mutual 

interaction, and it is necessary to examine whether 

nearby cells effect the strain distribution and the 

corresponding hemoglobin diffusion rates. 

 
Methods 
The RBC membrane stress is computed from the left-

Cauchy deformation tensor, which is conserved in the 

Eulerian reference frame [3] in the CFD simulation, and 

is applied as a momentum source term to the Navier-

Stokes equation using a semi-implicit coupling 

approach. This provides a computationally efficient 

method to simulate the fluid-structure interaction of 

multiple cells within a finite-volume CFD framework. 

Pore size and hemoglobin diffusion coefficients are 

computed as a function of local strain at each point on 

the RBC membrane [4]. The effect of RBC density on 

the distribution of strain on the RBC membrane, and 

bulk hemoglobin diffusion rates are evaluated.  The size 

of the computational is increased to accommodate up to 

81 red blood cells in the domain. Peak and average area 

strain are evaluated with multiple cells, and the effect of 

cell proximity on peak strain on the membrane and 

average diffusion rate is quantified.  

 

Results 

The deformation of a single red blood cell is simulated 

in a Couette shear flow. Figure 1 illustrates the shape of 

the red blood cell membrane over time when subjected 

to a constant shear rate. 

 

Figure 1: Deformation of  RBC. The RBC membrane is 

coloured by area strain, 𝜖𝑎. 𝒕∗ = 𝒕𝑼/𝒅. 𝑪𝒂 = 𝝁�̇�𝒅/
(𝟐𝑬𝒔) = 0.2; �̇� and 𝑬𝒔

 are elastic modulus and strain rate.    

Discussion 
The RBC takes an elliptical shape where the major axis 

is generally aligned with the principal axis of the 

velocity gradient tensor. Maximum strain occurs at the 

elliptical major axis. Local strain varies substantially as 

the RBC varies between bi-concave and elliptica shape.  
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Introduction 

Brain tissue, arguably one of the most complex, delicate, 

and softest tissues of the human body, is a strongly 

heterogeneous material, entailing a nonlinear, time- and 

rate-dependent mechanical behavior [1]. In addition to 

viscoelastic deformation, the peculiarity of brain tissue 

is a biphasic nature, in consequence of which it behaves 

similarly to a soft sponge permeated by cerebrospinal 

fluid [2], whose interactions are region-dependent and 

might cause relevant tissue’s anisotropy [3]. In light of 

this picture, experimental characterization of the 

mechanical properties is a delicate task, and results 

throughout the literature often display relevant 

differences [4].  

In this work, we have attempted to characterize the 

fracture properties of brain tissue, which are 

fundamental to understand and correctly model its 

behavior for simulations of surgical interventions or 

delivery of therapeutics. 

 

Methods 

Testing the fracture properties of super-soft tissues is a 

non-trivial task. Therefore, we have employed a wire-

cutting setup (Fig.1), previously adopted for testing of 

foodstuffs and hydrogels [5], and measured the insertion 

force at various loading rates. In addition to samples of 

porcine brain, we have parallelly investigated a 

composite hydrogel, developed at Imperial College to 

closely mimic brain’s mechanical response [6].  

We have then developed a poro-hyperelastic model, in 

which brain and hydrogels are treated as soft deformable 

matrices completely saturated by an incompressible 

fluid, and simulated the observed rate-dependent effects 

through a coupled fluid-stress analysis of the fracture 

process [7]. Finally, wire-cutting has been treated as a 

two-dimensional problem and implemented in a finite 

element software, adopting cohesive elements to 

describe propagation of the cut during the insertion [8]. 

 

Results 

Wire-cutting experiments showed a remarkable effect of 

the rate of insertion in both the materials considered, 

resulting in an increase of the cutting force at higher 

velocities. This is also reflected in the fracture toughness 

of the material, which can be extrapolated from the 

force. Similarly, coupled fluid-stress finite element 

analyses showed an effect of the loading rate, although 

this cannot be directly correlated to the velocity of crack 

propagation. 

 
 

Figure 1: Schematic of the wire-cutting test, employed 

to test the fracture properties of brain tissue and the 

mimicking hydrogel. 

 

Discussion 

Brain tissue and mimicking hydrogels can be described 

as soft and wet materials. By a mechanical point of view, 

rate-dependent effects are among the most peculiar 

features. Our results confirm the viability of wire-

cutting as a method to test the fracture properties of 

super-soft materials. Furthermore, the approximation of 

the mechanical behavior of the brain tissue with a poro-

hyperelastic model seems to be feasible, although the 

results appear to be very sensible to the permeability of 

the material, a parameter which needs to be calibrated 

accurately. Both experiments and simulations were able 

to capture an effect of material relaxation, which we 

argue it might depend on the draining of fluid in the 

crack-tip region. Viscoelastic relaxation is also known 

to play an important role in the mechanics of brain 

tissue. However, classical models cannot adequately 

describe the viscous effects during fracture, for which 

micromechanical models and multiscale analyses are 

needed. 
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Introduction 

The venous pump of the foot, which is the most distal 

contributor to venous return from the lower limbs to the 

heart, is mainly composed of deep plantar veins located 

between the plantar muscles. The lateral and the medial 

plantar veins constitute a blood reservoir of about 25 mL 

emptied at each stage of the gait with weight-bearing 

and plantar muscles contraction [1-3]. This can happen 

thanks to the very low venous internal pressure allowing 

the collapsibility of veins under a bigger external 

compression. Venous collapse can be represented 

through a non-linear relation between venous cross-

sectional area A and transmural pressure 𝑃𝑡𝑟  derived 

from the original Shapiro’s tube law [4]: 
 

𝐴 = 𝐴𝑜 {ℎ(𝑝∗). 𝑓+(𝑝∗) + (1 − ℎ(𝑝∗)). 𝑓−(𝑝∗))} 
 

𝑝∗ =  𝑃𝑡𝑟 𝐾𝑝⁄  
 

Where 𝐴𝑜 is the cross-sectional area when 𝑃𝑡𝑟 = 0, 𝑝∗ 

the dimensionless pressure, 𝐾𝑝 the bending stiffness, 𝑓+ 

and 𝑓− fits of the positive and negative pressure part of 

the original tube law of Shapiro, and ℎ(𝑝∗) a scaling 

function. The objective of this work is to develop a 3D 

finite-element model (FEM) of the foot to predict how 

the deformations of the plantar soft tissues transmit 

down to deep plantar veins and how wearing insoles can 

affect venous return. For that, we study the volume 

changes of plantar veins and postulate that any volume 

loss result in blood drained up to the lower leg.  

 

Methods 

To reconstruct the foot FEM, bones, soft tissues (skin, 

fat and muscles) and lateral and medial plantar veins 

were first segmented from 3D Short TI Inversion 

Recovery (STIR) MRI images of a non-weightbearing 

normal foot using Simpleware ScanIP. The initial cross-

sectional area 𝐴𝑜 of plantar veins and coordinates of 

their centerlines were extracted. Meshed bones and soft 

tissues (4-nodes tetrahedral elements) were exported in 

Abaqus where they were respectively set as rigid body 

and as isotropic incompressible hyper-elastic material 

(1st order Ogden; μ=0,0375MPa, α = 5,5 and D = 0) [6].  

 

 
Figure 1: Meshed foot, rigid sole and analytical ground plate 

A foot plantar sole was constrained to be tied to a rigid 

insole placed very close under the foot. An analytical 

rigid ground plate was also added under the insole and a 

frictional contact interaction was set between them 

(coefficient of friction = 0,6).  

A ground reaction force in z-direction, corresponding to 

half bodyweight, were applied under the ground plate 

which  was allowed to move only along this axis. 

The obtained hydrostatic pressure HP at each element 

center was defined in Matlab (R2018a) as the mean of 

principal stresses components σ11, σ22 and σ33. The 

local change of cross section was deduced with the (A, 

p) equation. 𝑃𝑡𝑟 was derived as the difference between 

the internal pressure 𝑃𝑖𝑛𝑡 and the external pressure 𝑃𝑒𝑥𝑡  

which corresponds to the interpolation of HP to the 

plantar vein centerlines. The cross-sectional area A 

obtained was then integrated along the entire length of 

the two vessels to derive the change of volume in lateral 

and medial plantar veins (𝑉𝐿𝑃𝑉 and 𝑉𝑀𝑃𝑉). 

 

Results and Discussion 

 
Figure 2: Transmission of stresses (S33) through soft tissues 

The effect of the ground reaction forces resulted in 

localized deformations of the plantar soft tissues (Figure 

2). The plantar venous pump PVP was activated since a 

decrease of plantar veins volume was observed (up to 

75%). In the near future, we plan to study whether the 

insole could have an impact on the PVP efficiency 

changing its shape and material. Moreover, a more 

realistic model of PVP would be obtained by using a 

weight-bearing foot geometry and by considering 

plantar muscle activity in extravascular pressure. 

Eventually, the model will also be validated using 

hemodynamic data collected through an ongoing 

clinical trial. 
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Introduction 
Osteoarthritis is one of the most common diseases. Joint 
tissues such as bone and cartilage undergo degenerative 
changes related to the concentration of stress induced by 
mechanical loading. Mechanically overloaded cartilage 
cells are compressed which they interpret as having 
received insufficient nutrition. To address that, they 
release intensified signals of demand for nutrients. In 
response to these signals, new blood vessels start to 
grow from preexisting network located within the bone 
tissue. Healthy cartilage is avascular and cells receive 
nutrition through diffusion process from synovial fluid 
not from blood vessels. Here, expansion of new blood 
vessels from bone region creates in cartilage favorable 
conditions for the development of bone tissue and leads 
to osteophyte onset. Angiogenesis significance during 
OA is evident [1, 2], however, no mathematical model 
takes into account blood vessels as integral effect of 
degenerative changes.  

Methods 
Presented mathematical model consists of four integro-
differential equations. The model describes evolution of 
selected variables which determine formation of the 
osteophytes. 

 
Figure 1: Geometrical model of computational domains 
corresponding to the joint. 

Mathematical model: 
Evolution of blood vessels density  

�̇� (𝜁 , 𝑡) = 𝑆(𝜁 , 𝑡)𝐵(𝜁 , 𝑡)𝑁(𝜁 , 𝑡)  

      𝑁(𝜁 , 𝑡) = ∫ 𝐻 ∆𝑁(𝜁 , 𝑡) 𝑒
,

𝑑𝛺 

                   𝐵(𝜁 , 𝑡) = ∫ 𝜌 (𝜁 , 𝑡) 𝑒
,

𝑑𝛺 

                   𝑆(𝜁 , 𝑡) = 2 − 𝑒
,

𝑃 (𝜁 , 𝑡) 

Evolution of  bone cells density 
 �̇� (𝜁 , 𝑡) = 𝜌 (𝜁 , 𝑡)𝜌 (𝜁 , 𝑡)  
Evolution of nutrients density 
              �̇� (𝜁 , 𝑡) = 𝐵(𝜁 , 𝑡) − 𝜂(𝜁 , 𝑡)𝜌 (𝜁 , 𝑡) 
 

Evolution of Young modulus 

              �̇�(𝜁 , 𝑡) = 𝜌 (𝜁 , 𝑡)𝑆 (𝜁 , 𝑡) 

                   𝑆 (𝜁 , 𝑡) = ∫ 𝑈(𝜁 , 𝑡) 𝑒
,

Ʋ 𝑑𝛺 − 𝑈  
 
Simulations were conducted in COMSOL Multiphysics 
software.  

Results 

 
Blood 
vessels 
density 

Bone 
cells 

density 

Young 
modulus 

Initial step 

 

Intermediate 
step 

 

Final step 

 
Figure 2: Evolution of variables in selected time steps. 

Discussion 
The mathematical model describes phenomenon of the 
growth of osteophytes. It couples mechanical loading 
with the development of new blood vessels and cell 
signaling. Results show evolution of selected variables 
which determine osteophyte invasion into cartilage 
domain. The results correspond with medical reports. 
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Introduction
An ostomy is a surgery to create an artificial opening to
reroute the exit of urine and faeces from the inside of
the  body  to  the  outside.  One  of  the  most  common
complications  of  ostomies  is  the  appearance  of
parastomal hernias (PSH) around the stoma [1]. One of
the risk factors associated with the appearance of PSH
is the location of the stoma. The goal is to simulate the
behaviour of the abdominal wall in the presence of an
stoma with the purpose of  finding out the best  zone
where practice an ostomy.

Methods
A model of the abdominal wall has been designed as a
way  to  simulate  its  behaviour.  Figure  1 shows that
model which was made using the open source software
Salome-Meca. Commonly in these kind of simulations,
the model includes the main muscles of the anatomical
region.

Figure 1: the linea alba (LA) in blue, the two rectus
abdominis muscular  (RA) in yellow, the two internal
oblique muscles (IO) in green, the two external oblique
muscles  (EO)  in  brown  and  the  two  transverse
abdominis muscles (TR) in green. 

Several  models  have  been  created  with  different
positions of  holes which  exemplify the stoma all over
the  abdominal  wall  (Figure  2).  The  Code_Aster  [2]
open  source  finite  element  software  was  used  to
simulate the behaviour of the abdominal wall. This tool
is  part  of  Salome-Meca  package,  which  in  addition
allows to represent the solutions graphically.

Results
A static and linear behaviour has been considered with
several values of the intraabdominal pressure up to 20
kPa [3].  The calculated  strain  and  stress  fields  were

very  similar  for  all  of  the  stoma  models,  with  a
maximum abdominal expansion of about 52.38 mm at
20 kPa, except in the case with the stoma on the LA,
for  which  the maximum deformation  was  61.23 mm
instead.  The latter simulation would reflect a extreme
case in which LA is cut during surgery.

Figure 2: The seventeen holes (in red) that simulates
the stoma location all  over  the abdominal  wall.  The
central one is on the LA and divides it in two different
parts. The other ones are above three imaginary lines
parallel to LA.

Discussion

The  experimental  results  show  that  in  a  surgery  of
these characteristics if the stoma is practised correctly
and  the  evolution  of  the  patient  is  adequate,  no
problems should appear from a biomechanical point of
view unless the LA is damaged during the operation. In
the near future, we want to consider the abdominal wall
as a transversely isotropic hyperelastic material which
assume  the  anisotropy  and  non-linearity  of  the  soft
tissue.
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Introduction 

Over the last two decades, Computed-Tomography 

(CT)-based Finite Element (FE) modelling was widely 

adopted to investigate the femoral mechanical behavior 

[1]. An effort-intensive work to validate the FE-derived 

predictions of both strain patterns and fracture load was 

performed by different groups [2-4]. Although these 

groups adopted radically different modelling strategies, 

very similar, yet not optimal, accuracy levels were 

achieved. Many differences exist among the various FE-

based femoral modelling approaches, principally in 

terms of bone constitutive modelling and way of 

detecting the fracture location. On the other hand, these 

features have a pivotal role in the effectiveness of 

numerical models. Thereby, the adoption of advanced 

mechanics-based theories describing the fracture 

process may furnish a more accurate description of bone 

mechanical behavior, thus enhancing the accuracy level.  

As such, in this work a refined CT-based FE modelling 

approach for describing the femur mechanical response 

is presented. In particular, the quasi-brittle behavior of 

bone is modelled by employing a Continuum Non-local 

Damage Mechanics (CNDM) approach, which revealed 

more appropriate for modelling the fracture onset and 

evolution, than the more conventional local damage 

models [5]. 

 

Methods 

The 3D femoral geometries were reconstructed by 

segmenting the CT-images (ITK-Snap software). 

Heterogeneous isotropic material properties were 

adopted by deriving local values of bone density (ρ) 

from the CT grayscale data and then converting ρ into 

local values of Young modulus [6]. To simulate the 

progressive loading-induced loss of structural integrity 

in a stance loading configuration, the linear elastic 

constitutive description of bone was coupled to a quasi-

brittle non-local damage formulation. Specifically, a 

damage regularization approach based on an integral-

type averaging of strain local values was adopted [5]. 

Three different meshes based on tetrahedral quadratic 

elements, labelled as “rough” (mean element size 4.0 

mm), “average” (2.0 mm) and “fine” (1.0 mm), were 

built to test the objectivity of results upon mesh 

refinements. The numerical procedure has been 

implemented by using a displacement-controlled 

incremental loading path. FE analyses were performed 

by employing home-made Matlab codes integrated 

within the FE software Comsol Multiphysics.  

 

Results were analyzed in terms of load-displacement 

response, damage patterns and fracture loads. 

 

Results 

The adopted approach was able to reproduce a quasi-

brittle failure mode of femurs as Independent from the 

mesh size (Fig. 1). Computed fracture loads did not 

result sensitive to the mesh refinement level (percentage 

difference of 0.4% compared to the experimental value). 

In addition, FE load-displacement curves showed a 

convergent trend of solution upon mesh refinements 

(Fig. 1a). Damage patterns agreed with those 

experimentally detected (Fig. 1b). 

    (a)    (b) 

 

Figure 1: (a) FE load-displacement curves of a femur 

tested under a stance loading configuration with three 

different mesh refinements using a CNDM approach.  

(b) Detected fracture pattern for the “average” mesh. 

 

Discussion 

The proposed approach is able to accurately detect the 

quasi-brittle behavior experienced by femur at stance 

position in agreement with experimental findings [7]. As 

such, the proposed approach may be adopted to improve 

the accuracy of CT-based FE models and thus obtain a 

more comprehensive understanding of femoral failure 

mechanisms. 
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Introduction 
Tumour-induced angiogenesis is considered a key event 
in cancer progression, marking the transition to an 
aggressive, metastatic phase. Importantly, angiogenesis 
results in a pathological network, associated with 
hypoperfusion, high permeability and large interstitial 
fluid pressure (IFP), which hinder the delivery of drugs 
to the tumour site. Due to the pivotal role of 
angiogenesis, significant effort has been devoted to the 
development of anti-angiogenic (AA) drugs. They can 
have a direct effect, by hindering the formation of new 
vessels and by reducing the density of the existing 
vasculature. Importantly, AA drugs can also have 
indirect benefits, by improving the delivery of 
chemotherapy. This is due to increased perfusion, as a 
result of vascular normalisation (changing vessel pore 
size and diameter) and of a reduction in IFP.  
Despite their potential, AA therapies have seen limited 
use in the clinic, necessitating an improved 
understanding of their highly intricate course of action. 
In this work, we present an in-silico tumour growth 
model, offering the ideal framework for systematically 
investigating the role of individual mechanisms of 
action of AA drugs in tumour progression. AA treatment 
is also considered in combination with metronomic 
chemotherapy, where the optimal drug dosage and 
timing of administration are examined.  
 
Methods 
Our in-silico model of tumour growth encompasses 
angiogenesis and blood flow through the vasculature 
and the interstitium [1]. It also simulates tissue 
biomechanics, the transport of chemical agents and the 
interaction between different cells’ populations, along 
with the delivery of cytotoxic agents. Our framework 
was used to investigate several mechanisms of action of 
AA drugs. Initially, the effect of reducing the vascular 
density was examined, by employing four discrete 
vascular representations, corresponding to different 
doses of AA drug. The role of vascular normalisation 
was also investigated, by altering pore size and 
diameter. Finally, the tests were extended to 
metronomic chemotherapy, whereby the dosage and 
timing of drug administration were varied. 
 
Results 
Computational simulations revealed that the higher the 
dose of AA drug (which causes a higher reduction in 
vascular density), the larger the impact on tumour 
volume (Figure 1). However, a very high dose of AA 
drugs caused severe damage on healthy cells too.  
 

 

 
Figure 1: Effect of AA drugs on tumour volume as a 
monotherapy (left) or combined with drugs (right). 
 
Importantly, when combined why chemotherapeutics, a 
lower dose of AA drugs was found able to shrink the 
tumour (Figure 2), without causing such severe effects 
on healthy cells. Vascular normalisation treatments 
were also considered in combination with 
chemotherapy, presenting promising results in 
enhancing drug delivery to the tumour site. 

Figure 2: Tumour and new vessels in control (left) and 
when treated with low dose AA + Chemotherapy (right). 
 
Discussion 
Our preliminary results suggest that combinatory 
treatment protocols might be more beneficial than 
monotherapies, hindering tumour growth without 
causing excessive damage on healthy tissue. Equally 
important is the careful planning of treatment dosage 
and timing of administration. Finally, our results 
highlight the potential of our in-silico framework to 
evaluate treatment strategies in a non-invasive and cost-
effective manner, paving the way for an improved 
understanding of AA therapies and thus for more 
effective cancer treatments 
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Introduction 

Generating high-quality hexahedral meshes of highly 

irregular tissues for finite element (FE) simulations is a 

laborious and time-consuming endeavour. The meniscus 

is an important component of the knee and challenging 

structure to simulate due to multi-body contact, large 

deformations and nearly incompressible material 

properties. Simulations of this nature are more accurate 

and likely to converge with hexahedral meshes. 

Mesh-morphing has been chosen to automatically create 

accurate, high-quality hexahedral meshes of meniscus 

geometries from a single template mesh. This work aims 

to assess the performance of an in-house mesh-

morphing strategy against a state-of-the-art hex-mesh 

procedure – the multi-block method (IA-FEMesh). 

 

Methods 

A set of 20 geometries (10 lateral and 10 medial) were 

selected which represent a variety of challenging 

meniscus features. Using their surface representation, 

2x20 volumetric meshes were produced with either a 

multi-block method or our morphing strategy, using one 

high-quality but generic template. FE simulations with 

FEBio were performed as a single-condyle of the tibio-

femoral joint subject to a standing compression of 500 

N, incorporating idealised tibial and femoral cartilage 

meshes. Cartilage and meniscus were modelled as 

hyperelastic materials. The time taken to derive each 

mesh, surface error, mesh-quality and differences in 

simulated contact pressure and area were compared.  

 

Results 

The mesh-morphing strategy operates faster for all 

geometries with generation times between 83-184 s, 

compared to 279-8040 s for the multi-block. Overall, the 

multi-block method produces mesh with a lower surface 

error averaging 0.22 mm compared to 0.43 mm. The 

multi-block meshes had a lower surface error for 17/20 

geometries. Mesh-morphing produces fewer very low-

quality elements with an average of 0.85%, compared to 

1.19% for the multi-block.  

 

 Multi-block        Mesh-Morphing 

 
Figure 1: Surface error of the multi-block method and 

mesh-morphing strategy  

 

However, the multi-block method produces fewer low-

quality elements on average with 9.1% compared to 

11.7%. The contact pressure distributions between the 

two simulations generally show strong similarities but 

can have different max. contact pressure locations.  

 

 Multi-block        Mesh-Morphing 

 

 
Figure 2: Contact pressure distributions (MPa) for the 

multi-block method and mesh-morphing strategy, for 

two geometries with very different surface errors  

 

Discussion 

One template was used to generate a total of 20 valid 

hexahedral meshes of the meniscus with reasonably low 

surface errors. Some differences in the contact pressure 

occur, mostly from mesh artefacts from the multi-block 

method. Other differences occur from subtle local and 

global surface errors. The morphed meshes distribute 

contact pressures more evenly due to having a smoother 

geometry. Although, morphed meshes that have larger 

surface errors tend to produce higher contact pressures. 

Larger surface errors are caused from a shrinking effect 

from the morphing strategy and can lead to a smaller 

mesh than the target geometry. This will require 

optimizing the default mesh-morphing parameters. 

The mesh-morphing strategy offers a faster, competitive 

and automated alternative to the semi-automatic multi-

block method, with no significant difference in FE 

simulation outcomes. 
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Introduction 

 

The acquisition and analysis of in vivo data has 

highlighted the effects of aging and loading in bone 

mechanobiology. On the other hand, in silico models of 

bone remodelling are not yet fully validated, impeding 

their recognition and application. The validation of these 

models would require a synergy of in vivo and in silico 

data and methods. Recently, our laboratory has 

examined the effects of ageing and loading in vivo on 

mice with premature ageing (PolgA) and their wild-type 

littermates (WT) [1]. In addition, we have implemented 

a 3D in silico model of trabecular bone remodelling in 

mice [2]. The in vivo data and the in silico model can be 

used together to validate the mechanobiological 

assumptions of the signalling pathways and cells 

included in the in silico model. 

 

Methods 

The anabolic effect of cyclic mechanical loading of the 

sixth caudal vertebra in WT and PolgA mice were 

previously shown [1]. Micro-CT scans were acquired on 

a weekly basis and these two groups of mice were 

subjected to either sham or 8N cyclic loading. 

Trabecular mask with (TFull) and without (TCropped) the 

middle region were computed using a previously 

established procedure [3]. TFull is used for computing the 

static bone morphometry parameters of the 

corresponding time-lapsed image, whereas dynamic 

parameters are obtained by superimposing the TCropped 

for each time-lapsed image. 

The first image is masked with Tfull and used to start the 

in silico bone remodelling simulations on CSCS (Swiss 

National Supercomputing Centre) as described before 

[2]. Bone mechanobiology is simulated through 

signalling pathways and cells. The subsequent simulated 

mineral images are thresholded and used to compute the 

dynamic and static bone morphometry parameters along 

with the initial TCropped and TFull. 

 

Results 

The in vivo experimental findings have been further 

expanded with the corresponding in silico trabecular 

bone remodelling simulations (Figure 2). Their output 

is used to compute the static and dynamic bone 

morphometry parameters to establish if the in silico 

model can quantitatively reproduce the same 

morphological features we observe in vivo. On the other 

hand, visual inspection is carried out to inspect if the 

same regions are remodelled in vivo and in silico and to 

inspect their shape and extent which is not visible only 

with the numerical output of bone morphometry.  

 

 
 

Figure 1: Outline of the validation: from acquisition of 

in vivo data to the quantitative and qualitative 

comparison between in vivo and in silico results. 

 

Discussion 

The validation of our in silico model of trabecular bone 

remodelling is the ultimate synthesis between in silico 

and in vivo data. As a result, the assumptions of bone 

mechanobiology in the in silico model can reproduce  

bone morphometry parameters. We plan to present the 

validation of the in silico model of trabecular bone 

remodelling in aging mice in the near future.  
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Introduction 
The microstructures of cortical and cancellous bones are 
continually altered by remodeling to adapt to the 
mechanical environment. The cellular mechanisms of 
these bone remodeling are extremely similar, despite 
their remarkably different porosity [1]. The intracortical 
remodeling that occurs at the cortico-cancellous 
transitional zone promotes transformation from dense 
cortical bone to porous cancellous bone, which is known 
as the main cause of bone loss with age [2]. To 
effectively prevent and treat age-related bone loss, it is 
crucial to understand the fundamental behavior of 
cortical-to-cancellous bone transformation. Therefore, 
in this study, we developed a mathematical model of 
cortical and cancellous bone remodeling, in which bone 
porosity is determined by the local balance between 
bone formation and resorption, and simulated cortical-
to-cancellous bone transformation [3]. 
 
Methods 
We proposed a mathematical model of bone remodeling 
based on the assumption that bone formation is induced 
by a mechanical factor in mineralized bone, and bone 
resorption is induced by a biochemical factor in bone 
marrow. As a bone formation factor, we introduced the 
mechanical stimulus to bone cells, Ssf, defined as a 
weighted average of von Mises equivalent stress. On the 
other hand, as a bone resorption factor, we considered a 
hypothetical molecule supplied from blood vessels. The 
concentration of the molecule, , was assumed to be 
governed by the diffusion equation. The remodeling 
stages on the bone surface, i.e., formation, resorption, 
and quiescence, were determined by Ssf and  (Fig. 1a). 
 

 
 
Figure 1: Methods for bone remodeling simulations. (a) 
Mathematical model of bone formation and resorption. 
(b) Initial simulation model of a cancellous-like bone. 
 
By combining the proposed mathematical model with a 
voxel finite element (FE) method, we conducted bone 
remodeling simulations. A voxel FE model of a 
cancellous-like bone cube with an isotropic porous 
structure was constructed (Fig. 1b). A blood vessel, as a 

source of bone resorption molecules, was placed in the 
region of analysis. A uniform uniaxial compressive load 
0 = 1.0 MPa was applied on the upper rigid plate. 
 
Results and Discussion 
The ratio of the threshold for the molecular 
concentration, th, (Fig. 1a) to the concentration in the 
blood vessel, 0, is an important model parameter that 
regulates bone formation/resorption balance. Here, we 
investigated the effects of th/0, on the bone 
morphology after 100-day remodeling (Fig. 2a). To 
clearly show the porosity difference between cortical-
like and cancellous-like bones, we also showed the 
corresponding distribution of mean bone volume 
fraction (BV/TV) (Fig. 2b). When the value of th/0 is 
relatively high, Haversian-like canal was formed around 
the blood vessel. With the decrease in th/0, the small 
canal was enlarged, and multiple trabeculae replaced the 
cortical-like bone. This process is remarkably analogous 
to the trabecularization process of the cortex via 
intracortical remodeling [2]. These results suggest that 
the proposed mathematical model of bone remodeling 
has the potential to reproduce cortical-to-cancellous 
bone transformation. 
 

 
 
Figure 2: Reproduction of cortical-to-cancellous bone 
transformation by altering th/0. (a) Bone morphology 
with the distribution of von Mises equivalent stress. (b) 
Distribution of mean bone volume fraction (BV/TV). 
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Introduction 
Parkinson’s disease is a degenerative disorder that 
affects dopaminergic neurons in the basal ganglia. Cell 
therapy has emerged as a promising therapeutic strategy, 
and biomaterials acting as scaffolds are used to 
minimize the immune reaction to the graft and to 
prolong the cell viability. However, the existing delivery 
approaches have shown limited success in clinical 
translation [1]. This study aims to develop a device for 
the delivery of an in situ forming collagen hydrogel. A 
biphasic solute computational model is used to gain 
insight into different parameters affecting the delivery. 
Finally, the model of the collagen delivery to the 
striatum is validated by comparing it to in vivo 
experimental data. 
 
Methods 
The delivery of collagen was modelled computationally 
in the three-dimensional space. The striatum was 
modelled as a sphere, with a radius of 2.78mm 
corresponding to the mean volume of putamen in rats 
[2]. Within the finite element method framework, the 
biphasic solute method was used, modeling the brain 
tissue as a permeable hyperelastic solid matrix. MRI 
images of rats injected with collagen hydrogel were 
provided by MIRCen, CEA, France. 
 
Results 
The interaction between the collagen and the brain tissue 
was analyzed, and the volume of the collagen delivered 
in the computational model was compared to the 
experimental results. It was shown that a similar volume 
was achieved.  
 
Discussion and Conclusions 
The intrastriatal injection of a hydrogel is a complex 
process and computational analysis of the delivery can 
help identify the obstacles facing clinical translation. 
The validation of the biphasic computational model 
when compared to experimental results was successful, 
and this model will be used to investigate how different 
syringe designs may affect the intrastriatal delivery. 

 
Figure 1: Three-dimensional model of collagen delivery 
to the striatum. A) Effective concentration of collagen 
when injected into the striatum, modelled as a biphasic 
material. B) 3D reconstruction of MRI images of 
collagen (red) injected to the rat striatum (blue). 
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Introduction 
The skin is subject to daily mechanical stress when in 

contact with objects. Being able to make predictions 

about the skin's ability to withstand interactions with 

every day used products is therefore of great interest. 

Skin mechanical behaviour has already been widely 

studied [1, 2]. However, the current understanding of the 

through layer behaviour of skin is insufficient to explain 

discomfort and mechanical irritation phenomenon. 

The aim of this work was to build a 2D three-layer finite 

element model of skin on the base of full field through 

thickness strains measured during indentation. 

 

Methods 
Full field through thickness deformation results were 

obtained using digital image correlation after the 

indentation of a porcine skin sample on a home designed 

device. The geometries of the layers interfaces were 

built thanks to a Fourier fit of a segmented histological 

image of human skin.  

Each layer of the model was defined homogeneous, 

linear and elastic. Indeed, the anisotropy of the skin is 

essentially resulting from the orientation of the collagen 

fibres, predominantly in a plane orthogonal to the one 

studied here. The Young moduli of each layer were 

calibrated through the inverse identification process 

described in Figure 1. The objective function compared 

the horizontal and vertical displacements of every node 

of the model to an interpolation of digital image 

correlation experimental results, as well as the reaction 

forces on the probe, at every indentation step. 

 

 
Figure 1: Identification process of the material 

properties of the skin 

 

Results 

For the skin sample considered in this work, the 

optimization process led to a minimum of the objective 

function for the values of the Young moduli for the 

epidermis, dermis and hypodermis layers of respectively 

0.81MPa, 5.81MPa, and 10.01MPa. The corresponding 

numerical strain maps were compared to the 

experimental ones as shown in Figure 2.  

 
Figure 2: Experimental shear strain map obtained using 

digital image correlation (top) and numerical shear 

strain map obtained using the material properties 

resulting from the identification process (bottom). 

 

Discussion 

The found parameters are a little higher than the average 

of those found in the literature, but remain within the 

range of skin layer parameters [1, 2, 3]. The relative 

softness of the epidermis could partly be explained by 

the limited experimental data obtained in this layer. The 

unusual rigidity of the hypodermis might result from the 

hard metal layer underlying the skin sample during the 

experiment. 

The overall deformation behaviour was fairly well 

approximated by the model defined in this study. Yet, 

the comparison of the experimental and numerical strain 

maps highlight that this type of model is not able to 

capture heterogeneities in the skin. The reproduction of 

this work on more samples will allow refining these 

results. The use of hyperelastic material properties could 

enhance the model. Accessing such detailed information 

about the through-layer deformation of the skin is a 

promising result. By perfecting this method, it will be 

possible to study with accuracy the viscoelastic and non-

linear properties of the skin. 
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Introduction 
Ageing or degenerative conditions such as osteoporosis 
precede an impaired regulation of bone (re)modelling, 
which can result in fracture, long-term disability and 
chronic pain. Understanding the causes leading to 
unbalanced bone (re)modelling can help expedite the 
development of more effective therapies. Available 
tools to study mechanoregulation of time-lapsed in vivo 
micro-computed tomography (micro-CT) images 
showed that the conditional probability of formation/ 
resorption events is linked to higher/lower magnitudes 
of the mechanical signal estimated with finite element 
analysis (micro-FE) [1]. Still, such conditional 
probability curves do not have a direct biological 
interpretation and cannot serve as input for in silico 
models of bone adaptation, which often rely on 
implementations of the mechanostat theory [2]. Hence, 
alternative approaches that estimate such parameters 
directly from in vivo data are desirable. This study aimed 
to develop a mechanoregulation analysis method to 
estimate sample-specific mechanostat parameters based 
on time-lapsed in vivo micro-CT data of mice. 
 
Methods 
First, formed, quiescent and resorbed volumes and 
surfaces are identified between scans. A distance 
transform of the follow-up and inverted follow-up 
images estimates the thickness of formed and resorbed 
volumes per surface voxel on the baseline image. Next, 
a micro-FE step computes the local effective strain (ES). 
A 2D histogram relates the voxel-wise surface ES with 
the estimated thickness. The ES values are capped at the 
99th percentile to eliminate high (unphysiological) 
instances and binned at 1% of this value. Thickness 
values are binned at 1% of the maximum value. A curve 
is obtained by taking the average of the thicknesses, 
weighted by the number of bin counts. Multiplication 
and division by the voxel size and the interval between 
the time-points, respectively, convert the result to ‘rate’ 
units. The mechanostat parameters are estimated by 
fitting a piece-wise linear function. A total of 160 in vivo 
micro-CT scans (vivaCT 40, 10.5μm, 55kV, 145μA, 
350ms) were collected from a previously published 
study [3] investigating the effects of cyclic and static 
loading frequency on the amount of bone volume 
change on the sixth caudal vertebra (CV6) of mice after 
four weeks of extra-physiological cyclic (3x/week, 2, 5 
and 10Hz, F=8N), static (F=8N) and sham loading 
(control group, F=4N, force assigned based on [4]). 
Rates are given in “µm/week”, and formation (F) and 
resorption (R) saturation and threshold values in ES 
values (dimensionless). 

Results 
The method can produce sample-specific and group 
average mechanostat parameter estimations (Table 1). 

Param. Control Static 2Hz 5Hz 10Hz 
Rsaturation -9.89 -7.01 -7.53 -5.76 -8.63 

Rrate 18615 7232 17530 20424 35845 
Rthreshold 0.53 0.97 0.43 0.38 0.24 
Fthreshold 2.0 3.6 0.8 0.6 0.4 

Frate 972 1241 1723 2070 2180 
Fsaturation 0.36 1.78 2.32 2.99 3.39 

Table 1: Parameters of the piece-wise linear curve fitted 
to the average mechanostat curve per group (F: 
formation, R: resorption; Rthreshold and Fthreshold x10-3). 
 
Figure 1 shows that peak surface velocity was achieved 
in the second week, from which the rates decreased over 
time. Higher frequencies showed higher surface 
velocities and lower formation thresholds. The range of 
ES values also decreased towards a defined interval with 
smaller amplitudes for higher frequencies. 

 
Figure 1: Group average mechanostat estimation for all 
samples of all groups, across all pair of time-points. 
 
Discussion 
ES values converged to a small interval, suggesting a 
more homogeneous ES distribution at week 4 [4]. Future 
work will explore if such estimations allow accurate 
individualised in silico modelling of bone adaptation.  
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Introduction 
Apoptosis is the programmed form of cell death, a 
highly regulated process responsible for cellular 
turnover in living tissues. Alterations of this mechanism 
play a key role in different diseases, including cancer.  
The identification of apoptotic cells in preclinical 
samples provides valuable insights into disease 
progression and allows to evaluate therapy response. 
Various apoptosis detection modalities are available, 
and they largely rely on empirical assessments from 
biologists. The process is laborious, time consuming and 
subjected to human error. To overcome this gap, we 
propose an automatic computerized system to detect and 
quantify apoptotic cells in fluorescence microscopy 
images to optimize the time of analysis, improve the 
accuracy and abate the incidence of human errors. 
 
Materials and Methods 
The proposed method is based on a deep learning 
algorithm [1] and was applied to confocal microscopy 
images of human melanoma and prostate cancer cells 
[2]. Our system performs semantic segmentation over 
each entire image, distinguishing among intact nuclei, 
apoptotic fragments, and the remaining background. 
The dataset included 94 images (80% employed for the 
training and 20% for the validation) that were manually 
labelled under the supervision of an expert biologist. 
Data augmentation was performed on available 
annotated images in order to instruct the network more 
efficiently – see Fig. 1a. 
A UNet architecture [3] was chosen and adapted to this 
specific purpose, together with a customized loss 
function to target the class imbalance issue. 
 

 
Figure 1: Workflow: a. Training of the network; b. Test 
of the semantic segmentation technique. 
 

Results and Discussion 
We calculated the Intersection over Union (IoU) to 
estimate the performance of the proposed framework 
and the results are summarized in Table 1. 

Table 1: UNet performance parameters 
 
Fig. 2 shows an example of segmentation results. The 
network was overall accurate in predicting the presence 
of the intact nuclei in the entire image. The detection and 
localization of apoptotic events was good with a true 
positive rate of 73.07% and a false positive rate of 
3,15%. The computational time required for a single 
image was in the order of few seconds. 
 

 
Figure 2: Output mask of the algorithm (left) compared 
with the true mask (right). In yellow apoptotic nuclei. 
  
Conclusions 
We presented an innovative CNN-based solution for 
individuation of apoptosis in microscopy images. The 
proposed approach can significantly reduce the time of 
analysis, improve the accuracy and reduce the incidence 
of human errors. 
As next step, an improvement of the learning process 
will be targeted, along with an increase in the quantity 
of input data applied to new class of images to study 
different cells populations. 
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Introduction 
Bone metastasis is a lethal complication of prostate 

cancer (PCa) (84% incidence) [1] with a survival rate of 

~30% at 5 years from the diagnosis [2].  

Blood vessels in bone are key players of metastasis 

development and progression and a target of anti-

angiogenic therapies. Thus, detecting tumor vasculature 

is necessary to monitor the performance of these agents. 

However, due to the highly irregular structure of the 

vessels, their manual quantification is complex, time-

consuming, and subjected to human errors. 

To fill this gap, we propose an automatic computer 

system to segment blood vessels in microscopy images.  

 

Materials and Methods 
The proposed method is based on a neural network 

algorithm applied to images of PCa bone metastasis.  

Briefly, mouse tibiae are injected with human PCa cells, 

collected after 10 days, processed, cut at the vibratome, 

stained (endomucin) and acquired at a multiphoton 

microscope.  

The dataset includes 163 images referring to two 

different cancer cell lines: PC3 and C42B. A C42B 

image example is shown in Fig.1a. For each image, a 

ground truth mask was manually developed in ImageJ 

under the supervision of an expert biologist. Given the 

high shape irregularity of tumor vessels in bones, we 

approximated each vessel with an ellipse (Fig.1b).  

The proposed method employed a U-Net neural network 

to perform semantic segmentation [3]. Data 

augmentation was executed to increase data availability 

by applying the same geometrical transformations to 

both images and masks. The augmented dataset was 

split into a “training subset” (280 images) and a 

“validation subset” (120 images) to tune the model 

hyperparameters and to monitor the model performance. 

First, the convolutional neural network (CNN) was 

trained with the relative subset; second, the trained 

model was validated with the relative subset. Then, the 

model was employed to perform semantic segmentation, 

generating predicted vessel masks for every image of the 

entire dataset. From each mask, vessel features were 

extracted, including centroid coordinates, major and 

minor axis length, eccentricity, orientation and the total 

number/image. 

 

 

 
Results and Discussion 
A qualitative evaluation and validation of the semantic 

segmentation results have been performed by an expert 

biologist in the field with a satisfying outcome. The 

maximum Intersection over Union (IoU) is 0.468. 

However, its choice as quantitative indicator of 

segmentation quality is questionable due to the 

approximation of vessels into ellipses.  

 

Detection of 53 vessels 

 Vessel # 1 Vessel # 2 

Centroid (287, 328) (324, 104) 

MajorAxisLength 52.9 32.2 

MinorAxisLength 23.6 17.9 

Eccentricity 0.90 0.83 

Orientation -88.2 49.4 

Table 1: Results of the first 2 vessels, related to Fig. 1c, 

sorted by area dimension. 

 

Conclusions 

An innovative neural network-based solution for 

automating blood vessels analysis in bone metastasis is 

presented. Our automatic method highly improves the 

time of analysis and abates the incidence of human 

errors. In future developments, we will boost the 

semantic segmentation performance by improving the 

quality of the ground truth mask. Moreover, an 

increased quantity of images is beneficial to widen the 

data variability that the algorithm can manage.  
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Figure 1: Original image (a), manual ground-truth 

mask (b), mask automatically predicted by the CNN 

model (c). 
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Introduction 
Cellular porous structures, such as triply periodic 
minimal surfaces (TPMS) have become increasingly 
popular in the design of scaffolds for bone tissue 
engineering. The need for a deeper understanding of 
TPMS structures is required to find optimal bone 
scaffold designs, which could adequate to the needs of 
each patient and bone site. Fluid flow dynamics also 
play a critical role in the diffusion of nutrients and 
scaffold properties such as permeability and wall shear 
stress (WSS) are directly involved in the proliferation 
and cell differentiation [1]. The aims of this study are to 
create computational models that will allow designing 
scaffolds which match the mechanical and fluid flow 
properties of the host tissue. 
 
Methods 
Prismatic samples according to ASTM D695 
(12.7x12.7x25.4 mm) compromising 4x4x8 cells were 
designed based on four different TPMS structures 
(Double Diamond DD, Fisher-Koch S FKS, Diamond D 
and Gyroid G) of three porosities (60%, 70%, 80%). 
Compression tests were modelled with Finite Element 
Analysis (FEA) [2] using polycaprolactone (PCL) as the 
biodegradable material (E0=271 MPa). Apparent moduli 
(E/E0) were calculated for each relative density (ρ/ρ0) to 
obtain the coefficients of Gibson-Ashby analytical 
model (C1, n):  
 

E
E0

= C1 �
ρ
ρ0
�

n
                                   (1) 

 
Computational Fluid Dynamics (CFD) was used to 
obtain values of intrinsic permeability and WSS [3].  
 
Results 
Figure 1 shows the Gibson-Ashby fitting for all 
structures, indicating an increase in the apparent moduli 
with increasing relative density.  

When using PCL as the bulk material, elastic modulus 
(Figure 2) ranged from 75 MPa (DD-60%) to 13 MPa 
(G-80%), corresponding to the smallest and biggest pore 
size respectively. Figure 2 shows that permeability 
increased with porosity from 1.39x10-9 m2 (DD-60%) to 
19.45x10-9 m2 (G-80%). As for WSS, the values ranged 
from a maximum of 0.211 Pa (DD-60%) to a minimum 
value of 0.017 Pa (G-60%). 

 

Figure 2: Calculated permeability (k) values from the 
CFD models (lines) and elastic moduli (E) obtained 
from the FE simulations (columns). 
 
Discussion 
The correlation between the apparent moduli and 
relative density followed a power-law, as reported by 
Gibson-Ashby. Young moduli of PCL structures led to 
lower values than the ones reported for trabecular bone. 
However, although PCL was used for its 
biodegradability, its mechanical properties can be 
improved when combined with hydroxyapatite or 
bioactive glass nanoparticles. The obtained permeability 
and WSS are in the range described for osteogenic 
differentiation [1]. Based on the relations inferred from 
this study, novel functionally graded structures could be 
designed to combine the characteristics of various 
models and/or porosities in order to design scaffolds 
specific for each patient or bone site.  
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Figure 1: Unit cell architecture and Gibson–Ashby 
fitting for all structures. 
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Introduction 

Sagittal synostosis is the premature fusion of the sagittal 

suture, affecting 1 in 10,000 live births [1]. Various 

corrective techniques have been developed. Craniofacial 

surgeons continue to debate which technique provides 

the most optimum outcome [2]. Finite element method 

is a powerful tool used for craniosynostosis 

management. This study aimed to (1) develop a 

validated patient-specific model of skull growth in 

sagittal synostosis patients under 2 or 3 spring-assisted 

cranioplasty (2 SAC & 3 SAC, respectively) correction; 

(2) compare biomechanics of SAC vs. a classical 

technique that used to be used for treatment of the same 

condition based on modified strip cranioplasty (MSC). 

 

Methods 

CT data of 2 SAC (n=10) and 3 SAC (n=10) patients 

were obtained for validation purposes. A 3-month old 

preoperative CT was used for 3D reconstruction. 

Calvarial bone, sutures and intracranial volume (ICV) 

were all segmented. Calvarial growth was undertaken up 

to 36 months of age (Fig 1). Spring cranioplasty was 

modelled and springs were removed at 9 months. Bone 

formation across the sutures and calvaria were simulated 

based on a previously described validated algorithm [3]. 

Contact parameters were established between the bone-

ICV surfaces. Cephalometric, morphological and 

distractor distance outcomes were evaluated at 9 & 36 

months.  

 

 

 
 

Figure 1: Simulation workflow: where spring insertion (A), 

release (B) are replicated. Skull growth & bone formation are 

simulated up to 9 months (C) and 36 months (D). 
 

Results 

SAC opening and morphology matched well against CT 

data outcomes by 36 months of age. Relapse in the 

cephalic index was visible in both predictive and 

reported outcomes (Fig 2). Predictive craniotomy 

closure time differed between the considered 

techniques, leading to altered sutural closure. Increased 

anterior pressure was observed in 3 SAC predictions 

compared to 2 SAC outcomes.  

 

 
Figure 2: Mean cephalic index over time with standard 

deviations. Showing 2 SAC (A), 3 SAC (B) & SMC (C) 

predictions vs. CT/literature data.  
 

Discussion 

This study attempts to predict and compare various 

sagittal synostosis techniques using a FE approach. Our 

predictive outcomes in replicating SAC agree well with 

CT morphology. Reported morphological characteristic 

seen postoperatively were also predicted here. Bone 

formation cannot be validated but plays a large roll in 

predictive outcomes. Contact pressure across the ICV 

hope to aid in minimising functional deficits 

postoperatively. 
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Introduction 

Dynamic mechanical loading increases bone density 

both in vitro and in vivo [1,2]. While micro-computed 

tomography (micro-CT) and micro-finite element 

(micro-FE) analysis have shown a relationship linking 

bone formation, resorption and mechanical environment 

in vivo [2], current methods have several limitations. 

Tissue engineering approaches [1] rely on manual, time-

consuming and subjective correlation of formation sites 

with the mechanical environment. Notably, the 

association of multiple strain values to single formation 

voxels on concave surfaces (Fig. 1a) leads to faulty 

probabilities for remodeling predictions using the 

method introduced by Schulte et al. [2]. To overcome 

these limitations, we developed and validated an 

automated surface strain dilation (SSD) method to 

accurately link local mechanical stimuli to mineral 

formation in tissue biomechanics. 

 

Methods 

The newly developed SSD method uses a remodeling 

image, obtained through registered and superimposed 

time-lapsed micro-CT images, and local micro-FE 

strains of the baseline image as input. Strain and 

formation are associated by a dilation of the surface 

strain onto the newly formed mineral. The surface data 

is extrapolated iteratively layer by layer: dilating the 

surface strain values and keeping only the newly dilated 

values (Fig. 1b). This prevents a distortion of the 

original data. For validation, we applied the SSD 

method to three datasets and compared results to the 

Schulte method (Fig. 1a) [2]. First, we created synthetic 

images representing bone formation on uneven surfaces 

(Fig. 1c) or multiple layers (Fig. 1d) to assess if every 

formation voxel is associated with exactly one strain 

value. Second, we applied the SSD and Schulte method 

to five in silico remodelled micro-CT images of human 

distal radii (Fig. 1e) and computed the correct 

classification rate (CCR) to assess reliability. Third, to 

evaluate the capabilities for in vitro applications, cell-

seeded scaffolds (n=6) were cultured in compression 

bioreactors. Cyclic loading was executed 3x/week using 

a 3 % strain at 5 Hz for 5 minutes [3]. Time-lapsed 

micro-CT-images were acquired weekly. To obtain 

remodeling images and local strains, images were 

registered, superimposed and converted to Young’s 

moduli for subsequent micro-FE. Both SSD and the 

Schulte method were applied and the amount of linked 

strain and formed mineral were compared to the input 

data. The area under the curve of the Receiver Operating 

Curve (AUC-ROC) and the probability of formation 

were then computed. 

 
Fig. 1: Association of formation and strain for 

a) Schulte method [2], b) SSD method; c) concave 

surface, d) multiple formation layers: synthetic images 

(quiescent: grey, formation: orange); e) human distal 

radius after FE for in silico remodeling 

Results & Discussion 

The SSD method associated exactly one strain value 

with each formation voxel, while the Schulte method 

associated 2.25 and 0.64 strain values per voxel for 

Fig. 1c and Fig. 1d, respectively. Additionally, the 

in silico data showed an improved performance of the 

SSD method, visible in the resulting probability curves 

and a significantly higher CCR (Fig. 2). The results of 

the in vitro study confirm this: The SSD method 

associated exactly one strain value per formation voxel, 

compared to 2.09 strain values per voxel for the Schulte 

method. Furthermore, the SSD method (0.653) showed 

a better AUC-ROC than the Schulte method (0.544). 

 
Fig. 2:Validation on in silico radius data. Left: 

Conditional probability plots, Right: CCR results 

Conclusion 

We have developed and validated a versatile novel 

algorithm that allows accurate association of local strain 

and formation on uneven surfaces, overcoming 

limitations of existing methods. Hence, it allows the 

investigation of mechano-regulation for tissue 

engineering applications such as cell-laden bone-

organoids. This can lead to new insights in mechanical 

and experimental design in tissue biomechanics. 
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Introduction 
Vertebral fractures are frequent especially with rising 
age due to loss of bone density [1]. Voxel-based models 
of bone failure have been proposed to estimate failure 
load of single vertebrae including vertebral endplates 
[2], but there is no international standard for these Finite 
Element (FE) models. One methodology, based on non-
linear voxel FE model, is known to show good results in 
predicting incident vertebral fractures [3]. The aim of 
this study is to compare our tetrahedral models to voxel-
based models found in literature [4, 5, 6].  
 
Material and Methods 
Ten L3 vertebrae without posterior arch (4 females, 6 
males, 74.5±8.2 y.o.) were compressed until failure as 
described in [7]. Image acquisitions before failure were 
performed using a HR-pQCT device (High‐Resolution 
peripheral Quantitative Computed Tomography, 
XtremeCT, Scanco Medical AG, Bassersdorf, 
Switzerland,) with a voxel size of 82 µm.  
For our model, two types of mesh were created: an 
isotropic voxel mesh of 0.984 mm3 size and a quadratic 
tetrahedrons mesh. A hydroxyapatite phantom was used 
to calibrate grey levels into bone densities. Average grey 
levels for each element were assigned with a custom 
script for the voxel meshes and using Bonemat 
(Bonemat v3.2, Bonemat software, Bologna, Italy) for 
the quadratic tetrahedral meshes. Then the same law as 
proposed in [8] was used to attribute Young’s modulus 
and yield strength. The plastic modulus was set to 
1 MPa for all elements. Each vertebra was then 
compressed to reach a total deformation of 1.9% 
according to failure criteria in [6]. Non-linear finite 
element analysis was performed with ANSYS (v19R2; 
Swanson Analysis, Houston, PA). 
 
Results and Discussion 
Differences between simulated and experimental failure 
loads for our tetrahedral and voxel models are not 
significantly different (Wilcoxon-Mann Whitney test, p-
value = 0.65). There are no significant differences 
between failure loads computed using our quadratic 
tetrahedral and voxel meshes (Wilcoxon signed rank 
test, p-value = 0.49). Our models are similar to the 
literature in terms of mean difference and Standard 
Deviation (SD) between numerical and experimental 
failure load (Table 1).  

Studies Mesh N Fnum-Fexp (N) 
Current study Tetrahedron 10 -179 ± 938 

Voxel 10 43.7 ± 967 
Chevalier et al. [4] Tetrahedron 12 1829 ± 1141 

Voxel 12 1631 ± 1061 
Buckley et al. [5] Voxel 17 68.3 ± 677 
Wang et al. [6] Voxel 52 -492 ± 880 

Table 1: Differences between numerical and experimental 
failure loads (Fnum-Fexp), mean ± SD  

Non-linear voxel-based models [4, 5, 6] also add thin 
layers of polymethyl-methacrylate over endplates to 
transmit loads which was not reproduced in the current 
models. This may have an effect on the results. Various 
bone densities - mechanical properties relationships 
were found in the literature (e.g. [4, 5, 6]). The choice of 
this relationship should be included in a future standard. 
After conversion of the grey levels, the mechanical 
properties attribution to elements has not been depicted 
in literature which could induce uncertainties [9]. 
 
Conclusion 
As there are no significant differences between our 
quadratic tetrahedral and voxel model in a non-linear 
analysis, we could keep either one of them for the 
simulation of vertebral failure load. The selection 
between the two meshes could be made according to the 
automation and the reproducibility of the process which 
are key factors to transfer these simulations to clinical 
applications. Even if the simulations performed in the 
current study and in the literature were performed in 
different laboratories and are consistent, international 
standard would improve reproducibility and should be 
defined for application in clinical settings.  
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Introduction
Pulmonary  Fibrosis  (PF)  is  a  condition  where  lung
tissue becomes damaged and scarred. It is caused by an
abnormal wound healing response to an injury in the
alveolar  region  of  the  lung  which  leads  to  the
formation  of  excess  fibrous  connective  tissue.  This
reduces  the  ventilation  capacity  of  the  lung  and  the
transfer  of  oxygen  to  the  blood  vessels  resulting  in
breathing  difficulties  and  even  respiratory  failure.
Currently,  there  is  no  known  cure  for  PF  and
treatments are limited to slowing the progression of the
disease and relieving symptoms. A cause of PF is the
exposure  to  radiation  due  to  radiotherapy  (RT).
Considering the large number of patients  undergoing
external beam RT in the chest area, there is a need to
characterize the development of radiation-induced PF
and  to  determine  appropriate  radiation  dosages  that
minimize  the  risk  of  fibrosis  development  while
ensuring tumour regression.

Methods
Staging  and  prognosis  of  PF  remain  elusive,  mainly
because  of  the  highly  heterogeneous  course  of  the
disease  in  different  patients  [1].  Existing  prognostic
models  rely  on  demographic  characteristics  and/or
clinical  indices and have had limited success.  In this
work, we present a 3D mathematical model of tumour
regression  and  radiation-induced  fibrosis  in  the  lung
which  incorporates  patient-specific  information  and
enables  the  accurate  description  of  PF  development.
The  model  is  a  continuum-based  formulation  that
features a system of three partial differential equations
that govern the evolution of cancerous cells, fibroblasts
and lung parenchymal tissue. It includes cell transport
processes as well as the growth and death of cancerous
cells and fibroblasts in response to radiation and lung
tissue  biomechanics.  The  equations  are  solved
numerically  using  the  finite  element  software  FEB3
[2].

Results
 The model is applied on  physiologically accurate lung
geometries,  reconstructed  from  Computed
Tomography (CT) scans of patients diagnosed with PF.
Patient data were obtained with informed consent and
anonymised by Prognosis Advanced Diagnostic Center
in Cyprus. The initial conditions  are set based on the
location  of  the cancerous  tumour  and  the  radiation
distribution  as  shown  in  figure  1.  The  numerical

solution exhibits the development of fibrous tissue in
the lungs which is in good agreement with the fibrotic
tissue  observed  in  the  CT  scans  of  patients  and
resembles  the  irregular  “honeycombing”  appearance
seen in widespread pulmonary fibrosis.

Figure 1: (a) Spatial distribution of radiation applied
on the lung. (b) Location of the initial cancerous tissue.
(c)  Development  of  fibrous  tissue  in  the  months
following  radiation exposure.

Discussion
Our results demonstrate that the model can realistically
reproduce  tumour regression and fibrosis progression
exhibited in lung cancer patients who received RT as
part  of  their  treatment.  In  future  work,  we  plan  to
employ  the  model  in  biomechanical  simulations  to
study the effect of PF on lung function.
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Endothelial glycocalyx
The  endothelial  glycocalyx  (EG)  is  a  soft  polymer
coating made of proteoglycans and glycoproteins that
recovers the luminal surface of all mammalian blood
vessels and has a thickness that oscillates between 0.1
and  1  micron.  This  organ  weighs  over  1.4kg  and,
unlike other organs, it  reaches every part of our body.
This biological gauzy mantle plays many crucial roles
in  our  bodies  [1]:  as  a  selective  barrier  of  those
molecules that can pass from the blood to the rest of
the body, as a shield against the loss of fluids (edema),
as a lubrifying layer for the transport of red blood cells,
as  a  controller  of  the  appearance  of  thrombosis,
inflammations  and  oxidative  stress,  as  well  as
transductor of information from the blood flow towards
the endothelial cells that form the walls of veins and
arteries  so  they  can  change  their  shape  and  other
properties  allowing  the  body  to  have  a  dynamical
control  over  the blood transport.  The malfunction or
loss of the EG has been associated with the appearance
of  several  diseases  [2]  like  atherosclerosis,  ictus,
hypertension,  preeclampsia  and  acute  bacterial
infection, as well as a dramatic death rate increase in
malaria. The EG has been also recently associated with
the  control  of  the  growth  and  migration  of  tumoral
cells, and experiments show a strong relation of the EG
with  side-effects  related  to  diabetes  in  eyes,  kidneys
and wet gangrene in toes and feet.

Numerical approach
The objective of our work is to find a suitable model to
reproduce  in  silica  the  behavior  of  the  EG in  blood
flow  in  micro-vessels  and  its  interaction  with  other
elements in real physiological conditions. 
The  modelization  of  blood  flow  in  micro-vessels  is
already  a  high  complex  numerical  problem  that
involves  the  solution  of  the  Navier-Stokes  (NS)
equations  for  incompressible  fluids  interacting  with
highly  deformable  solids  [3].  Including  the  EG
complicates the subject further as the use of complex
constitutive models is  needed.  In order  to tackle this
problem,  we  present  a  formulation  based  on  the
Isogeometric  Divergence-Conforming  Immersed
Boundary method (DCIB) [4,5] which is coupled to a
Coarse Grain Particle Model (CGPM).
In the DCIB method for the NS equations, the Eulerian
velocity-pressure pair is discretized using divergence-
conforming  B-splines,  which  leads  to  inf-sup  stable,
H1-conforming,  and  pointwise  divergence-free

Eulerian solutions. The numerical method has an MPI
implementation written on top of PetIGA and PETSc.
The  interaction  between  the  particles  forming  the
polymeric  structure  is  managed  by  ESPResSo  [6],
taking advantage of its parallel implementation and its
wide variety of short and long-range interacting forces
between particles. 

Results and discussion
The  proposed  numerical  coupling  strategy  has  been
tested  with  different  benchmark  problems,  including
comparisons with fully Dissipative Particle Dynamics
(DPD) models. The model is able to describe complex
inner flow within the soft brush-structure layer, as well
as provide a description of the inner shear stresses that
affect  the  wall  where  the  polymers  are  anchored,  as
shown in Figure 1.

Figure  1:  Flow  description  at  the  interior  of  an
anchored  polymeric  brush-structure  subjected  to  a
shear flow in a canal. Left: initial configuration. Right:
transient fluid flow.

More  complex  problems  approaching  the  real
physiological conditions of blood flow in micro-vessels
have been also solved showing promising results.
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Summary 

This study used finite element (FE) analysis to determine the 
stress distribution within the growth plates (GPs) of the 
growing spine under the equivalent loads (as an alternative to 
in vivo loading conditions) estimated by our previously-
validated trunk musculoskeletal (MS) model of normal and 
scoliotic spines. Results of the present work showed the 
compatibility of the presented approach to investigate the 
effect of muscle forces on the stresses in GPs. 

Introduction 

Adolescent idiopathic scoliosis (AIS) is the most common 
type of spine deformity in adolescents [1]. There have been a 
number of passive, i.e. devoid of muscles, FE models 
developed to simulate a growing spine with AIS [2]. However, 
stress distribution within a GP under subject-specific muscle 
exertions has not yet been investigated. The aim of this study 
is to evaluate stress distribution on the GPs of the FE models 
of normal (NFE) and scoliotic (SFE) spines under the 
equivalent loads. For this purpose, a nonlinear 3D FE model 
of rigid L1 to L4 vertebrae of one normal and one scoliotic 
thoracolumbar spine, consisting of GPs attached to the 
vertebrae, were developed using CT images.  

Methods 

Two FE models of L1 to the L4 vertebrae of one normal and 
one scoliotic 11.5-year-old adolescent were developed based 
on the subject-specific upright position images (Fig. 1).  

 
Figure 1: NFE and SFE models of L1-L4 vertebrae, including the 
detailed model of the GP of a rigid vertebra which consists of 
mineralized, growth, and load-sensitive areas [4]. 

The equivalent loads were approximated as vector summation 
of the muscle and gravitational forces at each level as well as 
the reaction moments about the intervertebral disc (IVD) 
centroids, calculated by our previously-validated MS models. 
In the upright-standing posture, muscle forces and reaction 
moments were estimated using an optimization algorithm, 
which was constrained to equilibrium and stability conditions 
[4]. Afterward, the equivalent loads were applied on the GPs 
at each level of the subject-specific FE models, and the stress 
distribution within GPs of the fully-fixed L1 to the L4 
vertebrae were estimated (Fig. 2).  

Results and Discussion 

The equivalent shear and compressive loads (Fig. 2 a, and b), 
as an alternative to the in vivo loading condition of muscle 
force components and gravity loads at each level, were found 
to be in the physiological ranges of ultimate shear [5], and 
compressive strength [6], respectively. The shear force at the 
mediolateral direction (FML) in the normal spine was found 
~0N, which is consistent with the symmetric stress distribution 
on the growth plates of the normal model of spine. 

(a) (b) (c) 

 
Figure 2. Reaction forces (N) and reaction moments (N.mm) about 
the IVD centroids of T12-L1 through L4-L5 levels in (a) NFE and (b) 
SFE models in the sagittal (Left b), and coronal (Right b) views. The 
ML, AP, and AX directions were alongside the local mediolateral, 
anteroposterior, and axial directions at each level, respectively. (c) 
von Mises stress distribution (MPa) within the GPs under the 
equivalent loads. 

The greatest von Mises stress occurred in the apical GP, i.e. 
the caudal GP at the L2-L3 level, of the SFE model (Fig. 2c). 
The greater stress level on the posteroconcave side of the GPs 
(Fig. 2c) can confine the bone growth rate in that region, and 
in turn can promote increasing spine deformity in accordance 
with the Hueter-Volkmann theory as well as anterior spinal 
overgrowth in AIS consistent with the literature [7]. 

Conclusions 

The approach presented in this study might be used to 
investigate the effects of long-term strengthening of the 
muscles and alignment correction exercises in order to devise 
more effective plans for conservative clinical therapies, such 
as exercise therapy or bracing, for patients with AIS. 
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Introduction 
Tissue Engineering (TE) development is strictly related 
to changes in materials fabrication technology. 
Biomaterials design and their properties play a critical 
role in the success of designed scaffolds for TE. [1] A 
better understanding and control of biodegradation 
process may help in the development of successful TE 
strategies. Computational modelling offers an efficient 
framework to predict and understand the behaviour of 
biomaterials. This work’s aim is to develop a combined 
in-vitro/in-silico method to quantify scaffold’s 
degradation. 
  
Materials and methods 
In-vitro model. 3D printed hybrid poly(e-caprolactone) 
(PCL) and poly(D,L-lactic-co-glycolic) acid (PLGA) 
scaffolds (50:50) were fabricated. The scaffolds were 
degraded in simulated physiological environment under 
static conditions or perfusion within a customised 
perfusion bioreactor (Figure 1a). Scaffolds were soaked 
in Phosphate-Buffered Saline (PBS) and incubated at 
37ºC for 14 and 28 days. Degradation was monitored by 
measuring the weight-average molecular weight, weight 
loss, polydispersity index and scanning electron 
microscope (SEM) images. 

 
 Figure 1: a) Custom bioreactor chamber; 
Computational model of the PCL-PLGA scaffold within 
the bioreactor chamber. 
 
In-silico model. The hydrolytic degradation mechanisms 
of PCL and PLGA has been previously modelled [2]. 
The degradation process is a random hydrolytic chain 
scission and the rate of degradation also strongly 
depends on the monomers used and the ratio of 
copolymers [2]. In this study, we assumed that the 
hydrolytic degradation of aliphatic polyesters is an 
autocatalytic mechanism. The produced 
oligomers/monomers cannot diffuse but shall 
instantaneously disappear. The kinetics of this reaction 

is following the Michaelis–Menten scheme and the 
hydrolysis rate equation is given by Equation (1): 
𝜕𝜕𝐶𝐶𝐶𝐶(𝑥𝑥,𝑡𝑡)

𝜕𝜕𝑡𝑡
= 𝑘𝑘(𝑥𝑥, 𝑡𝑡)𝐶𝐶𝐸𝐸(𝑥𝑥, 𝑡𝑡)𝐶𝐶𝑤𝑤(𝑥𝑥, 𝑡𝑡)𝐶𝐶𝑐𝑐(𝑥𝑥, 𝑡𝑡) (1) 

Where CC(x,t), CW(x,t) and CE(x,t) are the concentrations 
of the carboxylic end groups, water and ester groups, 
respectively. The reaction rate coefficient of hydrolysis 
k(x,t) depended on the strain energy. The model was 
implemented in ABAQUS 6.14. We used a thermal 
analogy to solve the diffusion problem of water and user 
material definitions to solve the differential equations. 
A Fluid-structure interaction approach was used to 
estimate the load and displacements acting on the 
scaffolds due to perfusion (Figure 1b).  
Results 
Each polymeric molecule is randomly broken at a given 
ester group. Thus, the number of carboxylic end groups 
will increase with degradation time, whilst the number 
of ester groups decrease. The variation of ester bonds 
molar concentration was used to estimate the molecular 
weight variation. Figure 2 represented the comparison 
between the in-vitro results after 14 and 28d under static 
and perfusion conditions and predicted in-silico results. 
Perfused scaffolds degraded faster than static ones. 
Computational predictions are accurate enough.  

 
Figure 2: In-vitro and in-silico weight loss (%). 

Discussion 
In-silico modelling offers an efficient framework to 
predict and understand the behavior of biomaterials and 
as it has been here demonstrated it can be successfully 
applied to biodegradation prediction studies.  
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Introduction 
Ultrasound stimulation of bone regeneration (USBR) 
was first reported in the early 1950s [1].  Although it has 
attracted the interest of clinicians, biologists and 
acousticians over the past 70 years, its therapeutic 
effectiveness remains controversial. The resolution of 
this controversy requires a better understanding of the 
mechanisms that drive the ultrasound mechano-
transduction of bone tissue. An unavoidable first step is 
the implementation of an in-vitro ultrasound stimulation 
model. In that context, one of the key issues remains the 
control of the ultrasound intensity. In this study, an 
innovative experimental set-up coupled with a finite 
element (FE) numerical model is proposed in order to 
characterize and control the acoustic intensity delivered 
inside a Petri dish (PD). 
 
Methods 
Experimental set-up: A transducer of 13 mm diameter 
is positioned underneath a polystyrene PD (diameter 35 
mm) and delivers a pulsed signal (Figure 1). In order to 
avoid chaotic distribution of the intensity in the near 
field, the distance between the transducer and the PD is 
set to h = 25 mm. The PD only contains water and is 
covered by a custom innovative absorbing system (IAS) 
(Figure 1). The role of the IAS is to avoid any perturbing 
phenomena such as standing waves [2] and its 
performance has been investigated and validated. The 
acoustic pressure is measured in the XY plane at z = 28 
mm inside the PD. Then, the temporal average and 
spatial average temporal average intensities (ITA

 
and 

ISATA) are calculated from these acoustic pressure 
measurements [3]. 
Numerical Model: In order to reach a precise and 
quantitative understanding of the phenomena, a 2D axi-
symmetric numerical model based on the experimental 
set-up is developed in COMSOL Multiphysics.  The 
pressure signal is p(t) = p0 sin(2pft-z/cw) where p0 = 57 
kPa, f = 1 MHz, z, and cw are the pressure amplitude, 
frequency, wave propagation direction and sound speed 
in water with a duty cycle of 20% at 1 kHz pulse 
repetition frequency. A transient acoustic pressure 
simulation is performed over a 1 ms cycle. 
 
Results 
ITA

 
is estimated experimentally and compared to the 

numerical model (Figure 2). The corresponding ISATA 

are calculated by averaging the ITA
 
over the effective 

radiating area where ITA
 
≥0.25✕max (ITA) [3]. Numerical 

and experimental ISATA are 36.8 and 38.4 mW/cm2 
respectively. 
 

 

ρ!"#$% = 1000	kg/m& 
c!"#$% = 1474	m/s 

 
E'()*+#*%$,$ = 3.6	GPa 
ν'()*+#*%$,$ = 0.39 
ρ'()*+#*%$,$ = 1050	kg/m& 
c'()*+#*%$,$ = 2367	m/s 

Figure 1: Schematics of the experimental setup 
 

 
Figure 2: Experimental and numerical distribution of 

ITA. The dashed contour represents the effective 
radiating area [3]. 

 
Discussion 
This work proposes an innovative experimental set-up 
designed to properly control the ultrasonic intensity 
delivered inside a PD. A great accordance between 
experimental and numerical results (~ 4% difference) 
can be observed which indicates that the numerical 
model can capture the characteristics of the 
experimental set-up. In addition, the numerical model 
would help to perform parametric studies in order to 
better understand the acoustic field. This will help to 
study the bone cell mechano-transduction in USBR 
context. 
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Introduction 

Topology optimization is a numerical method to 

optimize the design of an object such that a given 

performance metric is maximized. Currently, topology 

optimization (TO) is not widely used in biomechanics 

and biomedical engineering. However, there is a large 

potential for using TO in the design of implants and 

scaffolds tailored to e.g. patient-specific loading and 

enhanced bone ingrowth. This study describes an open 

source Python wrapper for the parallel large-scale 

topology optimization framework introduced by Aage et 

al. (2015). The Python interface simplifies the problem 

definition, is intended to expand the potential user-base 

and to ease the use of large-scale topology optimization 

for biomechanical applications. Furthermore, the 

functionality of the topology optimization framework is 

extended to include, among other things, local volume 

constraints, which contributes to its usability for real-

world design applications. The framework is available 

at https://github.com/thsmit/, repository 

TopOpt_in_PETSc_wrapped_in_Python. 

 

Methods 

The wrapper allows the user to setup a TO problem via 

a Python script. Figure 1 conceptually illustrates the 

work-flow supported by the wrapper using a classic TO 

bracket example. 

 
Figure 1: Work flow: from idea to a 3D printed object (a) input 

(.stl file) that describes the design domain (b) voxelization (c) 

computational design by TO and volume (.vtu file) generation 

for visualization (e.g. displacements) (d) 3D printing of non-

smooth  design (e) surface smoothing (f) 3D printing of smooth 

design (g) mesh generation of smooth design (h) FEM analysis 

of final smooth design for verification. 

The topology optimization of a proximal femur is used 

to demonstrate the capabilities of the framework, in a 

biomechanical context. The example illustrates the use 

of physiological loading and classical TO vs. TO of 

porous structures, using a local volume constraint, 

which restricts the amount of material locally, as defined 

by Wu et al. (2018). A final example for demonstrating 

the capabilities of the framework is a scaffold, 

optimized for maximum porosity and a target stiffness 

under compression loading. 

Results 

The result of the TO of the proximal femur is shown in 

Figure 2. A clear difference between classic TO (c) and 

the porous infill constraint (d) is visible. A familiar 

cancellous bone-like internal porous structure emerges. 

Analysing the results of the TO under different 

constraints can thus enhance our understanding of 

nature's own design constraints and targets. 

 
Figure 2: (a) geometry of femur (b) voxelization and 

application of physiological loads (c) Classical TO (d) 

Controlling the internal porous structure results in a bone like 

structure 

In Figure 3, a cross-section of the scaffold designed by 

the framework is shown, demonstrating an 

interconnected porous structure with targeted pore size 

and porosity. 

 
Figure 3: Slice of an interconnected porous scaffold design by 

the topology optimization framework 

Discussion 

We are releasing a large scale TO framework, available 

in Python. The introduction of the framework will allow 

a larger user group access to a state-of-the-art large-

scale (high-resolution) topology optimization code. 

Extending its functionality increases its applicability to 

the design of real-world 3D biomechanical structures. 
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Introduction 

Bone fracture regeneration is characterized by the 

cooperation of numerous biological and mechanical 

factors regulating the process to successfully repair the 

injury without leaving scars. Bone fracture regeneration 

is characterized by three subsequent stages: (i) the 

inflammatory response, (ii) the repair stage, and (iii) 

bone remodeling. Among them, the inflammatory 

response is playing the main role as it is the dance 

opener of the whole process. After a bone injury, 
inflammatory cells are the first responders and it is 

therefore described that their dysfunction or suppression 

affects the whole regenerative process, leading to delays 

or non-unions. In vivo studies of the inflammatory 

response to bone injury remain particularly challenging 

due to the numerous immune-response factors 

interacting at different time- and length-scales. To date, 

only Trejo et al. (2019) entrusted computer models to 

simulated the interactions between the inflammatory 

cells and their relative signals during the initial stages of 

fracture regeneration [1]. With COMMBINI we 
proposed a novel multiscale approach to better capture 

the stochastic nature of the events during the early stages 

of healing. The inclusion of a discrete approach 

highlighted the hidden processes at the cellular scale, 

which are challenging to study experimentally but 

whose understanding could provide interesting insights 

to therapeutic clinical perspectives and treatments. 

 

Methods 

COMMBINI follows a computational approach to 

simulate and predict the mechano-biological 

environment within the bone fracture opening. The 
model is a combination of finite element and agent-

based modeling. The finite element model, which 

simulates the mechanical environment, is based on an 

existing bone fracture healing study [2]. However, the 

innovative aspect of COMMBINI regards the 

introduction of an agent-based model to simulate the 

cellular and sub-cellular dynamics during the 

inflammatory stage of bone regeneration. It simulates 

the behavior of immune and repair cells by reproducing 

their spatio-temporal distribution within the fracture 

domain. Besides, at sub-cellular level, it simulates the 

concentration dynamics of pro- and anti-inflammatory 
cytokines, and bone regeneration enhancing growth-

factors. These signaling molecules up- or down-regulate 

the activities of the cells in their surroundings. The 

model has a double-way relationship: on one hand, the 

mechanical environment predicted by finite element 

model influences the activities of the cellular 

populations; on the other hand, the cellular distribution 

regulates the tissue formation within the region of 

interest, thereby updating the mechanical properties of 

the finite element model. The iterative nature of the 

simulation allows to follow how the mechano-biological 

environment changes during the inflammatory and 

repair phases of bone fracture regeneration (Figure 1). 

 

 
Figure 1: COMMBINI simulates the mechano-
biological interactions that happen at different scale 

levels of bone fracture healing to investigate how 

inflammation influences the subsequent repair stage.  

 

Results 

To date, COMMBINI is delivering its preliminary 

results. The analysis of the simulation outcomes at 

different scales nicely highlights the spatial distribution 

of tissues, cell populations, and sub-cellular signals 

through the development of healing. Over the numerous 

factors involved, the model spots the most influential 

ones to determine their role during the inflammatory 
response and, consequently, their impact on the overall 

bone healing process. 

 

Discussion 

The principal aim of COMMBINI is to extend the vast 

collection of bone fracture regeneration computer 

models with a brand new one that explores the healing 

process since the initial inflammatory stage. The in 

silico nature and the inclusion of an agent-based model 

to reproduce the stochastic mechanisms at cellular and 

sub-cellular levels are essential to explore the numerous 

mechano-biological interactions that are challenging to 
investigate experimentally. The platform has the 

potentialities to become a clinical tool to explore critical 

healing case scenarios and provide insights about the 

effectiveness of treatments and therapeutics since the 

first instants post-injury. 
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Introduction 
Micro finite element analysis (uFE) is a validated tool 
for non-invasively quantifying bone mechanics using 
high resolution computed tomography (CT) images. 
MicroFE solvers for Cartesian mesh (or voxel) models, 
such as ParOSol [1], can efficiently solve problems with 
billions of degrees of freedom. As yet, such solvers do 
not accurately compute contact induced stresses due to 
the artificially jagged Cartesian mesh surface. The novel 
simulated smoothed surface, sliding contact (SS-SC) 
formulation [2] addressed this by simulating a smooth 
surface within a penalty contact approach, resulting in a 
reduction of errors associated with contact from 42% to 
2%. The usability of the SS-SC formulation is limited 
by the fact that it is currently implemented in an in-
house FE solver. As an intermediate step towards 
implementing the SS-SC formulation in the highly 
parallelized octree-based multigrid ParOSol solver, the 
present study implements the standard penalty contact 
formulation in ParOSol. 
 
Methods 
The disjoint deformable bodies involved in contact are 
assumed to occupy initially the same Cartesian grid. 
New data structures are defined in HDF5 file format to 
read in to ParOSol the geometry of these bodies, their 
contact surfaces and weighted master–slave contact 
pairings. Initial rigid-body transformations orient these 
bodies such that contact is incipient. An incremental 
solution strategy is implemented to capture intermediate 
contact states leading to the final state of deformation 
and/or load. Within each increment, contact iterations 
are performed to solve the inherently nonlinear contact 
boundary conditions. Specifically, in each iteration, the 
global stiffness matrix and the global load vector are 
updated by contributions from the tangent contact 
stiffness and the contact reaction forces. These 
contributions are computed based on [3]. 
The implementation was used to analyse the problem of 
two linear elastic, homogeneous and isotropic bodies (A 
and B) with hard, frictionless contact interaction (Figure 
1a). The nine nodes on the bottom plane of body B 
(comprising four voxels) are fixed in all dimensions; the 
4 nodes on the top of body A, comprising a single voxel, 
are restricted in x and y directions; body A is displaced 
downwards (-z direction) onto body B such that the 
bodies penetrate by 6.25% of the voxel size. Two 
equally weighted master–slave pairs were defined with 
the opposing surfaces of A and B as master and slave 
respectively and vice versa. Model prediction is verified 

against an identical formulation in the commercial FEA 
solver Abaqus v6.14. 
 
Results 
Figure 1b and 1c compare, respectively, the predictions 
from ParOSol and Abaqus for contours of the normal 
strain in the z-direction overlaid on the deformed shape.  
 

(a) (b) 

 

 
(c) 

 
Figure 1: a) Model geometry in reference configuration 
with body A in red and body B in blue. Contact induced 
deformations and strains predicted by b) ParOSol 
enriched with penalty contact and c) Abaqus. 
 
Discussion 
The penalty contact formulation implemented in 
ParOSol reached convergence and predicted contact 
induced deformations and strains comparable to a 
commercial solver. Future implementations will engage 
the multigrid cycles in the solution process and include 
a simulated smooth surface definition, thus integrate the 
SS-SC formulation more completely into ParOSol. 
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Introduction 
The hypothesis that the central nervous system activates 
muscles in blocks instead of individually to simplify the 
production of movement has been suggested since the 
20th century under the name of Muscle Synergies (MS). 
MS extracted from electromyographic (EMG) data 
might reflect the modular organization of the neural 
strategies adopted by the central nervous system to 
simultaneously control functionally similar muscles [1]. 
Although MS have been used to study motor control in 
some neuro-motor pathologies such as stroke, 
Alzheimer and cerebral palsy, less is known about 
Down Syndrome (DS). In particular, no study to date 
described the specific bilateral activation of lower limb 
muscles in this pathology. 
 
Methods 
This cross-sectional study involved two age-matched 
(25-28 years) cohorts of 11 patients with DS and 10 
healthy subjects (control group, CG). Surface EMG of 
four muscles were recorded bilaterally (eight muscles in 
total) at 1000 Hz (FreeEmg300, BTS, Italy) while 
performing level overground walking: rectus (RF) and 
biceps femoris (BF), tibialis anterior (TA) and 
gastrocnemius lateralis (GL). EMG data streams were 
high-pass filtered (Fc=50 Hz), full-wave rectified, low-
pass filtered (Fc=20 Hz) to obtain the linear envelope of 
the signal and normalized to the maximum amplitude of 
each trial [2]. MS were calculated using Non-Negative 
Matrix Factorization as the product of two matrices: the 
motor modules or muscle weightings and the motor 
primitives or time-dependent coefficients. Differences 
in motor primitives between DS and CG were assessed 
using Statistical Parametric Mapping unpaired t-tests. 
 
Results 
The preferred walking speed was significantly lower in 
DS vs CG (0.6±0.2 vs 1.3±0.2 ms-1, p<0.001). 
Four synergies described bilateral muscle activations 
during the following gait cycle phases: 
(1) in Synergy 1, (right side-weight acceptance) DS 

patients showed a reduced contribution of right BF 
and RF, and a higher contribution of the left BF; 

(2) primitives of Synergy 2 (propulsion and late 
contralateral swing, Figure 1), were active earlier 
(just after foot strike or contralateral toe-off) in DS 

(p<0.001) and a greater contribution of the right RF 
and BF was observed, while this was reduced in the 
left RF and BF; 

(3) in Synergy 3 (right late stance), no differences in 
either primitives or motor modules were found; 

(4) in Synergy 4 (right late swing), only a non-relevant 
difference between 20-40% of the stance phase was 
found (p<0.001). 

Figure 1: Synergy 2, motor primitives (top, gait cycles 
are time-normalized to 200 points, 100 for the stance 
and 100 for the swing phase; shaded areas are 
significant SPM clusters) and motor modules (bottom, 
p-values refer to Mann-Whitney rank sum test). 
 
Discussion and Conclusion 
In this study, we extracted MS from bilateral EMG 
activity of the lower limb to evaluate inter-limb muscle 
coordination during walking. In Synergy 1, a lack of 
activity of knee flexors and extensors was found in DS, 
potentially disrupting stability during step negotiation 
and in the weight acceptance phase [3]. Conversely, an 
augmented contribution of the same muscles was 
observed in Synergy 2. 
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Introduction 

Wearable sensors are becoming increasingly popular for 

complementing classical clinical assessments of gait 

deficits [1]. They have been used to inform on additional 

aspects of gait, especially walking-related fatigue. 

Literature shows that gait fatigability measured using 

both traditional and novel outcome parameters can be 

significantly correlated with physical fatigue, gait 

disability, and fall history [2]. 

The 6-minute walk test (6MWT) is a simple, non-

invasive, standardized and reproducible test to assess 

exercise capacity. Monitoring gait during the 6MWT 

offers a unique opportunity to investigate the dynamic 

changes that occur over the entire walk. 

The aim of this study is to determine which gait 

parameters become worse during sustained walking and 

to examine the clinical correlates of gait fatigability in 

patients with different types of muscular dystrophies. 

 

Methods 

Twelve patients with mitochondrial myopathy (MM), 

myotonic dystrophy type 1 (DM1) and facio-scapulo-

humeral muscular dystrophy (FSHD) were enrolled and 

recruitment is ongoing. Data was collected during a 

standard 6MWT: patients were instructed to walk as far 

as possible along a 25-m flat hospital corridor for 6 

minutes, turning 180° every 25 m. During the test, a 

wearable sensor (GSensor, BTS) was worn around the 

waist and attached to the lower back, at L5 level. The 

sensor included a 3D accelerometer and a 3D gyroscope, 

and collected data at 100 Hz. Spatial–temporal 

parameters of gait were extracted from raw signals using 

validated algorithms [3], corresponding to early (1st 

minute), middle (3rd and 4th minute) and late (6th minute) 

segments of the 6MWT. Non parametric test were 

performed to compare gait parameters between 

segments and within type of dystrophy. 

 

Results 

Preliminary results show a significant decrease of 

cadence (p=0.042, Table 1) and gait symmetry 

(p=0.030, Table 2) in the DM1 group, but no significant 

deterioration in patients with MM or FSH.  

 

 

 

 

 

 

 

 

 
6MWT segment 

  Early Middle Late 

DM1* 131 ± 20 129 ± 15 127 ± 18 

MM 125 ± 35 119 ± 27 124 ± 29 

FSP 90 ± 47 86 ± 45 86 ± 44 

Table 1: Results for cadence (steps/min) in the patient 

populations across the three segments of the 6MWT. 

*p<0.05. 

  
6MWT segment 

  Early Middle Late 

DM1* 96.3 ± 6.0 94.6 ± 8.3 95.0 ± 8.1 

MM 96.3 ± 11.1 96.7 ± 3.7 96.9 ± 5.1 

FSHD 93.8 ± 4.0 93.9 ± 7.5 94.2 ± 4.1 

Table 2: Results for gait symmetry (%) in the patient 

populations across the three segments of the 6MWT. 

*p<0.05. 

 

Discussion 

Fatigue is a well known complaint in patient with 

muscular dystrophies, but has not yet been well 

investigated [4]. Our preliminary results suggest that 

gait parameters associated to fatigability can be 

measured during a standard 6MWT using an 

unobtrusive, wearable device, and that the method 

allows to highlight differences in gait fatigability 

between types of dystrophies. 
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Introduction 
Limited gait-load during the healing process after 
fractures of the tibia can be defined by measurement and 
monitoring of postoperative gait analysis in patients 
compared to reference data of healthy subjects. For this 
purpose, kinematic and kinetic types of gait analysis are 
required. The findings of this analysis demonstrate that 
it is possible to collect data for individually adapted 
implants and to create individual loading 
recommendations. 
 
Methods and Results 
The inquiry of the project uses XsensTM (Xsens 
Technology B.V., Enschede, Nederland) for motion 
capturing as kinematic analysis and sensor insoles 
(MoticonTM ReGo AG, Munich) for the kinetic gait 
analysis. Besides that, the physiological gait parameters 
such as gait line and centre of pressure are analysed. The 
Xsens system uses 17 trackers, which are inertial 
measurement units placed at strategic locations on the 
body by straps in order to measure the motion of every 
segment. The Moticon insoles use the ground reaction 
force to create a gait analysis by applying 16 pressure 
sensors and an inertial measurement unit inside the 
insoles. The measurement process proceeds such as 
follows: First, the surgeon decides whether a patient 
may be considered for the study by analysing the pattern 
of injury using initial X-rays and CT-images (computed 
tomography images). If patients signed the informed 
consent form, the gait analysis with the two systems 
starts shortly after the surgical intervention depending 
on the mobility level of the patient. The two systems are 
used simultaneously during the measurement taken 
along physiotherapy. By this means, the patient learns to 
walk and take stairs in consideration of the prescribed 
limited gait load by using crutches. The recorded gait 
data are compared with the data of a healthy subject. 
This workflow is repeated after 6 and 12 weeks after the 
surgery to monitor the complete healing process. After 
the data collection, values are implemented into the 
software AnyBodyTM (AnyBody Technology A/S 
Aalborg, Denmark) in order to analyse the ground 
reaction- as well as muscle forces by creating a digital 
avatar of the patient.  
The results show clearly the impact of the physical 
condition of the patient on the healing process and the 
impact of the physiotherapy. In fact, physiotherapy can 
be supported by this analysis to visualize and monitor 
gait pattern and the development of a physiological gait 

pattern during the healing process. Thereby pathological 
processes, which may lead to the development of non-
healing fractures, can be detected at an early time point 
after surgery and may be prevented by early adaption of 
the postoperative treatment protocol. Furthermore, it is 
possible to understand the forces that affect the fracture 
and its healing process permanently in much more 
detail.  

 
Figure 1: Systems to generate the kinematic gait cycle 
a) Subject wears motion capturing system from Xsens 
b) Analysis using the Xsens software 
c) Analysis using the AnyBody software after creating a 
digital avatar 

 
Figure 2: Moticon System to generate the kinetic gait 
cycle  
a) Moticon sensor insole 
b) Mean pressure distribution while walking 
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Introduction 

Motion abnormalities have been found to impact the 

prevalence and recurrence of spine disorders [1]; a better 

understanding of spine kinematics is necessary to 

improve treatment, surgical planning and assess the role 

of spine pathologies on activities of daily living (ADL) 

[2]. Several marker-based motion analysis protocols 

have been proposed however, assessment of the 

reliability and functional significance of the kinematic 

variables is lacking for healthy and pathological cohorts. 

Additionally, the role of coordination between spinal 

segments, and with respect to other body segments is 

often disregarded. The lack of protocol standardization 

and the limited analysis of kinematic alterations restrict 

the distinction between a pathological alteration and a 

potential functional compensation during ADL.  

The aim of the present study is to fill this gap: to develop 

and validate a comprehensive protocol for spinal 

kinematics assessment that provides clinically 

significant data.  This study included experimental 

assessment of methodological reliability, identification 

of kinematics reference patterns and timings during 

simple mobilization and ADLs. 

 

Methods 

Protocol: The marker setup included 9 markers attached 

on the trunk at C7, T3, T7, T12, L3, clavicle, sternum, 

right and left acromia; to define four spine segments: 

upper thoracic (UT), lower thoracic (LT), upper lumbar 

(UL) and lower lumbar (LL) in addition to the pelvis. 

3D angles between adjacent segments and in respect to 

the pelvis were quantified during standing, full flexion 

(FF), thoracic flexion (TF), lateral bending (LB), sit-to-

stand, ball-lifting, and level walking.  

Experimental Setup: 19 healthy participants were 

recruited [10F, 9M; age: 26.64; height: 175.67.4cm; 

weight: 71.114.9kg].  Marker kinematics was acquired 

using stereophotogrammetry (VICON, UK).  

Protocol Testing: Two marker placement techniques 

were tested to quantify soft tissue artefact (STA) and 

marker misplacement. 

Data Analysis: 3D angular data was normalised over 

task duration and synchronised with respect to key 

events identified in the motion to analyse segment 

coordination and event timing. Reference bands of 

motion were generated showing the median angle of 

motion and the 25th-75th percentile range. 

Results 

Marker Placement: Differences in intersegmental 

kinematics were found due to marker placement and 

STA accounting for a maximum of 25% change in the 

LT/UL angle during TF (fig.1, A). The maximum 

difference in key event timings was equal to 5% change 

in the coronal plane during LB, changes in the sagittal 

plane were limited to <2% for FF and TF.  

Reference Bands: After event synchronization, angular 

intersegmental kinematics exhibited high inter- and 

intra- subject repeatability in both flexion/extension and 

lateral bending (fig.1, B). Segmental coordination 

analysis showed differences in the timing of segments 

with UL/LL starting the motion before UT/LT during 

FF, the opposite was seen during LB. Differences in 

motion contribution were also seen, LT/UL contributed 

the most to the sagittal plane motions accounting for 

double the angle of motion detected at the UT/LT joint.  

 

Figure 1: LT/UL angles in the sagittal planes during 

thoracic flexion(A) and full flexion(B).  

Discussion 

The preliminary testing of the proposed protocol 

highlighted a repeatable approach for the 

characterisation of spine intersegmental kinematics. 

Marker misplacement and STA were found to influence 

intersegmental kinematics to a different extent for 

different segments.  Based on the variability assessed in 

the study, the number of cohorts for the identification of 

significant reference bands will be increased and 

compared to pathological patient motion. 
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Abstract 
According to biomedical research, the effect of partial 
gravity (PG) on the human body is crucial [1, 2, 3]. In 
the long-term, this can create health problems, reduce 
well being, and affect the capacity to perform assigned 
tasks.  
This exploratory study provides valuable insights into 
the effect of PG on the joints of the upper extremity 
(wrists, elbows, shoulders, etc.). The main focus is on 
learning the seated posture of a person and performing 
various tasks in the workplace. 
To simulate the different tasks in the workplace in PG, 
we conduct an experiment in a hydro-laboratory. To 
provide a comparison, the same tasks were performed 
in earth gravity conditions. This experiment involved 
seven healthy males and seven healthy females (all 
aged 35±5years). Data collection equipment included 
force plates, dynamometers, load cells built into the 
experimental workplace, and video cameras, as well as 
survey on subjective mental workload assessment [4]. 
Both the static postures [5] as well as dynamic motions 
were the subject of this study. The static equilibrium 
were studied using the d’Alambert’s principle, while 
the analysis of dynamic motions was based on the 
recursive Lagrangian formulation [6]. 
The results of this exploratory study facilitate better 
understanding of the relation between different gravity 
levels, joint profiles’ results, and anthropometric 
parameters of the upper extremity of subjects by means 
of linear regression techniques. 
For simple motions, we find minor deviations between 
the relations predicted by the mathematical simulations 
and the actual hydro-laboratory environment 
experiments. Another parameter that is measured is the 
level of subjects’ fatigue [7]. While the linear relation 
between joint workload and gravity is well understood, 
its long-term effect remains understudied. Our work 
contributes to the understanding of joint profiles and 
fatigue levels of upper extremity of subjects under PG 
and earth gravity while performing the similar tasks. 
The data obtained from these experiments and the 
proposed methods for studying movements can be 
applied to improve the ergonomic conditions of the 
workplace in PG. The findings of this study can also be 
applied for improving the human digital modeling 
approach under PG conditions. 
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Introduction 

Gait analysis is a process of instrumented measurement 

and evaluation of walking ability in patients, recognized 

as a useful assessment tool and a support in medical 

decision-making [1]. Standard gait analysis is 

performed within a gait laboratory by means of 

stereophotogrammetric systems. Recently great 

attention has been given to the possibility of assessing 

children's motion for gait and posture evaluation 

purposes, in real world conditions [2]. The aim of this 

study was to evaluate the reliability and repeatability of 

a methodology for gait and posture assessment in real 

world conditions by means of commercial video-

cameras and automatic tracking of features techniques 

in children. This approach could be exploited in 

ambulatory conditions, in school or sport facilities, for 

the prevention of postural alterations in children with 

foot deformities [3], scoliosis [4] and 

temporomandibular disorders [5]. Furthermore the 

reliability and repeatability of the methodology was 

assessed with respect to stereophotogrammetry. Results 

are encouraging as good reliability and repeatability 

were observed.  

 

Methods 

Eleven subjects (mean±SD age 9.7 ± 2.6 years, BMI 

20.6 ± 3.5 kg/m2) were acquired simultaneously with a 

stereophotogrammetric system (6 TVC, 60-120 Hz, 

BTS) and 4 GoPro Hero 7 cameras. Each subject 

performed several gait cycles and 4 different set-up were 

adopted: reflective markers on anatomical landmarks 

(“BTS”), markers made with double colored tape 

(“Tape”) [6], without applying any marker (“NoTape”). 

Reflective markers were applied as in [7] and 

trajectories were reconstructed through 

stereophotogrammetry (“BTS”) or video tracking  

(“Marker”), using Track on Field (BBSoF, S.r.l), based 

on a self-developed tracking of feature algorithm [6]; in 

the other 2 conditions (Tape and NoTape), a simplified 

version of [7] was applied and only video tracking was 

used to reconstruct anatomical landmarks trajectories. 

Joints angles were determined as in [6] for “BTS” and 

“Marker” set up, while only sagittal plane kinematics 

was retrieved for “Tape” and “NoTape”. Comparison 

among the four set-up was performed through the 

estimation of the mean root mean square distance 

(RMSD) and Wilcoxon signed-rank test (p<0.05). For 

the inter-trial variability, the Coefficient of Multiple 

Correlation (“CMC”) [8] was calculated for each 

biomechanical variable. Normative bands were created, 

for each condition, including only trials with a 

CMC>0.7 [9]. To verify the inter-operator variability 

the Standard Error (“SE”) [9] was calculated (2 

operators). 

Results 

Although statistically significant differences were 

observed, results showed that the 4 set up were 

comparable in terms of occurrence of the joint angles 

peak within the gait cycle (Fig. 1, right) and range of 

motion (Fig.1, left). Good inter-operator repeatability 

was found.  

 
 

Figure 1: Left side:, Ankle Flexion-Extension Angle, 

“BTS” & “Marker”; right side:, Ankle Extension Angle 

Peaks. 

 

Discussion 

Results are encouraging toward the adoption of a wider 

use of motion analysis in real world conditions as in 

sport or rehabilitation facilities, and schools, for 

prevention of children musculoskeletal alterations. 
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Introduction 

Fragile X Syndrome (FXS) is the leading form of 

inherited intellectual disability and autism spectrum 

disorder, caused by a tri-nucleotide CGG repeat 

expansion in the promoter region of the FMR1 gene [1]. 

In these subjects, the frequent musculoskeletal 

manifestations; such as ligamentous laxity and flat foot 

[1], justifies a referral for gait analysis. 

Supervised classification is generally used to find the 

relation between the input parameters and the target 

variable [2] that in our contest is represented by the 

presence of musculoskeletal alterations associated with 

FXS in the examined subjects. The aim of the present 

study was to find out which set of kinematics and sEMG 

parameters were the most useful to discriminate 

between controls and FXS subjects, for assisting in 

clinical decision making.  

 

Methods 

After appropriate informed consent by the parents, 20 

FXS children ((FX) mean (±SD) age and BMI 

respectively of 10,00 (±3,74) years and 18,57 (±3,46) 

Kg/m2) and 16 controls ((CS) mean (±SD) age of  10,22 

(±3,19) years and 22,84 (±3,93) BMI of Kg/m2), were 

evaluated at the BiomovLab of the Department of 

Information Engineering and at the Woman and 

Children Health Department of the University of Padua. 

Kinematics and sEMG data were simultaneously 

acquired through 4 synchronized cameras (GoPro 

Hero3, 30fps) and an 8 channel sEMG system 

(FreeEmg, BTS, 1000Hz) that collected the activity of 

Tibialis Anterior (TA), Gastrocnemius Lateralis (GL), 

Rectus Femoris (RF) and Biceps Femoris (BF). Each 

subject performed several gait trials and at least three 

trials per subject were processed. The following sEMG 

parameters were extracted: duration of muscle 

contraction, onset and offset activation timing [3], peak 

of the envelope and its occurrence [4], number of co-

contraction and its occurrence. The following kinematic 

parameters were estimated: minimum and maximum 

values of lower limb joints angles (hip, knee and ankle) 

and their range of motion (ROM) [5]. Supervised 

classification by means of 7 different classifiers was 

performed: Decision Tree, Random Forest, CN2 Rule 

Induction, SVM, k-NN, Neural Network and Naïve 

Bayes was performed on 3 different sets of vectors: S1. 

sEMG parameters only; S2. kinematic parameters only; 

S3. combined sEMG and kinematic parameters. 

 

Results 

The best classification  on a training set (66% of 

subjects) were obtained by applying k-NN algorithm for 

S2. and Random Forest for S1 and S3; hence it was 

further tested on a test set (33% of subjects) (Table 1 and 

Fig. 1). 

 

 

Set of 

vectors 

S1 S2 S3 

Algorithm Random 

Forest 

k-NN Random 

Forest 

Training set 

acc (%) 

98,3 100,0 99,2 

Test set acc 

(%) 

98,3 100,0 96,7 

Table 1: Performance of the most performant 

classification algorithms on training and test data. 

 
Figure 1: Kinematic parameters in subjects classified as 

FX and CS by k-NN classifier, *-statistically significant 

difference (p<0.05) 

 

Discussion 

All the analyzed solutions allowed a good classification 

of FXS subjects, yet using only kinematic data allowed 

a better classification. This suggests that the most 

evident differences in motor control between CS and FX 

subjects can be detected by analyzing the kinematic 

parameters. 
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Introduction 

The experience of a severe ailment like stroke is known 

to affect the neuro-musculoskeletal system of the human 

body, engendering difficulty in performing daily 

activities as observed even in recovered survivors [1]. 

Consequently, stroke patients encounter physiological 

alterations (e.g., muscle weakness, whole-body fatigue, 

and partial sensory impairment) leading to asymmetric 

movement that hinder regular movement patterns. Even 

a simple movement like turning, which requires a 

combined effort of multiple systems of the body, may 

not be successfully completed by a stroke survivor 

thereby resulting in a slip, trip and/or fall [2]. Although 

rehabilitation is possible, analyzing and comparing the 

motion of such individuals with healthy individuals (HI) 

using wearable sensors may help researchers to identify 

the critically affected aspects of the movement during 

360-degree turn. This may expose opportunities for the 

development of potential assistive remedies (e.g., design 

of more effective rehabilitation program) to reduce 

injury among stroke survivors (SS). Through this study, 

our efforts will be geared towards identifying and 

comparing the most prominent features that exhibit 

differences in the kinematics between HI and SS during 

a complete turning task using wearable sensors. 

Methods 

A laboratory experiment was conducted by recruiting 10 

participants (5HI, 5SS) as they performed in-place 360-

degree turning. Prior to conducting the experiment, 4 

Inertial Measurement Units (IMUs) were secured over-

the-body (one on each shank, another on the sternum 

and one on the sacrum). The analysis was performed in 

three major steps: filtration, segmentation and feature 

extraction. Looking at the foot movement, duration 

between each of the two consecutive intermediate foot 

placement was classified as one cycle and used for 

segmentation. Finally, we identified 11 features (i.e., 

duration of task, number of cycles, mean angular 

velocity of shank, sacrum and sternum per cycle; ratio 

of stance-time to the duration of task, rotational angles 

for sternum and sacrum about each axis, flexion angle 

for shank) and compared them between HI and SS. 

Results 

We observed a significant difference (p-value < 0.05) 

between SS as compared to HI for number of cycles, 

duration of turn, range of trunk lateral bending, and 

range of sacrum lateral bending. HI completed 3.8 

cycles in 4.4 secs at an average, whereas SS needed 7.4 

cycles per turn at a mean duration of 9.5 secs. Further, 

SS showed increased wobbly motion while performing 

the turn, seen from the lateral bending angles of trunk 

and sacrum. Although not significant, all features 

(except angular velocities) displayed higher mean 

values for SS. Table 1 below demonstrates the mean 

values of the parameters in SS and HI, along with the p-

values. 

Table 1. Statistical comparison and mean (SD) of 

spatiotemporal features for Healthy Individuals and 

Stroke Survivors 

Feature Name 

Healthy 

Individuals 

Mean (SD) 

Stroke 

Survivors 

Mean (SD) 

p-values 

Number of Cycles 3.8 (0.8) 7.4 (2.3) 0.040 

Duration of Turn (sec) 4.4 (1.9) 9.6 (3.5) 0.041 

Mean Angular Velocity of 

Trunk Flexion (deg/sec) 
1.1 (0.2) 0.3 (0.8) 0.156 

Mean Angular Velocity of 

Sacrum Flexion (deg/sec) 
1.1 (0.2) 0.2 (0.9) 0.139 

Mean Angular Velocity of 

Shank Flexion (deg/sec) 
2 (0.3) 1.6 (0.5) 0.153 

Ratio of Stance Time to 

Duration of Turn (%) 
42.9 (7.6) 57.9 (16.6) 0.066 

Range of Trunk Lateral 

Bending (deg) 
5.8 (1.0) 12.7 (4.8) 0.017 

Range of Sacrum Lateral 

Bending (deg) 
6.7 (0.8) 10.9 (2.3) 0.006 

Range of Trunk Flexion-

Extension (deg) 
6.5 (1.9) 9.5 (2.9) 0.110 

Range of Sacrum Flexion-

Extension (deg) 
6.9 (0.9) 7.7 (3.8) 0.613 

Range of Shank Flexion-

Extension (deg) 
11 (1.8) 17.7 (8.1) 0.179 

Discussion 

According to the results, there was no significant 

difference between the angular velocity and range of 

motion for the shank, sacrum and trunk in flexion-

extension. This reveals the fact that the required pace of 

body movement for the HI was not excessively large to 

be reached by SS. However, the range of lateral bending 

for trunk and sacrum was significantly larger in SS vs 

HI. The larger wobbling in upper body could stem from 

the degraded ability of the SS in balance retaining.  The 

identified features in this study can help in 

designing/improving rehabilitative programs for SS. For 

example, including a task targeting the core stability in 

patients can lead to an improved rehabilitation program. 
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Introduction
Markerless motion capture methods are becoming valid
alternatives to marker-based optical systems. The main
objective  of  such  techniques  is  to  overcome  the
intrinsic limitations of marker-based ones.  Spurred by
the  advent  of  deep  neural  networks  and  by  their
successful  application  in  images  and  videos,  we
propose a specific machine-learning based processing
pipeline for the motion capture field to move towards
the  realization  of  a  markerless  joints’  tracker  that
estimates natural poses on field.

Methods
Forty two gait trials performed by 3 subjects (mean age
27.3 ± 5.5 years,  mean BMI 21.3 ± 2.6 kg/m2) were
acquired  both  in  a  laboratory  environment  (out-of-
water, OW) and underwater (UW) in a swimming pool.
Six synchronized  underwater color analog wide-angle
cameras (720×576 pixel resolution TS-6021PSC), were
used.  The  system  was  synchronized  automatically
employing a custom-made software  application as  in
[1]. The synchronization delay was found to be inferior
to  a  frame  duration,  which  in  our  study  is  20  ms.
Calibration of the intrinsic parameters was performed
in  dry  conditions,  filming  a  black  and  white
checkerboard  as  in  [1]  and  then  corrected  for  UW
condition [1]. Extrinsic calibration was performed with
a 12-control points calibration grid (2 m×1.1 m×1.1 m)
[1].  The  processing  pipeline  can  be  summarized  as
follows:  1.  the  video  frames  are  extracted  and
undistorted;  2.  a  person  detector  [2]  identifies  the
subject’s presence in the set of 6 synchronized frames
and,  if  found,  the  region  of  interest  in  the  image  is
processed  by  a  pose  estimator  [3]  that  provides  the
probability  maps  for  each  joint  in  the  6  regions  of
interest,  separately;  3.  the information from different
point of views are merged by means of triangulation: at
this step, the three-dimensional pose is reconstructed;
4.  a  subject-specific  model  is  utilized  to  match  the
lengths  of  the  subject’s  limbs  in  the  obtained  pose
model; 5. the lower limb joints sagittal plane rotations
are  estimated  as  planar  angles  between  anatomical
segments for each gait cycle and low-pass filtered. In
order to assess reliability of the proposed approach the
same  gait  trials  were  processed  by  automatically
tracking  anatomical  landmarks  (Track  on  Filed,
BBSOF  S.r.l.)  marked  on  the  subjects  skin  with  a
waterproof  black  marker,  according  to  CAST  [4].

Mean  and  Standard  deviation,  across  trials,  of  each
planar  angle  were  computed  for  each  technique  and
compared (Paired T Test p<0.05).

Results
No statistically  significant  differences  were  observed
between the two techniques both OW and UW (Fig.1).

Figure 1:  Knee flexion-extension angles during gait for the
same subject in OW and UW environments. 

Discussion
The  proposed  approach  can  be  used  in  a  real-time
acquisition setup. These results can be used to address
further improvements towards a fast and accurate tool
for gait analysis, also in challenging environments such
as UW.
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Introduction 

Parkinson’s disease (PD) is a neurodegenerative 

disorder that mainly causes gait disturbances and 

postural abnormalities. Among other symptoms, 

hypomimia is one of the hallmark manifestations of PD. 

Patients experiencing this condition usually exhibit an 

impaired facial expressiveness (masked face) with 

respect to healthy subjects (HS) [1]. The aim of our 
study is to quantify the degree of hypomimia comparing 

HS and PD subjects exploiting a face tracking approach 

based on the Facial Action Coding System (FACS) [2]. 

FACS is a human observer-based system that encodes 

facial muscles movements identifying action units 

(AUs); AUs are related to either single or sets of muscles 

and they can entirely describe the human basic 

emotions: anger, disgust, fear, happiness, sadness, 

surprise and neutral [3].  

 

Methods 

Data from 17 HS (10 women and 7 men; mean(±SD) 
age: 66.53(±7.16) years) and 29 PD subjects (13 women 

and 16 men; mean(±SD) age: 68.48(±7.80) years) were 

considered. A video recorded session was performed 

while subjects were seated at 1.36 m from a commercial 

camera with a white background behind them. They 

were instructed by a clinician to randomly perform the 

following expressions: anger, disgust, fear, happiness, 

sadness, surprise and neutral. Data were analyzed using 

a self-developed software (TrackOnField, BBSoF S.r.l.) 

[4]. Videos were segmented into 4 frames; per each 

obtained image, a set of 56 features was tracked in the 
2D-image space and 35 distances were calculated. 

Values outside the interquartile range were excluded 

from the analysis. A face mobility index (FMI) was 

defined as follows:  

𝐹𝑀𝐼𝑗 =
∑ |1 − 𝑟𝑎𝑡𝑖𝑜𝑗| ∙ 100% 𝑛_𝑑𝑖𝑠𝑡

𝑖=1

𝑛_𝑑𝑖𝑠𝑡
𝑗 = 1 … 6 

  

Per each emotion (j=1…6) the ratio between the i-th 

distance and its corresponding one in the neutral 

expression was calculated (ratio). FMI was defined as 

the summation of the percentage changes from the 
neutral expression, normalized to the number of 

available distances (n_dist). In order to compare the 

FMI in the two cohorts of subjects, the non-parametric 

Kruskal Wallis test (p<0.05) was performed.  

 

Results  

Results highlighted statistically significant differences 

in the FMI in two expressions: anger and happiness 

(Figure 1). 

 

 
Figure 1: Face mobility index (FMI) for the six 

expressions in PD and HS subjects (p<0.05), the zero 

value corresponds to the neutral expression. 
 

Discussion 

Besides some limitations (subjectivity in the 

interpretation and expression of the emotion and 

numerosity of the sample), encouraging results were 

achieved. Indeed, as expected, HS showed a larger face 

mobility with respect to PD patients. The index we 

proposed is clinically easy to interpret. Furthermore, 

FMI could be used to quantitatively track the disease 

progression.  
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Introduction 

Parkinson’s disease (PD) is a neurologic disorder 

characterized by a progressive motor impairment, that 

can also affect facial muscles. Indeed, PD patients often 

exhibit a masked face: a reduction of emotion 

expressivity termed hypomimia. Patients experiencing 

this symptom have a limited facial expression that can 

lead to a significant reduction of their quality of life. 
Despite the high prevalence of this feature in PD, 

hypomimia still remains under-investigated [1]. In 

particular, no validated treatments nor quantification of 

their effects are available. The aim of our study is to 

quantify the effects of a tailored rehabilitation treatment 

comparing the pre- and post-treatment conditions. A 

face-tracking algorithm based on the Facial Action 

Coding System (FACS) is used [2]. 

 

Methods 

Data from 10 PD patients (mean(±SD) age: 68.4(±8.46) 

years) were investigated. They underwent 9 sessions of 
60 minutes each of hypomimia rehabilitation treatment 

in a time window of two months. Data acquisition took 

place before (T0) and after the treatment (T1). MDS-

UPDRS values were collected (Table 1). Moreover, 

frontal face videos of the subjects were recorded while 

they were instructed by an operator to perform the face 

expressions described in [3]. Data were recorded with a 

GoPro Hero 3 camera (1920x1080 pixels, 30 fps) placed 

at eye level at 1.36 m from the patient, seated with a 

white background behind. Videos were segmented into 

4 frames per each emotion; using an ad-hoc set of 56 
features tracked in the 2D-image space (with a self-

developed software TrackOnField, BBSoF S.r.l. [4]), 35 

distances were calculated. Each distance was then 

normalized with respect to the corresponding one in the 

neutral expression. Wilcoxon signed-rank test was 

performed to compare the two conditions (p<0.05). 
 

Results 

Along with the improvements in the MDS-UPDRS scale 

values (Table 1) results showed an enhancement in 

facial mobility at T1. Figure 1 highlights the statistically 

significant distances between T0 and T1 per each 

emotion. 
 

 

 

 

 

 
 

Figure 1: Significant distances (p<0.05) per each 

emotion. Darker colors refer to T0, lighter colors to T1. 

The red line represents the neutral expression (100%). 

 

 

 total UPDRS 

score 

Facial expression 

(III.2) 

T0 116.3 ± 27.93 1.90 ± 0.32 

T1 87 ± 33.11 1.40 ± 0.52 

Table 1: UPDRS values (total score and facial 

expression item) at T0 and T1. Mean ± SD data are 

reported. 
 

Discussion 

Preliminary results on the quantification of the treatment 

outcomes are encouraging. This method can be used in 

future investigations increasing the dataset and studying 

different rehabilitation treatments. 
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Introduction  

Underwater rehabilitation, or hydrotherapy, offers an 

alternative to traditional land-based therapy, which can 

be challenging for subjects with important motor 

impairments [1]. Patients affected by pathologies of the 

musculoskeletal system, with a limited joint range of 

motion and balance may especially benefit from 

hydrotherapy. Despite the advantages of in-water 

rehabilitation, the quantitative analysis of underwater 

motion remains limited due to technology gaps. Few 

studies have investigated the application of wearable 

devices to water rehabilitation, especially considering 

underwater gait analysis [2]. The main limitation to the 

use of Inertial Measurement Units (IMUs) underwater is 

the difficult data interpretation, especially without the 

support of motion capture systems and or video tracking 

observations. To address these gaps, we have carried out 

gait analysis in air and underwater using data collected 

in a motion laboratory with optoelectronic gold standard 

system and with IMU sensors suitable to work 

underwater. The goal of the investigation is to 

systematically record, characterize and interpret the 

kinematic differences in the walking gait caused by the 

presence of the fluid. This preliminary investigation 

focuses on step detection and the identification of 

spatiotemporal gait parameters. 

Methods 

Over January 2021, gaits were recorded from 10 

volunteer healthy subjects (23.4 ±1.3 years old), with no 

previous history of pathologies of the lower limbs in a 

motion laboratory (Figure 1a) equipped with a reference 

optoelectronic system (BTS-SmartDX, Italy, sf:100Hz) 

following Davis protocol for markers placement [3] and 

with 6 wearable devices (30 x 12 x 4 mm, 6.9 ± 0.3 g) 

which had an IMU sensor (BMX160 Bosch Sensortec 

GmbH, Germany, sf:100Hz). Similarly, the same 

subjects performed gaits underwater using a 

rehabilitation pool (Figure 1b) (1.20m depth, 33°C) 

wearing only the IMU devices. In both trials, subjects 

were wearing (Figure 1c) For the first trial, on land, a 

two-pose calibration procedure allowed to synchronize 

the data from both measurement systems. Matlab 

R2020a was used to identify primary gait events, 

including initial foot contact and toe-off, to determine 

the average stance and swing time over the gait cycle.  

Results  

Evidence of consistency between IMU and 

optoelectronic data was given comparing accelerometer 

data and the acceleration of the foot center of mass 

extrapolated by the gold standard system achieving on 

average correlation coefficient r of 0.91 ±0.02 and root 

mean squared error (RMSE) of 1.8 ±0.2. 

Figure 1: a) Gait analysis with optoelectronic and IMU 

systems in motion laboratory; b) Gait analysis in 

rehabilitation pool; c) IMU positioning on lower limbs. 

The measured gait parameters revealed that on average, 

a underwater walking gait cycle has a 41 % longer 

duration than a gait cycle from the same subject  on land. 

The average step time was 1.2 ± 0.1 s on land, and nearly 

3 ± 0.1 s in water. Concerning the stance and swing time 

partitioning; it was found that the underwater stance 

time was reduced to 50% from 60%, and consequently 

the underwater swing time had an average duration 

some 10% longer underwater than on land. 

Discussion 

Preliminary results showed the resemblance between 

IMU data in and out water while highlighted important 

differences caused by the fluid-body interactions during 

the walking gait. Further investigation will be conducted 

to automatize the data processing by developing and 

testing new sensor fusion algorithms using both the IMU 

and Optoelectronic data to classify and interpret the 

IMU data collected during underwater rehabilitation 

based on walking gaits. 

 
Figure 2: Accelerometer data over the gait cycle [%], 

for both Land and Water trial. Stance and Swing time 

are reported.  
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Introduction 
Quiet standing activates ankle and hip strategies for 

balance control. Analysis of postural stability using a 

force plate is one of the popular methods for the 

diagnosis of diseases of various etiologies. The method 

is quite informative, and the obtained data is often 

enough to generally determine the violation of the 

body's ability to maintain balance. However, the force 

plate detects the center of pressure movements which 

substantially related to ankle strategy. 

Methods 
We used a complex comprised of a force plate and a 

Vicon system (see figure 1). Markers were installed on 

a dorsal side of the body. To analyze the Vicon data the 

geometric centerline of a patient was restored. The 

geometric axis can be defined as a line equidistant 

from the Vicon markers. For analyses, the point set of 

the intersections of the centerline and floor plane was 

found to assign both ankle and hip strategy. 

Stabilometric parameters were used. To determine 

statistically significant parameters, the method of 

singular decomposition was used. 

Results 
Force plate data analysis showed balance quality rate 

decrease in subjects with latent myogenic trigger points 

comparing to control subjects which is confirmed by 

Vicon data obtained by axis up to floor plane. 

However, analysis of movement of the point set of the 

axis restored across of centerline showed significant 

increase both in frontal and sagittal planes. Moreover 

the proportion of movements of pointset across the 

floor plane and the centerline significantly increases in 

subjects with myogenic trigger points comparing to 

healthy subjects that indicates on prevalence of hip 

strategy in subjects with trigger points of cervical 

muscles. 

Figure 1: Scheme of the experiment complex: a force 

plate and a Vicon system. 

Discussion 
Normally, during quiet standing, the most prevalent 

control strategy is an ankle strategy as a more energy-

efficient one. The “hip strategy” is activated in 

conditions of perturbed standing as an unstable surface 

or narrow area of supports. Previously it was shown 

that the free chain system compensates the center of 

mass shifts increasing vertical posture stability. 

Multiple cervical myogenic trigger points restrain neck 

movements which cause a compensatory increase of 

range of movement of the underlying segment.  

Thereby body axis reconstruction and further 

segmental analysis can be more sensitive in the event 

of the hip or mixed strategy activation which could 

help to reveal minimal inferiority in balance control 

integration. 
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Introduction  
Inverse dynamic analysis (IDA) is a powerful tool to 
obtain important insights regarding human movement, 
such as, joint moments or joint reaction forces
sports it is used to enhance athlete’s performance and 
to reduce injuries [1], while in clinics it is usually used 
for studying disease etiology, support medical decision
and evaluate treatment effects [2]. When applied to 
ergonomics it can provide valuable insight into 
of occurring musculoskeletal injuries while performing 
manual tasks in industrial settings. 
MultiBody System Dynamics is an efficient
validated methodology that has been successfully 
applied to perform IDA of biomechanical systems with 
large number of degrees-of-freedom (DOF)
invasive way. Here, Fully Cartesian Coordinates (FCC) 
[3] are combined with Mixed Coordinates 
assure the solution of the IDA and, simultaneously
kinematic consistency of the underlying 
model with the experimental data.  
 
Methods 
In planar systems the FCC formulation 
of 4 generalized coordinates per rigid body (RB)
respectively the Cartesian coordinates of a point 
located at its center of mass (CoM) and the Cartesian 
coordinates of the components of a direction unit 
vector [3]. Additionally, if MC are conside
additional angular coordinate expressing the 
orientation of each RB needs to be added
of generalized coordinates (q). Consequently, 
number of constraint equations becomes less than the
number of generalized coordinates. To overcome this 
situation, additional kinematic constraints
of trajectory constraints, are added. 
constraint adds two equations per marker,
overconstrained system that is solved, for each 
timestep, using a least square approach.
methodology was implemented in an in
developed in Python and applied to the analysis of 3 
gait cycles, at natural cadence, of a female subject
Kinematic and kinetic data were acquired at 100 Hz 
using 14 infrared Qualysis™ cameras and 3 AMTI 
force plates. The biomechanical model has composed 
by 12 segments [5]. IDA results are 
similar ones obtained from the literature [
 
Results  
The IDA solution procedure showed good
for the analyzed gait cycles. Calculated results
presented similar patterns and values to 
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is a powerful tool to 
human movement, 

joint reaction forces. In 
sports it is used to enhance athlete’s performance and 

while in clinics it is usually used 
support medical decision, 
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valuable insight into the risk 

musculoskeletal injuries while performing 

an efficient and 
that has been successfully 

mechanical systems with 
freedom (DOF) in a non–

Coordinates (FCC) 
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simultaneously, the 
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. To overcome this 
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equations per marker, leading to an 

that is solved, for each 
square approach. The proposed 

in-house software 
and applied to the analysis of 3 

of a female subject. 
Kinematic and kinetic data were acquired at 100 Hz 

cameras and 3 AMTI 
force plates. The biomechanical model has composed 

are compared with 
literature [6]. 

good convergence 
Calculated results (Fig. 1) 

and values to those from the 

literature [6], exhibiting a 
normalized ankle moments of 
Nm.Kg-1 and a maximum and minimum 
5.99 W.Kg-1and -0.79 W.Kg-

 

 
Figure 1: Representation of ankle moment (upper
ankle Power (lower) during normalized gait cycle. 
Grey area – literature data. Black line 
data. 
 
Discussion 
The use of the local coordinates of each experimental 
marker with respect to the segment where it’s located
computed during the static trial
use of MC and the least square approach 
kinematic consistency and minimiz
between model segments positions and orientation with 
respect to experimental markers.
address the implementation of the proposed 
methodology for spatial models.
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Introduction 
Women experience higher rates of knee ligament 
injuries than men [1],   different anatomical features [2] 
and different knee kinematics during weight bearing 
activities [3]. However, kinematic differences between 
genders show mixed results [3,4]. Knee passive motion 
has been studied in large cohort of male donors [4] and 
along selected axes of motion. The present study aims at 
studying gender differences of the knee passive 
kinematics over the six degrees of freedom in intact 
adult specimens. 
 
Methods 
Twenty-nine healthy knee specimens (19 males and 9 
females between 43 and 82 years of age) were obtained 
from a body donation program (Science Care, Phoenix, 
USA); exclusion criteria included no reported history of 
knee surgery and osteoarthritis. Ethics approval was 
obtained from the institutional Ethics Committee. 
Specimens were CT scanned (Somaton FORCE, 
Siemens, Germany; in-plane voxel size: 0.33 mm). 
Femoral and tibial bone surfaces were segmented with 
ScanIP (Simpleware, Exeter, UK). Custom 3D printed 
potting cups were created for the tibia and the femur. 
Reflective markers (12) were placed on dedicated 
features on the femur and tibial potting cups and the 
assembly was CT scanned to determine the relative 
position of the marker and the knee. Two trials of 
complete flexion-extension movements were performed 
respectively by manually applying a medial a lateral 
force to the femoral cup [6-8N](Fig1). Five repeated 
cycles were recorded for each trial. The marker 
trajectories were recorded using a 10-camera stereo-
photogrammetric system (VICON, Oxford, UK), 
sampling at 100 Hz, and filtered (fourth-order 
Butterworth filter, 10Hz cut-off frequency). Anatomical 
bony landmarks were identified on the bone surfaces 
according to the ISB standards using NMS Builder [5]. 
The anatomical joint coordinate system was created 
according to Gray at al. (2019) [6]. The knee kinematics 
for the six motion axes was estimated using the Kinemat 
toolbox (Matlab, MathWorks Inc., USA). Preliminary 
results for 13 males and 7 females were processed. The 
range of passive motion was the difference between the 
knee motion measured applying medial and lateral 
pressure. Mean and standard deviation were calculated 
and compared to earlier findings [7] and across genders 
using two tails t-test and statistical parametric mapping 
(SPM, Matlab toolbox, 𝛼 = 0.05); variations were 
reported as mean and peak differences. 

Results 
Tibio-femoral kinematics were consistent with earlier 
reports. The largest difference between was medial and 
lateral force trials was 20º mean adduction-abduction 
rotation (peak: 29º). Smaller differences were found for 
internal-external rotation (mean: 2º) and medio-lateral 
translation (mean: 2 mm) (Fig1). Females presented 
significantly greater flexion angles than males by 
applying a medial force (mean difference: 6º) whereas 
no gender-specific differences were found for the 
remaining axes of motion (Fig1). 
 

 
Figure1: Gender differences in knee passive kinematics. 
 
Discussion 
Preliminary results demonstrate a gender-specific 
passive knee motion observed for two extremes of the 
envelope of passive motion obtained by applying medial 
and lateral force. Females display higher adduction-
abduction and lower internal-external rotation than 
males, in partial agreement with literature [3]. These 
founding may complement current understanding of 
gender differences kinematics.  
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Introduction 

The advent of 3D-printing technologies has led to the 

spread of affordable tendon-driven prosthetic hands due 

to their availability and easy customization. Many of 

them can be freely downloaded from CAD repositories. 

The tradeoff between the number of motors and the 

grasping ability of these hands is a relevant issue to 

analyze during the design process. Fewer motors allow 

reducing weight and cost, but at the expense of lesser 

motion versatility. Nevertheless, linking the movement 

among the joints of each finger is a preferred option in 

the do-it-yourself context due to their easier assembly 

and maintenance. In addition, in the literature [1,2], 

synergies have successfully applied to create novel 

design and control concepts for artificial hands. The 

analysis of motion synergies or eigenpostures among 

fingers is a common method used to reduce the number 

of DoFs that can be controlled in an independent manner 

without losing dexterity significantly. The fingers of the 

affordable hands for which the motions of the tendons 

are highly correlated can be candidates to be moved by 

a single controller, or even a single actuator. Therefore, 

the purpose of this study is the assessment of motion 

synergies during grasping of different tendon-driven 

hands using an able-bodied adaptor (ABA). The use of 

this adaptor to control the hands using the fingers of 

healthy subjects allows taking advantage of the human 

brain control mechanism while obtaining the synergies 

directly from the artificial hand. 

 

Methods 

Four tendon-driven artificial hands (Figure 1), three of 

the currently available online 3D-printed electrical 

prostheses for transradial amputees: Limbitless (5 

tendons and 1 actuator), Dextrus v2.0 (5 tendons and 5 

actuators), InMoov (5 tendons and 5 actuators); and the 

IMMA hand (6 tendons without defined actuation) 

designed by the authors [3]; were confronted with the 

Anthropomorphic Hand Assessment Protocol (AHAP) 

[4]. This benchmark is composed of 26 tasks involving 

grasping with the eight most relevant human grasp types 

during activities of daily living and two non-grasping 

postures, accounting for more than 90% in grasp 

frequency. Three subjects performed the tests by means 

of an especially designed ABA [5]. It allows controlling 

each tendon by a different human finger while the 

tendon motions are registered. A set of analyses using 

Pearson Correlation Coefficient (CC) and Principal 

Component Analysis (PCA) among tendon 

displacements during grasps performed successfully 

were used to obtain the motion synergies. The Principal 

Components (PCs) (Figure 1) were obtained using 

Varimax with Kaiser Normalization as rotation method. 

 

Results 

According to CC, for all the hands and subjects, the 

highest synergies were obtained for pairs of long 

fingers, being the lowest the coordination between index 

and little fingers and the highest middle and ring fingers. 

The coordination between thumb and long fingers was 

lower than that observed among long fingers. 

The results from the PCA (Figure 1) show that, for all 

the hands, two similar PCs explained near or more than 

80% of the variance. First PC includes mainly the 

motion of little, ring and middle fingers and second PC 

that of the thumb, with the index participating partially 

in both.  

 
 

Figure 1: Eigenvectors (spline connected) for the PCs 

of the tendon displacements for the hands analyzed. 

 

Discussion 

The scores of the PCs obtained can be useful for the 

design of transmission systems to underactuate the 

hands or for control design. This underactuation is 

essential to simplify the control of the hand, especially 

for affordable designs. The dimensionality reduction 

using only two motors to actuate these hands should not 

affect their dexterity significantly. 
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Introduction 

Hinged ankle-foot orthoses (HAFOs) are used to 

partially immobilize the ankle joint and to reduce the 

range of motion according to the medical indication. 

The placement of the mechanical hinge is one of the 

most critical aspects in the design of such devices, as 

well as the number of degrees of freedom (DOF) 

allowed to the joint. If not correctly positioned, HAFO 

can lead to unnatural gait [1]. Unphysiological 

restrictions to dorsi/plantar-flexion can be harmful. In-

vivo kinematics analysis of the ankle can provide 

valuable information for the design of these devices, but 

marker positioning and soft-tissue artefacts make this 

critical [2]. An original methodology for the 

development of a custom-made HAFO is presented, 

based on in-vivo kinematics identification of the patient 

by means of rigid shells. A prototype has been designed, 

fabricated in additive manufacturing and equipped with 

a novel 6 DOF mechanical hinge joint replicating 

original joint kinematics as resulted from previous 

motion analysis on the same healthy subject. 

 
Figure 1: Three phases of kinematic shells design. 

 

Methods 

A handheld 3D optical scanner was used to get two 

separate point clouds on a healthy subject, 23 years old, 

respectively of: left shank and dorsal aspect of foot, and 

plantar aspect of the foot in loaded condition. Two 

corresponding meshes were defined and merged, then 

used to design the kinematic shells (Fig. 1). These were 

3D-printed in ABS, and a technical cluster of four 

markers was stuck for tracking. These shank and foot 

shells are used both to collect kinematics trials to assess 

ankle joint motion, and eventually to manufacture the 

HAFO after design of the appropriate connection (Fig. 

2, left). Kinematics analysis during passive flexion and 

level walking was performed, using a stereo-

photogrammetric system (Vicon Motion Capture, 

Oxford UK) and IOR-gait protocol [3]. Marker 

coordinates were processed to calculate the 

Instantaneous (IHA) and Mean (MHA) Helical Axes, 

along with relevant linear and angular dispersion 

parameters [4]. The MHA and these parameters were 

used to design the complete custom-made HAFO; a 

relevant prototype was 3D printed and tested back on the 

subject (Fig. 2, right). Finally, kinematic analysis was 

replicated with the subject wearing the device, with the 

same experimental procedure. 

 
Figure 2: The separate rigid shells and relevant marker 

positions (left), the HAFO prototype (right). 

 

Results and discussion 

The overall procedure worked well and provided 

consistent results. The custom-made rigid shells and 

relevant elastic belts limit considerably relative motion 

between markers. This seem to limit also motion with 

respect to the underlying bones; only a very small 

sliding with respect to the skin was noticed in a few 

trials. IHAs axode at the natural ankle, i.e. without shell 

connector, showed similar location and variability with 

respect to the literature, though relevant accuracy of the 

technique is still questioned [5]. The 3D printed HAFO 

prototype was found stiff enough to support the ankle, 

resulting as planned in almost-free joint motion in the 

sagittal plane and very limited motion in the other 

planes, as demonstrated by the strong reduction of 

dispersion parameters after shell connection. For the 

final clinical exploitation, consideration on the most 

appropriate kinematic reference shall be made, i.e. 

whether the target motion should be the restricted 

motion of the affected or of the contralateral joint. 
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Introduction  
Bone anchorage represents an alternative to 

conventional suspension techniques for transfemoral 

amputees with increasing popularity. The preparation of 

bone for- and insertion of the osseointegrated 

transfemoral implant is performed at very low speeds in 

order to avoid thermal damages of bone tissue which 

may potentially jeopardize implant stability. The aim of 

this study was to quantify the temperature increase in the 

femur at different sites and insertion depths, relative to 

the final implant position during the stepwise 

implantation procedure. 

Methods 

Graphical abstract of the project is given in Figure 1. 

 
Figure 1: Graphical abstract of the project: Twenty-

four paired femoral specimens were scanned using a 

QCT scanner. Images were post-processed to create 

specimen-specific drill guides to facilitate placement of 

thermocouples in each specimen. The surgery was 

performed at the clinically practiced speed (ω100%) in 

one femur of each pair and the doubled speed in the 

contralateral specimen (ω200%). Consequently, data 

analysis was performed to assess if a higher speed 

generates more heat. 

 

The procedure for installation of the osseointegrated 

implant was performed on twenty-four femoral 

specimens. In one specimen of each pair, the surgery 

was performed at the clinically practiced speed, while 

the speed was doubled in the contralateral specimen. Six 

thermocouples were inserted into the specimen in a 

distance of 0.5 mm, and six at 1.0 mm from the final 

implant surface, respectively. 

 

Results 

Drilling caused a temperature increase of <2.5°C and 

was not statistically significantly different for most drill 

sizes (0.002< p < 0.845). The mean increase in 

temperature during thread tapping and implant insertion 

was <5.0°C (Figure 2), whereas the speed had an effect 

on the temperature increase during thread tapping. 

 
 

Figure 2: Cumulative heat generation during the 

simulated surgery for the two different speeds at 0.5 mm 

and 1.0 mm from the implant surface. The solid lines 

represent the median and the shaded area the 

corresponding 25th to 75th percentile. 

 

Discussion 

Drilling is the most time-consuming part of the surgery. 

Doubling the clinically practiced speed did not generate 

more heat during this step, suggesting the speed and thus 

the time- and cost-effectiveness of the procedure could 

be increased. The frequent withdrawal of the 

instruments and removal of the bone chips is beneficial 

to prevent temperature peaks, especially during thread 

tapping. 

The duration of the surgical procedure for bone 

preparation and insertion of osseointegrated implants 

could be significantly shortened by increasing the speed 

during drilling without risk of thermal damages to the 

bone tissue. 
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Introduction 

The loss of a lower limb has been a significant problem 

since the beginning of humankind. As in all disciplines, 

prosthetics has made significant progress with the 

development of numerical simulations, which is 

reflected in a considerable number of limb, liner and 

socket models [1]. Such models help us to understand 

the behaviour inside the limb under different loads. 

Models based on a specific geometry provide us with 

results for a particular patient, which is useful when 

making socket or liner for the specific subject. On the 

other hand, in the case of a relative comparison of liners' 

mechanical properties, it is useful to use a generic 

geometry that covers a broader population of leg 

amputations. By changing the boundary conditions, we 

can easily simulate different load cases that can be used 

to make a relative comparison between the liners.  

 

Methods 

Limb loss is a highly subjective problem, yet there are 

only a limited number of liners with specific 

characteristics that cover all subjects and provide 

limited suitability. For this reason, our numerical model 

is based on a generic geometry, which is useful for 

relative comparison of different liners. 

An axisymmetric generic 2D geometry of bone, soft 

tissue, liner, and socket was modelled. Similar 

simplified geometries have been used by previous 

researchers and have shown good correspondence with 

experimental measurements [3-5]. In the case of the 

generic geometry, the 2D model allows us to perform 

simulations faster with similar results to the volumetric 

model. 

Obtaining material data for soft tissue can be quite 

difficult due to its complex structure. The properties 

differ from patient to patient as well as from the site of 

the measurement [6]. We decided to use established 

material models from previous studies. Soft tissue and 

liners were defined by a hyper-elastic model [2,6], while 

bone and socket were defined by a linear-elastic material 

model [3,6]. 

Boundary conditions have been determined to simulate 

most common load cases:  

- donning of the liner and the socket, 

- loading or displacement of the bone. 

     

Results 

From the developed numerical model, the contact 

pressure at the tissue-liner and liner-socket interface was 

extracted. It is a useful parameter for evaluating the 

prosthetic fit and can also be easily measured, which can 

be used to validate the numerical model. Moreover, it is 

an indicator of comfort, since by minimizing and 

providing uniform contact pressure distribution, we 

increase comfort and prevent tissue damage. 

In addition, the developed numerical model allows 

analysing the internal stresses, strains, and the relative 

displacements between the components. The results are 

compared with previously validated simulations and 

experimental measurements.  

 

 
Figure 1: a) geometry of 2D limb-socket model; b) total 

deformation [mm] after donning the liner and the 

socket.  

 

Discussion 

The numerical model developed and presented serves as 

a tool for objective evaluation and development of 

prosthetic liners.  

The model consists of a generic geometry and pre-

validated material models from previous studies. The 

main advantages of the generic 2D model are:  

- lower computation time, 

- control over input parameters,  

- allowing relative comparison, 

- simple boundary conditions. 
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Introduction 

The field of prosthetic hands in general and sensory 

feedback specifically have been widely studied but 

sensory feedback in prosthesis is not yet common in 

commercial devices. Moreover, current commercial 

designs have a very high price tag making them 

inaccessible to large portions of the population and 

mainly to children who are constantly growing out of 

their devices [1]. The growing availability and 

improvements of 3D printers offer a solution to this 

problem. The Raptor Reloaded, similarly to the Cyborg 

Beast [2] is a basic hand prosthesis that is fabricated by 

a 3D printer, it is designed mainly for children with a 

congenital amputation below the wrist. This is 

shareware design and the manufacturing is low-cost 

(approx. 40$). While there are many rejection reasons 

for prosthesis, such as weight, social acceptance etc. [3] 

that could be resolved with the benefits of 3D printers, 

one drawback that remains unsolved in low-cost devices 

and prosthesis in general is the lack of sensory feedback.  

 

 
 

Figure 1: The designed sensory feedback interface 

connected to (from left to right) a body powered 

prosthetic (below and above wrist) and motorized hand.  

 

Methods 

To add the missing sensory component we offer a 

solution comprised of four components: (1) Sensing- 

pressure sensors to evaluate the normal forces applied 

on the object grasped, location sensor to predict object 

slippage and a temperature sensor, all are based on 

variable resistance response. (2) Data acquisition and 

analysis- based on an Arduino Nano interface. (3) An 

electronic, multi-sensory biofeedback system- consists 

of two servo motors, a vibration motor and an RGB 

LED. (4) A mechanical feedback system- consists of 

rods that convey texture sensation. The interface was 

incorporated into three hand designs, a body powered 

hand (below and above wrist) and a motorized hand as 

shown in Figure 1. To calibrate the system and validate 

its performance we designed an emulator that enables 

able-bodied users to wear the hand. 

 

Results 

The final design is based on standard off-the-shelf parts 

that maintain the high availability and low cost of the 

original design, as most of the parts can be reused when 

the recipient grows out of his hand. Additional cost is 

~$50 for the first hand and another ~$10 for every new 

one. The circuit can run a full day without recharging 

and the weight of the entire hand increased by ~150gr. 

Preliminary results with healthy subjects and validations 

done show the improved usability of our modified 

model. The graph in Figure 2 illustrates the ability of the 

hand to measure the force applied on a grasped object. 

 

 
 

Figure 2: Normalized average measurement by the five 

finger force sensors vs grip strength applied on the 

object. 

 

Discussion 

In this research, we present the addition of a sensory 

feedback interface to low-cost 3D printed prosthetic 

hands. The described improvement can help overcome a 

major gap in the field of prosthesis in general and 

advance the field of low cost prosthetic hands. The 

entire design is open-source and shared online to be used 

by recipients worldwide. 
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Introduction 

Hemiplegic children are characterized by deviation in 

gait pattern due to plantarflexors spasticity, dorsiflexors 

weakness, and deformities [1]. To overcome these 

functional limitations, among all the possible treatments 

(botulinum toxin, muscle and tendon lengthening, …), 

the use of ankle foot orthosis (AFO) is often prescribed 

[2]. The aim of the study was to characterize the most 

common types of AFO currently available on the 

market, in order to identify their main limitations and to 

propose technical improvements.  

 

Method 

This retrospective study was conducted using gait data 

from the database of ITOP SpA (Officine Ortopediche, 

Palestrina, Rome, Italy) and from the gait laboratory of 

IRCCS Eugenio Medea (Associazione La Nostra 

Famiglia, Bosisio Parini, Lecco, Italy). A total of 26 

hemiplegic subjects (17 males and 9 females, age: 9.3 ± 

1.5 years, height: 134.46 ± 11.8 cm, weight 34.4 ± 11.2 

kg (mean ± SD)) was selected following these inclusion 

criteria: (a) right or left hemiplegia, (b) AFO users, (c) 

age 6-11 yo, (d) GMFCS level I-II.  

An optoelectronic motion analysis system composed of 

eight cameras was used for kinematic data acquisition 

(BTS Smart DX 700 Bioengineering, Milano, Italy), 

whereas kinetic data were collected by four paired force 

platforms (BTS P-6000, Bioengineering, Milano, Italy). 

Twenty-two reflective markers were applied on 

anatomical landmarks according to Davis protocol [3]. 

Two conditions have been tested: (i) barefoot, (ii) 

walking with different prescribed AFOs. In both cases 

the children were asked to walk along the walkway at 

their self-selected speed. For the kinematic and kinetic 

data one dimensional Statistical Parametric Mapping 

(SPM) was applied. Subjects were subdivided in three 

groups, based on the type of the prescribed AFO: (i) 

solid or hinged AFO, (ii) carbon posterior leaf spring 

AFO [2], (iii) supra-malleolar orthoses. An ANOVA 

2x2 repeated measure analysis was performed (α = 0.05) 

followed by post-hoc two-tailed paired t-test (α = 0.01). 

Dynamic ankle joint stiffness (1) was also evaluated as 

in [4].  

 DAJS = dM/dθ (1) 

 

Results 

All the subjects showed in the barefoot trial gait 

deviations that are in accordance with the “equinus” 

condition, such as initial contact with the forefoot, 

persisting plantarflexion throughout the gait cycle and 

great reduction of power generated at push-off (Fig. 1). 

Known AFOs effects, such as improvement in the first  

Figure 1: Ankle kinematic and power of the affected side 

during the gait cycle. Mean and SD of the barefoot (in 

black) and the orthotics (in red) trials are represented. 

 

and second rockers, along with detrimental effect on the 

third rocker, were also observed. 

Solid, hinged and carbon posterior leaf spring AFOs 

determined significant (SPM{t}) changes in the 

kinematics of the affected ankle at initial contact (0–5%, 

p=0.007 and 0–5%, p=0.004 respectively) and at push-

off (50–65%, p=0.001), and seemed to be effective in 

reducing asymmetries between the two limbs. They also 

determined a significant increase in the affected ankle 

stiffness. Power generated at the ankle during push-off 

was reduced in all the three groups while wearing the 

AFO (42%, 50%, 23% respectively).  

 

Discussion 

The subdivision of the population in groups allowed a 

more in depth evaluation on the effects of different types 

of AFO. Patients prescribed with solid, hinged and 

carbon posterior leaf spring AFOs showed comparable 

gait patterns during the barefoot trial, while the use of 

the orthoses lead to a significant reduction in the ankle 

range of motion at push-off, which is believed to be the 

cause of the great reduction in power generation (42% 

and 50% less than the normality value). In particular, 

carbon posterior leaf spring AFOs seem to determine the 

greatest decrease, thus being even more limiting than the 

traditional designs. On the other hand, supra-malleolar 

orthoses showed a lesser impact on the third rocker, 

allowing a significantly higher power generation at 

push-off with respect to the other groups (p<0.001).  

In accordance with the existing literature [5], the 

reduction in power generation at push-off is confirmed 

to be the main limitation of currently prescribed AFOs. 

The foundations have been laid for the definition of the 

design specifications of a new device that allows the 

performance of sports activities. 
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Introduction 

Ankle Foot Orthoses (AFO) can be prescribed to address 

functional impairment of the main ankle dorsiflexor 

muscles in drop-foot patients affected by neuromuscular 

pathologies. Current 3D scanning devices, in 

combination with additive manufacturing technology, 

allow to design and produce custom AFOs with 

improved fit and comfort [1, 2]. In this pilot study, a 

procedure was established to design and manufacture a 

novel custom AFO with improved comfort capable to 

address the functional deficit of drop-foot patients who 

are not satisfied with standard solutions. The AFO is 

designed on the foot/leg morphology, can compensate 

for foot postural alterations and is produced via 

Selective Laser Sintering (SLS) of a lightweight 

composite material. 

 

Methods 

Two patients (67 years, 83 kg, 1.80 m; 80 years, 96 kg, 

1.95 m) with drop-foot diagnosed after spine 

stabilization surgery T9-S1 and herniated disc surgery 

L4-L5, respectively, volunteered in the study. The 

patients’ feet and lower limbs were scanned in bipedal 

upright posture using a 3D foot scanner based on the 

Microsoft Kinect depth sensor [3]. According to the 

procedure, the 3D shape of the foot and leg was used to 

design a custom AFO in Blender (Blender Foundation, 

Amsterdam). AFOs were 3D sintered using a glass-fiber 

reinforced polyamide composite material (Windform 

GT®, CRP Technology, Modena). Functional 

evaluation (Figure 1) was performed using the IOR-gait 

lower limb protocol [4] in three conditions: 1) wearing 

the custom AFO, 2) wearing a standard off-the-shelf 

AFO in polyethylene (Molla di Codivilla, Ottobock) and 

3) without the AFO. The perceived comfort while 

wearing the two AFOs was assessed via a 0-10 VAS 

scale.  

 

Results 

Both subjects walked with increased stride length while 

wearing the custom AFO (1.22 ± 0.03 m; 1.07 ± 0.04 m) 

with respect to the Codivilla (1.17 ± 0.03 m; 1.06 ± 0.08 

m) and the no-AFO (1.09 ± 0.02 m; 1.06 ± 0.07 m) 

conditions. The ankle maximum dorsiflexion in the 

swing phase was larger while wearing the custom AFO 

(16.9 ± 0.3 deg; 12.0 ± 0.6 deg) with respect to the 

Codivilla (14.7 ± 0.3 deg; 3.8 ± 1.5 deg) and the no-AFO 

condition (33.4 ± 0.4 deg; 24.7 ± 0.8 deg). Both subjects 

scored the custom AFO more comfortable than the 

Codivilla (9.7 vs. 7.3; 9.6 vs. 6.9); in particular in the 

shank support (9.6 vs. 7.5; 7.9 vs. 4.4), the plantar aspect 

(9.8 vs. 3.5; 9.8 vs. 9.5) and in the perceived elastic 

return (9.7 vs. 6.9; 7.5 vs. 6.4). 

Figure 1: Left, gait analysis of one patient while 

wearing the custom AFO on the left foot. Right, mean 

temporal profiles of ankle flexion/extension angle [deg] 

during normalized gait-cycle in the three conditions: 

custom AFO, Codivilla and no-AFO. 

 

Discussion 

Designing personalized orthoses is becoming 

increasingly feasible and useful to improve the 

functional outcome of patients with lower limb 

pathologies, when standard off-the-shelf solutions are 

not effective. The novel SL-sintered custom AFO has 

proved to be more comfortable than a standard off-the-

shelf AFO and allows faster gait and a longer stride 

length. The positive outcome of the present pilot study 

is encouraging a thorough validation in a larger 

population of drop-foot patients, and further 

customization of the mechanical properties with respect 

to the patient-specific functional impairment. 
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Introduction. 

This document is related to the design of a transradial 

mechanism prosthesis[1] and the synthesis of a Toronto 

Mechanism problem (STMP) [2] as a possible choice.  

Two possible solutions have been proposed in STMP, 

the first one is related to the development of a vector 

form and the second one is a geometric and exact 

solution [3] of the STMP. 

 

Method. 

Toronto mechanism is an assemble composed of six 

linked bars as figure 1.  

 
Figure 1: Toronto mechanism and its implementation. 

Image modified. Source [2]. 

 

The two initial equations considered in synthesis of TM 

are the equations 1 and 2. 

𝐴𝐵 + 𝐵𝐶𝐶𝑜𝑠(𝛽) + 𝐶𝐷𝐶𝑜𝑠(𝜑) = 𝐴𝐷𝐶𝑜𝑠(𝛼)   (1). 

𝐴𝐷𝑆𝑖𝑛(∝) + 𝐶𝐷𝑆𝑖𝑛(𝜑) = 𝐵𝐶𝑆𝑖𝑛(𝛽)     (2). 
To solve the complex relation between trigonometric 

approach, has been found a dot vector product 

associated and consequently easy to implement it in 

STMP summarized in next equation. 

𝐵𝐷⃗⃗⃗⃗⃗⃗ ∙ 𝐵𝐶⃗⃗⃗⃗  ⃗ + 𝐴𝐵⃗⃗⃗⃗  ⃗ ∙ 𝐴𝐷⃗⃗ ⃗⃗  ⃗ = 𝐾2      (3). 
To prove the success of this equation applied to STMP 

have been developed a MATLAB program like figure 2.  

and the results can be found in figure 4. 

Finally, here have been developed a geometric and exact 

solution, how it is shown in figure 3, of STMP which 

gave an easy way to solve the problem.  To prove the 

success of the geometric exact solution, it was employed 

the AUTOCAD software with the reference tool and the 

results were completely exact. 

 

Results. 

The input data and numerical results are: p1=p2 where 

p1 and p2 are constant K2 relative to equation 3 in which 

this value have to stay constant before and after of TM 

movement.  Next, the numerical values considered. 

%Values considered in simulations of an index 

finger. Values in centimeters. 

A=[0 0];B=[1.16518934 -0.00236043]; 

C=[1.2218565 

2.64633777];D=[2.086730391.37853015]; 

p1=6.137965589729951; p2=6.137965586464713 

Consequently, numerical results confirm the validation 

of preliminary assumptions.   

 

Discussion. 

The first vector method related to dot product is a math 

tool that reduces the difficulty of the problem and the 

second geometric solution gave the final and 

successfully solution. It is proposed a geometric and 

exact solution of the STMP and future works should be 

implemented in an optimum way. 

 
Figure 2: MATLAB algorithm.  Source, the authors. 

 
Figure 3: Geometric approach to synthesis of TM. 

Source, the authors. 
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Introduction 
Adolescent Idiopathic Scoliosis (AIS) is an abnormal 
curvature of the spine that occurs in approximately 
2.5% of the general population [1]. Brace treatment, 
the most common non-surgical AIS treatment has been 
found to be effective to stop curve progression and 
prevent surgery [2], [3]. Casting is the most adapted 
fabrication technique of braces, but requires a 
substantial amount of resources and time, and the 
generated geometry of the rectified mold is highly 
dependent on the orthotist expertise. Alternative design 
approaches make use of CAD/CAM techniques [4]. 
Despite the implementation of CAD/CAM, mold 
rectification still requires input from an orthotist to 
ensure an effective brace design. Therefore a detailed 
analysis of the manual rectification process is needed. 
This study aims to determine whether it is achievable 
to characterise the manual rectification process.  
 
Methods 
Five AIS patients (10-15 years, Cobb angle = 20-45°) 
prescribed with brace treatment were recruited for this 
study. A 3D scanner Mark II (Occipital Inc. Colorado, 
USA) was used to obtain scans of the patient’s body 
and plaster cast molds. Seven spherical markers were 
used to locate the main anatomical landmarks. 
Characterization of the manual rectification was 
divided in three analyses. The first two focused on 
strategies that correct postural changes of the torso 
during the mold design phases, and the third focused 
on volume rectifications of the plaster mold, related to 
the pressure pads and brace geometry. First, changes in 
the Anatomical Landmark Positions (ALP) between the 
patient and post-rectification mold scans were 
compared using Blender open-source sculpting 
software. Second, the surface centroid locations of 
transverse sections were analysed. Third, the 
volumetric deviations between the patient and the post-
rectification mold scan were analysed using 
CloudCompare 3D point cloud processing software.  
 
Results 
ALP deviations of the post-rectification scan with 
respect to the patient’s body scan were obtained for 
each patient. ALP lowest mean deviations were located 
at the pelvis (3-12mm) compared to deviations in the 
thoracic areas (16-39mm). The centroid coordinates 
results at different transverse sections showed medial 

shift in the range of 1 to 54mm in all patients, 
indicating the same trend found in the ALP analysis. 
Centroid trajectories in the coronal and sagittal plane 
indicated convergence of the rectified molds towards 
the centroid of the pelvis section (Fig. 1.a). Volumetric 
differences between the post-rectification mold and 
patient’s body scans were represented using 3D surface 
deviation plots (Fig. 1.b). A rectification factor 
determined by the reduction at the waist with respect to 
the patient’s pelvis width showed mean values of 
0.21±0.01 and 0.13±0.06 for the convex and concave 
side of the curve respectively. Furthermore, lateral 
(Fig. 1.c) and sagittal tilt angles were obtained from the 
external contours of the scans showing mean tilt angles 
on the rectified mold of 80.5±3º (convex side) and 
83.2±2.8º (concave side), and 82.4±2.4º and 85.2±2.3º 
on the anterior and posterior side respectively.  
 

 
Figure 1: a the centroid trajectories for the different 
patients. b the lateral contours from the patient and 
mold and c the lateral tilt angles and rectification 
distance at the waist. 
 
Conclusions 
This study characterised the manual rectification using 
geometry parameters that can be used to define 
scoliosis brace shape. These results can be fed into a 
digital design flow towards automated brace design 
reducing the design time and resources. 
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Introduction 

Transfemoral amputations (TFAs) contribute to gait 

asymmetry [1]. The level of asymmetry is i.a. affected 

by the type of knee prosthetic module [2,3]. There is 

limited evidence suggesting that more technically 

advanced solutions (microprocessor modules; MicPK) 

are superior to less advanced ones (mechanical modules; 

MechPK). The study aimed to evaluate the variable 

range of hip and pelvic joint movements during gait and 

look for differentiating areas with an increased 

asymmetry of the gait cycle in individuals who 

underwent a unilateral TFA and are equipped with 

MicPK or MechPK.   

Methods 

Twenty-eight individuals participated in the study; 14 

were assigned to a study group of individuals who 

underwent a unilateral TFA, and the other 14 were 

healthy participants (a control group). The movement 

task was recorded using the optoelectronic SMART-E 

system following the standard Davis protocol (the 

Newington model). A new method of quantifying gait 

symmetry using the symmetry function (SF) is 

proposed. SF is an integral measure of absolute 

differences in time-standardized signals between sides 

standardized throughout the whole cycle of motion 

variability. 

Results and Discussion 

There were significant differences between groups in 

the asymmetry of the range of movement in the hip joint 

of the intact limb in the frontal plane (Table 1). In the 

middle of the support phase, the intact limb was more 

adducted in individuals with MicPK and less abducted 

in people with MechPK (differences in mean 180%, p < 

0.000; max 63%, p < 0.000; min 65%, p < 0.000). In the 

sagittal plane, the range of asymmetry of the flexion and 

thigh extension of the intact limb was similar to and only 

slightly different from the physiological gait. In the 

transverse plane, higher asymmetry values were noted 

for individuals with MicPK. In the final stage of the 

swing phase, the thigh was more rotated both externally 

and internally. The size of the asymmetry, when 

compared to gait of healthy individuals, reached 50% 

(differences in mean 115%, p < 0.232; max 62% p < 

0.26; min 50, p < 0.154). 

 

 Mean Range 

 MicPK MechPK MicPK MechPK 

POBLI 3.1 17.6 63.6 54.9 

PTILT -0.1 0.7 142.4 138.7 

PROT 51.3 50.3 78.7 68.7 

HPAA -6.5 103.9 121.4 93.7 

HPFE 0.3 -1.7 59.8 48.9 

HPIE -56.1 -30.1 117.8 117.6 

Table 1: The mean and range values of the symmetry 

function characterizing pelvic movements in frontal 

(POBLI), sagittal (PTILT), and transverse (PROT) 

planes as well as hip joint movements in frontal (HPAA), 

sagittal (HPFE), and transverse (HPIE) planes. 

Conclusions 

MicPK reduces the asymmetry values compared to 

healthy individuals' movements, especially the 

movements in the sagittal plane and pelvic rotations. 

Participants equipped with MechPK and MicPK 

develop a different type of gait expressed by changing 

the size of the pelvic and thigh movements' asymmetry 

in the hip joint. In the study group, the assessed ranges 

of pelvic and thigh movement in the hip joint differed 

only in the frontal plane. Individuals who underwent a 

unilateral above-knee amputation may gain less from 

using MicPK than anticipated. Less technically 

advanced prostheses are similar to the more advanced 

solutions in restoring a pattern of the gait cycle. The 

prosthetic supply type should be considered, due to 

differences in gait compensation, especially in the 

frontal plane. 
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Introduction 

The knee is the most commonly injured body region, 

accounting for as high as 59% of all injuries.[1] 

Identified causes of knee injury in sport are many and 

include movement behaviors that increase knee loading. 

Athletes who land with greater knee relative to hip 

extensor moments display greater knee valgus 

moments,[2] which have been shown to predict ACL 

injury.[3] Although the hip/knee extensor moment ratio 

(HKR) can be used to characterize movement behavior 

that is indicative of greater use of the knee relative to the 

hip extensors, quantification of hip and knee extensor 

moments requires sophisticated laboratory equipment. 

There is a need for a clinic friendly method to 

characterize movement behavior that may expose 

individuals to knee injury.  

Characteristics of movement behavior associated with 

higher knee extensor moments include an upright trunk 

and forward tibia.[4] Therefore, the difference between 

sagittal plane trunk and tibia orientations may be a 

practical method to characterize movement behavior 

that may expose individuals to knee injury. The purpose 

of the current study was to determine whether the 

difference between sagittal plane trunk and tibia 

orientations obtained from 2D video (2D trunk-tibia) 

could be used to predict the average HKR during a wide 

range of athletic movements. We hypothesized that the 

2D trunk-tibia angle would be predictive of the average 

HKR during the deceleration phase of a wide range of 

athletic movements. 

Methods 

Thirty-nine healthy athletes (15 males, 24 females) 

participated. Lower-extremity kinematics and kinetics 

(3D) and sagittal plane video (2D) were collected 

simultaneously during 6 tasks (Step Down, Drop Jump, 

Lateral Shuffle, Deceleration, Triple Hop, Side-Step-

Cut). Linear regression analysis was performed to 

determine if the 2D trunk-tibia angle at peak knee 

flexion predicted the average HKR during the 

deceleration phase of each task. Each equation was 

adjusted for body mass. To distinguish between a hip 

bias (average HKR>1.0) or knee bias (average 

HKR<1.0), the cut-off for the 2D trunk-tibia for each 

task was derived by solving the regression equation for 

the value when the average HKR equaled 1.0. 

Results 

For each task, an increase in the 2D trunk-tibia angle at 

peak knee flexion predicted an increase in the average 

HKR when adjusted for body mass (p<0.013, R2: 0.17 

to 0.77) (Figure 1). The 2D trunk-tibia angle cut-offs 

necessary to achieve a hip extensor biased movement 

strategy (average HKR>1.0) ranged from -2 for the step 

down and 31 for the triple hop. 

Figure 1. Linear regression models to predict the 

average hip/knee extensor moment for each task based 

on the 2D trunk-tibia, co-varied for body mass.  

Discussion 

Consistent with our hypothesis, the 2D trunk-tibia angle 

was be able to predict the average HKR for a wide range 

of athletic movements. Therefore, the 2D trunk-tibia 

angle may be useful to screen individuals at risk for knee 

injury. This is relevant clinically, given that greater use 

of the hip extensors has been proposed to be protective 

against various knee injuries.[2] A secondary analysis 

was undertaken to distinguish between hip and knee bias 

movement strategies. Thresholds ranged from -2 (step 

down) to 31 (triple hop), with higher cut-offs observed 

in tasks with higher knee extensor moments. Further 

study is needed to determine the optimal position of the 

trunk relative to the tibia to minimize loading (and 

possible injury) at the knee. 
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Introduction 
Anterior Cruciate Ligament (ACL) injury is among the 
most debilitating injuries in professional football 
players. Despite the improvement of prevention 
programs, the rate of ACL injuries continues to rise, and 
only 65% of players still play at the top level 3 years 
after ACL rupture [1]. This is probably due to a still 
incomplete understanding of the multifactorial nature of 
the ACL injury mechanism. Video analyses based on 
television coverage have the potential to provide an 
ecological description of the injury mechanism [2]. An 
advancement of estimated injury kinematics obtained 
from 2D camera images, the model-based image-
matching technique is a promising way of capturing 
subtler and more detailed 3D information during the 
injury itself. Unfortunately, contrarily to other court 
sports (basketball, handball [3-4]), few examples are 
available to date in élite football. 
 
Methods 
The situational pattern [2] and injury mechanism of five 
consecutive non-contact and indirect-contact ACL 
injuries occurred in the main European Leagues (season 
2020-21) were analyzed. Once an injury was identified, 
(i) multiple-angles television images were inspected to 
exclude direct-contact injuries and to identify the injury 
frame (IF); (ii) for each injury, camera views were taken 
every 0.1 s from 0.5 s before IF to 0.1 after IF; (iii) a 
size-matched pitch was modelled within Blender and 
was used to calibrate the cameras by matching reference 
elements in the images (e.g. pitch lines); (iv) a 3D body 
model was adjusted to fit the body segments 
arrangement in each frame and view; (v) model’s poses 
were interpolated, and (vi) Euler’s sequences knee joint 
angles were extracted (Figure 1). 

 
Figure 1: Example of a video matched in Blender, 
double-camera ACL injury at the Injury Frame. 

Results 
Four non-contact and one indirect-contact injury were 
analyzed. Situational patterns were: offensive situation 
and dribbling (n=1) or defending the ball (n=1), 
defensive situation and tackling (n=2) or pressing (n=1). 
Knee kinematics across the injury event is reported in 
Figure 2: at IF, knee flexion ranged from 18° to 56°, 
knee rotation from -15° to 12° degrees, while the knee 
was abducted (1° to 17°). 

 
Figure 2: knee kinematics (dashed average curve) from 
0.5 s before to 0.1 s after the injury frame (vertical line).  
 
Conclusion 
While confirming the risk associated with a fully 
extended knee landing or sidestepping, preliminary 
results outlined differences in kinematics, potentially 
depending on the situation (offensive/defensive) 
preceding injury. Extending the analysis could unveil 
still not considered features of the ACL injury 
mechanics, helping in designing ad-hoc neuromuscular 
training and ACL injury prevention programs. 
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Introduction 
Anterior Cruciate Ligament (ACL) rupture is among the 
most severe injuries in women soccer, accounting for 
43% of absence from match play [1]. ACL injury 
mechanism involves multiplanar movement patterns 
that can occur during landing, turning, cutting or 
pivoting actions [2]. Despite fatigue may have an effect 
in enhancing ACL injury risk [3], its impact on 
movement mechanics is still unclear [4]. A deeper 
understanding of these mechanisms would expand the 
base of evidence for the development of prevention 
programs. 
 
Methods 
Nine élite female soccer players (age: 20-31 years, BMI: 
18.4-22.7 kgm-2) belonging to the first or second Italian 
division (“Serie A” and “B”) completed a 5-m shuttle-
run test until exhaustion, paced at 70% of their own 
maximal aerobic speed (2.6±0.2 ms-1). 
The three-dimensional position of 37 reflective markers 
was acquired during the test with an optoelectronic 
motion analysis system (BTS, Italy). Peak blood lactate 
concentration was measured at the end of the test. Hip, 
knee and ankle 3D kinematics were obtained from a 
biomechanical model developed in Visual 3D (C-
Motion, USA, Figure 1). Statistical parametrical 
mapping paired t-tests were used to compare joint 
kinematics during the stance phase between the turns 6-
10 and the last 5 turns performed with the preferred leg. 
 

 
Figure 1: Visual 3D model of participants’ lower limbs 
during the stance phase of a single turn. 
 
Results 
Post-exercise blood lactate concentration was 10.7±3.0 
mM. The hip was more extended at mid-stance (t=2.398, 
p=0.038), as well as the knee (t=2.635, p=0.005). The 
tibia was more internally rotated from 20% to 80% of 
the stance phase (t=2.677, p<0.001, Figure 2). No 
significant differences were observed at the ankle level. 

 
Figure 2: Tibial rotation during the stance phase (see 
Fig. 1 and stick diagrams). Blue/pink curves refer to 
turns performed at the beginning/the end of the test. 
 
Discussion and Conclusion 
These findings depict a sequence of concatenated 
alterations to the mechanics of changes of direction that 
are commonly described as biomechanical risk factors 
for ACL injury [2]: reduced knee and hip flexion (“stiff” 
landing), tibial internal rotation and knee dynamic 
valgus. Surprisingly, we did not observe alterations in 
knee kinematics on the frontal plane: it could be either 
that the high training level of the assessed cohort did not 
let such difference emerge, or that while the drop 
between the fresh and the fatigued condition was not 
significant, the baseline value (10-15 degrees of knee 
abduction) is potentially hazardous per se, even before 
the onset of fatigue. 
As outlined in our recent work on men [3], it is 
confirmed and reinforced (given the higher incidence in 
women [4]) the need of planning specific neuromuscular 
training at the end of trainings, as when players are 
fatigued they can get the highest benefit from tackling 
modifiable biomechanical risk factors. 
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Introduction 

Pedalling 3D kinematic analysis using videogrametry 

technology shows some specific problems which are not 

fully resolved. The main trouble of the use of this 

technique compared to other task such as the gait 

analysis is that movements outside the sagittal plane 

show a range of movement that can be of the order of 

errors due to the soft tissue artefact (STA), therefore the 

location of the markers must be carefully selected. On 

the other hand, when the cyclist sits on the saddle, hemi-

pelvises are rearranged, causing relative movement 

between markers. These difficulties are responsible for 

the fact that there is no extensive literature related to the 

topic and, as a result, a gold standard has not been 

established. Consequently, the kinematics studies based 

on videogrametry technology found in the literature tend 

to reconstruct the body system of the subject using 

different markers protocols and calibration processes 

from one another, most of them adapted from gait 

analysis [1]. The use of processes developed by the gait 

analysis can cause serious inconveniences in cycling, 

such as the concealment of markers due to an 

inappropriate choice of anatomical points. It can also 

cause alteration of the trajectory of the markers because 

of the effect of phenomena such as rearrangement of soft 

masses or muscle contractions, which are more 

pronounced than in the case of gait. 

To our knowledge, the previous problems have not been 

addressed in form of a specific action protocol for the 

cycling kinematic analysis. The aim of this project is to 

analyse the effect of different methodologies for the 

placement of markers. 

Methods 

The marker protocol developed by Martín-Sosa et al [2] 

was used for the cyclist kinematic analysis. Each capture 

session was divided into two steps. First: capture 

preparation, consisting of marker placement and static 

calibration. Second: kinematic capture. Two different 

methods of capture preparation were carried out on each 

studied subject. Method A applies imported gait analysis 

techniques. Placement of markers and static calibration 

are performed with the subject standing and 

anatomically positioned.  Method B, proposed in this 

work, uses techniques aimed at the cycling 

particularities. Markers are located when the subject is 

sitting on the bike and in pedalling position, due to the 

relocation of fatty zones and hemi-pelvis. Static 

calibration is carried out with the subject sit on the bike, 

in anatomical posture and the feet resting on the floor. 

Two capture sessions were carried out per subject, one 

per method. 

When static calibration was finished, kinematic captures 

were carried out at 150 W of pedalling power with 

automatic pedals cleat. Saddle height was established 

using the methodology developed by Holmes et al [3]. 

The duration of each trial was 6 seconds. Seven subjects, 

males, adults, amateur and without pathologies were 

analysed. 

Results and Discuss 

Table 1 shows the value of the range of motion (ROM) 

and maximal value (θmax) of pedal cycle for method A 

and B. The values are the average ± standard deviation 

of the 7 subjects and related to the right leg, due to the 

behaviour of these variables are similar between right 

and left leg. 

 

  Method A Method B 

ROM  θmax ROM θmax  

H 

F 47.5±2 99.7±4 47.5±2 99.7±6 

A 6.9±4 -5.3±4 8.5±5 -3.7±4 

I 26.8±3 6.6±2 27.2±6 0.8±8 

K 

F 81.8±4 114.3±2 81.6±3 115.5±3 

A 16.3±2 5.7±4 16.9±3 -1.2±7 

I 11.0±7 3.1±5 11.2±7 3.3±5 

A 

D 27.0±6 17.2±7 26.3±6 16.8±6 

A 11.9±3 2.1±4 17.7±6 3.7±5 

I 9.4±3 18.9±15 8.6±2 17.1±12 

Table 1: Effect of the methods in the ROM and θmax. 

Results in degrees. H: hip. K: knee. A: ankle. F: flexion. 

A: adduction. I: internal rotation. D: dorsiflexion. 

 

Table 1 reflects differences on the values of ROM and 

θmax between methods. The significant differences are 

located on the ROM value of ankle adduction and the 

θmax value of knee adduction and hip internal rotation. 

This last case shows the significant effects of the used 

methodology and how the reorientation of bones and 

fatty zones can affect the kinematic analysis. This case 

is affected by a relocation and reorientation of the pelvis 

when the subject sit on the bike and a readjustment of 

the fatty zones near to the great trochanter.  

In the absence of a gold standard to follow and in view 

of the differences obtained, this study concludes that the 

employ of specific cycling methods seems more 

appropriate due to it considers the effects that the 

readjustment of muscles, bones, and fatty zones may 

have on the location of markers when subject adopts 

pedalling position. 
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Introduction 
This paper discusses a novel use of vibration equipment 
to assess the safety of whether to pad or not to pad the 
vertically orientated walls within trampoline parks used 
specifically for an activity known as walk-the-walk. 
The CEN/TC 136 WG 17 is currently drafting EN ISO 
23695:202x Trampoline Parks – Safety requirements. 
The joint CEN/ISO Working Group is divided on 
whether to allow a padded or rigid vertical surface for 
the walk-the-walk activity. In general, all surfaces 
within the falling space of a forced movement device 
such as a trampoline shall be impact attenuated. 
This paper presents the finding of research undertaken 
by the University of Technology Sydney to provide the 
CEN/ISO Working Group with guidance. 
The walk-the-walk activity is where a trampolinist walks 
up a vertical wall using a high-performance trampoline 
to obtain sufficient vertical height and momentum.  
 
Method 
Acceleration data was obtained from a triaxial 
accelerometer mounted adjacent to the trampolinist’s 
sternum. The acceleration data was then fused with 
video data and analysed. 
 
Results 
As can be seen from Figure 1, initially the trampolinist 
experienced a 1g acceleration which is due to the 
reaction force from the ground as he was standing on the 
platform at the top of the wall. While performing on the 
trampoline which starts at roughly 6 s the trampolinist 
experienced a very high peak acceleration with a 
maximum acceleration of approximately 11.5g due to 
the trampoline reaction force [1], during trampolinist 
bottom dead-centre location as shown in Figure 2. 
Between each trampoline reaction force acceleration 
spikes which can be seen from Figure 1, there are small 
variable peaks indicating walk-the-wall activities. 

 

 

Figure 1: Vector sum of a triaxial accelerometer. 

 
 

Figure 2: Trampolinist at bottom-dead-centre. 
 

 
 

 
 

Figure 3: Trampolinist walking-the-wall. 
 

Conclusion 
Rigid vertical walls allow the trampolinist to obtain 
greater control and retain spatial awareness greater than 
what is achievable a non-rigid surfaces. In the presence 
of a padded wall, the reaction force from the wall can be 
considered a variable force, and might not always give 
the same outcome the trampolinist need to balance with 
each climb of the wall and fall from the height. It was 
concluded that unattenuated vertical walls are safer than 
attenuated vertical walls for walk-the-walk activities 
within trampoline park facilities. Non-rigid walls 
provide an unstable surface which reduced the 
trampolinist’s control and stability. Control and stability 
are both critical while performing the complex walk-
the-wall manoeuvrer. 
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Introduction 
Soccer is a very popular sport, with 265 million players 

in 207 countries [1]. To score, players need to kick the 

ball with a high velocity, giving the goalkeeper less time 

to react. In a match, players often need to kick a moving 

ball and, to be more successful, need to be able to kick 

the ball with both feet proficiently. Although muscle 

activation during the kicking task has been studied [2,3], 

it is still unclear how limb dominance and ball condition 

affect lower limb muscles activation during an instep 

kick. 

 

Methods 
Ten experienced male soccer players (age: 21.9±1.9 

years; BMI: 21.9±2.9 kg·m2; experience: 13.5±3.3 

years) participated in the study. Eight surface EMG 

probes (FreeEMG 300, BTS, Italy), with a sampling rate 

of 1000 Hz, were positioned on the muscle belly of the 

vastus medialis (VM), biceps femoris (BF), 

gastrocnemius medialis (GM) and tibialis anterior (TA) 

of both limbs. To obtain the maximal functional 

activation, volunteers kicked the ball as fast as possible, 

without regard for direction, three times with each foot. 

Subsequently, they were asked to kick the ball inside a 

1.5 X 1.5m target 3m away as fast as possible in four 

conditions: stationary ball and rolling ball with both the 

dominant and non-dominant feet (the ball rolled from 

behind the subjects at 2 m⋅s−1). sEMG signal was 

rectified and filtered (20 Hz Butterworth, 2nd-order 

high-pass filter) and normalized peak activation was 

obtained for each kick. A repeated measures two-way 

ANOVA was used to identify differences between 

conditions and partial eta-squared (ηp2) was used to 

measure effect size, in both the kicking and the 

supporting limbs. 

 

Results 

There were no significant differences between positions 

or limbs. However, there were large partial eta-squared 

values for some comparisons: the swinging limb BF 

activation was higher when kicking with the dominant 

foot (ηp2 = 0.19) and when kicking a stationary ball 

(ηp2 = 0.25); the GM and the TA activation from the 

supporting limb were higher when kicking a moving ball 

(ηp2 = 0.35 and ηp2 = 0.18, respectively). 

 

 

 

 

 

Conclusions 

Although we found no significant differences in this 

pilot study, the large effect sizes in some comparisons 

suggest that there could be a trend toward different 

muscle activations in these comparisons. The larger 

swinging BF activation in the stationary and dominant 

conditions suggest that there is greater co-contraction 

when performing these kicks; the larger support GM and 

TA activations when kicking a rolling ball suggest that 

muscles that act on the ankle joint could be more active 

to stabilize the joint during this task. Future studies with 

a greater sample size can clarify how lower limb muscle 

activation function in different kicking conditions and 

possibly help to direct training and consequently 

improve player’s performance. 
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Introduction 

In modern high-performance sports, we notice that even 

in technical sports such as cross-country skiing, not the 

most depends on the technical support of the skier (his 

equipment), but very much depends on his physical 

readiness and running technique. There are quite a large 

number of studies in the literature devoted to the 

development of physical training skills [1], as well as 

certain aspects of the energy efficiency of skiing 

techniques [2], however, the latest results are based on, 

in our opinion, oversimplified models and have no 

specific application in sports. 

The aim of our work is to determine the parameters of 

the optimal course depending on the individual 

anthropometric characteristics of the skier. As a basis, 

we considered a simplified biomechanical model of a 

skier having an inclined position to the track at a 

constant angle alpha, as well as with angles: Ф0-angle 

between the body and shoulder, Ф1-between the 

shoulder and elbow joint and Ф2 between the elbow joint 

and the stick. 

 

Methods 

Using the virtual displacement method, the dependence 

of the transmitted force with respect to the virtual skier 

configuration parameters is analyzed. The time 

dependence of the angles were determined statistically 

from the video of the competition (the Olympic Games 

and the stages of the world cup). The double poling 

technique of movement of three elite level skiers: A. 

Bolshunov, A. Chervotkin, R. Juve is analyzed. 

 

 
Figure 1: Virtual skier configuration and parameters. 

 

 

Results 

At the moment, we analyzed the dependences of the 

angles Ф0, Ф1, Ф2 as a function of time for three 

repulsion cycles for each of the skiers.  

 
Figure 2: Dependence between Ф2 and Ф1 during 

repulsion cycle. Three cycles considered. The second 

cycle is interpolated by spline. 

 

The repetition of the repulsion cycle for each of the 

skiers is determined and determined by the formula: 

∆=
√(1/𝑁)∑ (𝜑2

(𝑎𝑛𝑎𝑙𝑦𝑠𝑖𝑠)
− 𝜑2

(𝑖𝑛𝑡𝑒𝑟𝑝)
)2𝑁

𝑗=1

|(1/𝑁)∑ 𝜑2
(𝑖𝑛𝑡𝑒𝑟𝑝)𝑁

𝑗=1 |
 

 

and it amounted to 11.29% between the first and second 

cycles and 18.39% between the second and third cycles, 

which is the norm of deviations of periodic processes for 

living systems. We have written the equilibrium 

equation, which allows us to evaluate the influence of 

the anthropometric parameters of the model on its 

energy efficiency.  

As the prospects of this work, we note the possibility of 

further complicating the model using the statistics of 

video recordings and identifying the model features for 

male and female skiing techniques. 
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Introduction 

Anterior cruciate ligament (ACL) injury is 

multifactorial and involves biomechanical, anatomical 

and neuromuscular factors, such as excessive knee 

valgus moments or large anterior tibial translation [1]. 

Hence, screening methods should be linked to the 

mechanical etiology of ACL injuries in order to 

effectively identify ‘at-risk’ athletes [2]. This study aims 

at validating the adoption of a biomechanical 

assessment that can be performed on the field by means 

of video cameras and plantar pressure for ACL injury 

risk assessment [3]. 

 

Methods 

After signing informed consent, 7 subjects were 

acquired: 6 controls (age 27.3 ± 4.4 years, BMI 27.8 ± 

1.9 kg/m2), 1 ACL-injured subject (ACL-S) 3 months 

after the surgery (age 27 years, BMI 22 kg/m2). Data 

were simultaneously acquired by means of a 

stereophotogrammetric system (6 TVC, BTS) 

synchronized with two force platforms (Bertec), a 

video-based system (8 TVC, GoPro Hero 7) and plantar 

pressure insoles (PedarX, Novel). Controls performed 

three mopodalic and bipodalic squats, while the ACL-S 

performed only bipodalic squats. Reflective markers 

were applied as in [4] and trajectories reconstructed 

through stereophotogrammetry and automatic tracking 

[3] (a self-developed software Track on Field (TOF), 

BBSoF S.r.l., validated in [6] was used). Joint 

kinematics [4,5] and kinetics [3,4] provided through the 

following set-up were compared: 

Stereophotogrammetry and force plates (set-up_1) [4]; 

Stereophotogrammetry and plantar pressure (set-up_2) 

[3]; video cameras and force plates (set-up_3); video 

cameras and plantar pressure (set-up_4) [3]. Wilcoxon 

signed rank test (α=0.05) was used to compare the data 

across the different set up and the asymmetry index (AI) 

was calculated [6]. The comparison between controls 

and ACL-S was performed through Wilcoxon rank sum 

test (α=0.05). To assess the inter-operator variability of 

the video tracking, the Standard Error (“SE”) [7] was 

calculated (2 operators).  

 

Results 

Reliability and repeatability results showed good 

agreement between angles calculated with both systems, 

(Fig.1, Up) and a good inter-operator repeatability. In 

the comparison of the joint moments across the different 

set-up, larger differences were observed in the 

monopodalic squats, especially in the central phase, at 

the hip joint, between set-up_1 and 4. Statistically 

significant differences were observed on joint angles, 

moments and the AI (Fig. 1, Down) between controls 

and ACL-S in every tested condition. 

 

Figure 1: Up Left, the knee flexion-extension angle, 

BTS, in blue and TOF, in red. Up Right, the knee varus 

torque peak occurrence and values, for each set-up. 

Down, the AI, controls in yellow and ACL-S in red. 

 

Conclusions 

Reliability and repeatability tests results are 

encouraging toward the adoption of set-up 4 which can 

be easily applied on field. Comparison in terms of joint 

kinetics, showed good agreement among the different 

approaches. The significant differences observed 

between set-up_1 and 4 were mainly due to differences 

between force plate and plantar pressure measures.  

 

References 

1. Shin et al, J of Biomech, 42(3): 280-5, 2009. 
2. Fox et al, Curr Rev Musculoskelet Med, 10(3): 307-

314, 2017. 
3. ACL Quick Check® patent: https://www.bb-

sof.com/ 

4. Del Din et al, Med Biol Eng Comput, 49(7): 801-9, 

2011. 

5. Magalhães et al, J Sports Sc & Med, 58: 194-200, 

2013. 

6. Jordan et al, JSHS, 7: 416-424, 2018. 

7. Schwartz et al, Gait & Posture, 20: 196-20, 2004. 

 

 

 

 

 

 

569



 

 26th Congress of the European Society of Biomechanics, July 11-14, 2021, Milan, Italy 

ON FIELD COM ACCELERATION ASSESSMENT IN HOCKEY PLAYERS: COMPARISON OF 3 

APPROACHES BASED ON VIDEO ANALYSIS AND PLANTAR PRESSURE DATA  

Alex Scaldaferro (1), Alfredo Ciniglio (1), Giacomo Maistrello (1), Fabiola Spolaor (1), Annamaria 
Guiotto (1), Federica Cibin (2), Zimi Sawacha (1, 3)  

 
1BiomovLab, Dept. Engineering Information, University of Padova, Padova, Italy 

2 BBSoF S.r.l., Padova, Italy 
3Dept. Medicine, University of Padova, Padova, Italy 

 
 

Introduction 

Field Hockey is a popular sport that is played through an 

implement: the hockey stick. Using the hockey stick 

while playing has been proved to affect players in terms 

of body posture [1]. In this study data acquired directly 

on field, relative to a sprint task performed by female 

elite-field hockey players while holding the stick, are 

presented. The purpose of this contribution is to analyze 

the center of mass (CoM) acceleration of the athletes 

directly on field, while performing a sport specific task, 

by means of video analysis or pressure insoles. To this 

extent three approaches were adopted: 1. track the 

anatomical landmark L5, 2. apply the anthropometric 

approach as in De Leva [2], 3. apply the Winter’s 

formula to the plantar pressure data [3].  
 

Methods 
Nine athletes of the female field hockey team of CUS 

Padova (mean (SD) age 21,56 (4,67) and BMI 22,01 

(0,99) kg/m2), signed the informed consent and took part 

in the study. Outdoor acquisitions were carried out 

directly on the field by means of four GoPro Hero 3 

cameras and a plantar pressure system (Novel Pedar X). 

The automatic tracking software TrackOnField (BBSoF 

S.r.l.) was used and Matlab codes were developed to 

implement the three approaches. The 3-dimensional 

trajectory of the anatomical landmark L5 was 

reconstructed from the video sequences and its 

instantaneous acceleration was calculated. The 

anthropometric measures of the athletes were used to 

apply De Leva’s equations [2] and estimate the COM 

trajectory, hence its acceleration was computed. Then 

Winter’s [3] formula (1) was applied to the center of 

pressure (COP) data extracted from the plantar pressure 

system.  
 COP-COM=k*CÖM                                       (1) 
 

Results 

The results showed a good agreement between the COM 

acceleration estimated with the anthropometric 

approach and the trajectory of L5 (Fig.1), while COM 

acceleration retrieved with Winter’s formula was higher 

than the others. 

 
 

 

 

 
Figure 1: In the top figure is represented the comparison 

between the instantaneous acceleration of L5 and the COM 

acceleration estimated with the anthropometric approach; in 

the bottom figure the comparison across the acceleration 

extracted from L5, the anthropometric approach and Winter’s 

formula is reported. 

 

Discussion 

The current study showed that in dynamic conditions, 

COM acceleration could be estimated through different 

approaches that only in two cases led to comparable 

results. For validation purposes this approach should be 

further applied in static conditions with the aid of a force 

plate that could represent a gold standard.  
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Introduction 

The research aimed to compare the kinematics (the 

movement pattern in the most important joints, and 

accelerations of the playing hand) between female table 

tennis players coached in Poland (POL) and China 

(CHIN) during the performance of a topspin backhand 

stroke (so-called quick topspin).   

Methods 

The study involved 6 female table tennis players at a 

high sports skill level, playing in Poland's highest 

league. Three were national team members of Poland 

(age: 20.3±1.9), whereas three were players from China 

(age: 20.0±0.0). Kinematics was measured using MR3 

myoMuscle Master Edition Inertial Measurement Unit 

(IMU) system [1]. The participants performed one task 

of topspin backhand as a response to a topspin ball, 

repeated 15 times. Statistical Parametric Mapping 

(SPM) was calculated using SPM1D in a Python 

package that offered a high-level interface to 1D SPM 

[2]. 

Results and Discussion 

The SPM method allowed for the determination of 

differences between the Chinese and Polish female 

athletes (Fig. 1). The differences found are probably 

mainly due to differences in the training methodologies 

caused by different coaching systems. The observed 

differences include, i.a., greater use of the so-called 

small steps in order to adapt and be ready during the 

back to ready position and backswing phases, which 

gives the CHIN players slightly better conditions for 

preparation for the next plays. The CHIN players' 

position is also more universal than the POL players and 

favours a quicker transition to the forehand play. This 

difference is probably related to the difference in the 

dominant playing styles of the groups studied. Despite 

the differences in movement patterns in both groups, the 

same value of playing hand was achieved. This may be 

a manifestation of the phenomenon of equifinality and 

compensation. 

Conclusions 

The examinations carried out in this study allowed for a 

detailed description of the technique of performing a fast 

topspin backhand stroke. The SPM method allowed for 

the determination of differences between the Chinese 

and Polish female athletes. 

Fig 1: The statistical parametric mapping (SPM) 

procedure. For each data set (A), an SPM{t} function 

(B) was calculated. The SPM statistical information was 

transformed into a horizontal bar representation (C), 

designating the most significant differences between the 

compared patterns. 

 

The differences found are probably mainly due to 

differences in the training methodologies caused by 

different coaching systems. The observed differences 

include, among others, greater use of the so-called small 

steps in order to adapt and be ready during the back to 

ready position and backswing phases, which gives the 

CHIN players slightly better conditions for preparation 

for the next plays. The position of the CHIN players is 

also more universal than in the POL players and favours 

a quicker transition to the forehand play. This difference 

is probably related to the difference in the dominant 

playing styles of the groups studied [3]. 
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Introduction 

With the progress in modern medicine, it was possible 

to significantly reduce the risks of birth for mother and 

child. One aspect that has received less attention so far 

is the risk of injury to the accoucheurs (obstetricians and 

midwives) during the birth process. Indeed, studies 

indicate that 92% of midwives suffer from 

musculoskeletal disorders, with the lower back being the 

main cause of complaints (72%) [1]. The aim of this 

study was to investigate two commonly used postural 

techniques used by accoucheurs during childbirth and to 

analyze the resulting load on the lower back using the 

AnyBodyTM [2] musculoskeletal simulation software. 

 

Material and Methods 

To create a kinematic data set for musculoskeletal 

analysis, we recorded two male obstetricians performing 

a simulated deliveries using a birthing simulator (Sophie 

and Sophie's Mum Birth Simulator, MODEL-med, 

Melbourne, Australia) placed on a table.  For each 

obstetrician, three different birthing trials were 

conducted. Obstetrician 1 was kneeling on his right 

knee, whereas obstetrician 2 was in an upright position 

pivoting his right elbow on his right thigh. 
To determine the obstetricians' movement, an Xsens 

IMC System (Xsens Link, Xsens Technologies BV, 

Enschede, Netherlands) was applied to the test subjects. 

Two gloves, on top of each other, were placed on the 

accoucheur's hand - one glove to obtain the kinematics 

of all fingers of each hand (Prime I Xsens, Manus VR, 

Geldrop, Netherlands) and one glove, measuring the 

forces acting on the right thumb, index, and middle 

finger [3].  

For the analysis of the loads acting on the accoucheur's 

musculoskeletal system, only the time interval of the 

final contraction of the delivery was considered.  The 

musculoskeletal simulation software AnyBodyTM 

(AnyBody Technology A/S, Aalborg, Denmark, 

V.7.3.1) was used as a modelling environment. 

 

 

Results 

Figure 1 shows the force acting on the lumbar spine of 

one exemplary trial of obstetrician 1 (Figure 1a) and 

obstetrician 2 (Figure 1b). The tendency of increased 

force between the lumbar spine segments was seen in all 

three trials. The average maximum total load between 

the segments of the lower back decreased by 677 N 

(mean force 638 N) from obstetrician 1 to 2. Also, the 

shear forces showed a mean reduction of the maximum 

force of 295 N (276 N) for the anteroposterior direction 

and 92 N (66 N) for the mediolateral direction. 

 

 
(a) 

 

 
 

 

 

 

 

 

 

 

 

 

 

 
 

(b) 

Figure 1: Force (normalized to the body weight - BW) 

acting between the segments of the lumbar spine for 

subject 1 (a) and subject 2 (b) during a delivery. 

 

 

Discussion 

The results of musculoskeletal simulations indicate that 

the kneeling position of the accoucheur does not stress 

the low back as much as standing posture. One 

limitation, however, is that the force transmission 

between the elbow and thigh was not included in the 

simulations of subject 2 as this force could not be 

measured. We appreciate that the measurements were 

only test measurements on a simulator, nonetheless have 

potential significant practical implications. In the next 

step of our work, we intend to apply an identical test 

setup to real deliveries. 
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Introduction 

Smart materials, defined as materials with the ability to 

change their properties in function of an external 

physical stimuli, have been increasingly adopted as soft 

actuators or sensors. Considering this scenario, 

electroactive polymers (EAP) have been the primary 

option, among all possibilities [1]. 

EAP materials are characterized by the ability to 

mechanically deform their shape and size in presence of 

an electrical field, which makes them ideal to be used as 

soft actuators i.e. in rehabilitation solutions [2]. 

Moreover, for the same material to be used as a sensor 

(e.g. in cardiorespiratory [3] or motion monitoring [4]), 

it must have the opposite behavior - it must generate a 

measurable voltage or current when externally 

deformed. This reversible process is designated by 

piezoelectric effect, while the materials are called by 

piezoelectric-based materials [5]. 

Polyvinylidene fluoride (PVDF) is a commonly used 

piezo-based material, exhibiting excellent properties, 

such as large dielectric constant, high polarity, 

biocompatibility, ionic conductivity, high mechanical 

strength, easy processing and the most important, high 

piezoelectric coefficients [6]. PVDF could evidence, at 

least, five polymorphic modifications in its crystalline 

phase (, , ,  and ), being some more desirable for 

piezo effect than others, in particular, the  phase [7]. 

This phase, exponentiated in different ways [7], gives 

PVDF its piezoelectric properties. 

 

Materials 

The smart material was developed considering a mixture 

of three different materials: PVDF powder (Solef 6020) 

offered by Solvay Lda; a ionic liquid (IL) (1-Methyl-3-

propylimidazolium bis(trifluoromethylsulfonyl)imide, 

>99%) responsible for increasing  phase and purchased 

from IoLiTec-Ionic GmbH; and finally the solvent, 

dimethylsulfoxide (DMSO, 99.5%) purchased from 

Fisher Scientific, Lda. 

 

Methods 

The sample was prepared by blending the products 

previously mentioned and following a similar protocol 

established by Correia et al [1]. 

First, the IL was mixed in DMSO, considering a ratio of 

40% w/w (IL/PVDF). After that, PVDF was added to 

the solution in a ratio of 15/85% w/w (PVDF/DMSO). 

During the dissolution of the PVDF, the beaker should 

be sealed, and the mixture stirred by a magnetic stirrer 

and maintained heated, around 65ºC (Figure 1). This 

temperature eases the dissolution, while avoids 

agglomerates of the powder. 

After a transparent and homogeneous solution achieved, 

the resultant is casted to a glass substrate, followed by 

solvent evaporation at the oven with temperatures above 

70ºC. 

 

 
 

Figure 1: Mixture being stirred. 

 

Results and Discussion 

The result obtained is a translucent PVDF film, as 

shown by the figure 2. Additionally, electrodes must be 

embedded into the film to establish electrical 

conductivity with the signal generator - if used as 

actuator, or the signal analyzer – if used as sensor. Only 

after this last step, the PVDF film is ready to be used. 

 

 
 

Figure 2: Polymer film achieved. 
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Introduction 

In many occupations, standards for body height are used 

to evaluate job applicants and future employees [1]. 

Especially in jobs where physical fitness is required, 

precise cut-off values are widely discussed. More than 

50% of the countries of the European Union defined 

minimum height requirements for police officers, but 

none of the defined minimum sizes is supported by 

scientific research [2]. Several studies examined the 

effects of body height on typical parameters of general 

fitness and health but without considering police 

specific work [3]. Therefore, the objectives of the 

present studies were to analyze tall and short men and 

women on their physical fitness in police specific 

situations. For this purpose, the entire work was divided 

into four sub-studies, which included both laboratory 

tests and field tests. 

 

Methods 

Sixty one physical active (5.3±2.8 hrs/week) 

participants were divided into four groups. 16 short 

women (1.57±0.03 m, 55.7±4.5 kg, 25.4±4.7 yrs), 16 tall 

women (1.79±0.02 m, 72.2±7.8 kg, 24.5±5.5 yrs), nine 

short men (1.66±0.02 m, 64.1±3.7 kg, 26.8±3.8 yrs) and 

20 tall men (1.91±0.05 m, 85.5±8.0 kg, 26.1±4.2 yrs). 

For analyzing police specific physical fitness, four sub-

studies (Fig. 1) were obtained: 1.) Center of mass height 

(h) and max. mechanical power (Pmax) during vertical 

jumps with body armor (BA, m=21 kg); 2.) Resistance 

against impacts with BA; 3.) Pulling forces in different 

grip heights pertinent to overcoming disturbers;  

4.) Performance while rescuing and recovering a person 

from a car. Statistics: Kolmogorov-Smirnov test,  

one-factor ANOVA with Bonferroni's post-hoc test  

(α = 5%), Friedman's non-parametric test (α = 5%), 

Wilcoxon test. 

Figure 1: Set up of the sub-studies. a) Countermovement 

Jumps on force plate; b) resistance against oscillating 

pendulum (Ekin 126 J); c) pulling forces in different grip 

heights with strain-gauge load cell (circle); d) dummy 

(m=70 kg) rescue and recovery about 37 m.  

Results 

The results of the studies (Tab. 1) showed that compared 

to tall men and women 1.) resistance to impacts was 

45% and 39% lower (P<0.05) in short men and women; 

2.) short men and women generated 31% to 42% less 

forces (P<0.01) in both grip heights; 3.) during rescuing 

and recovering a person from a car, short men and 

women needed 17% and 43% (P<0.05) more time. 

  

 Men short/tall Women short/tall 

h [cm] 24±3/25±4 14±4/17±4 

a [m/s²] 

F1 [N] 

F2 [N] 

t [s] 

v [m/s] 

32±8/22±6* 

186±17/289±38** 

372±40/538±76** 

34±3/29±4* 

1.55±0.1/1.9±0.06* 

38±9/27±8*** 

125±22/217±38** 

296±47/433±56** 

64±19/45±8* 

0.9±0.08/1.2±0.1* 

Table 1: Jump height (h), body acceleration after impact 

(a), absolute forces in head height (1.80 m, F1) and hip 

height (1.10 m, F2), time (t) and mean velocity (v) for 

rescue and recovery. *P<0.05, **P<0.01, ***P<0.001 

significantly different to short. 

 

Discussion 

Considering the sample of this study, short men  

(<1.68 m) and women (<1.61 m) demonstrated less 

police specific physical fitness than tall men (>1.86 m) 

and women (>1.77 m). The results are contrary to the 

results of the study by Lagestad [3], who found that short 

police students performed similar or even better in 

classical fitness tests (e.g. bench press, standing long 

jump) than tall students. One should consider that these 

tests were mainly focused on moving own body weight 

rather than resisting external forces or moving external 

weights. Based on the results of our studies, a minimum 

height requirement should therefore be advocated as a 

prerequisite for the recruitment of applicants to the 

police service. However, it would be advisable to offer 

a fitness test with police specific tasks in the limits of 

the minimum heights. 
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Introduction 

The increase of rehabilitation demand wobbles the 

sustainability of health care services, requiring new 

models such as remotely-controlled rehabilitation or 

tele-rehabilitation.  

ReHub, is a tele-rehabilitation platform which registers 

patients’ movements with a single inertial measurement 

unit (IMU). One big challenge is to identify which 

exercise is the subject performing because several 

different exercises are described by very similar signals. 
The aim of this study is to classify 5 rehabilitation 

exercises performed by patients using ReHub. The 

captured signals during exercises’ execution will be 

treated as time-series problems and different 

Convolutional Neural Networks (CNN) and Recurrent 

Neural Networks (RNN) models will be designed to 

study their capability to generate the needed deep 

features to correctly classify the selected exercises [1]. 

 

Methodology 

Firstly, the initial 1650 time-series signals files, 

regarding five different exercises carried out by some 
patients, were split by repetitions leading to 16166 files. 

Then, feature selection and instance reduction methods 

were applied. After this step, the dataset was composed 

of 16053 instances with 10 features each. 

From this point, the tensors (i.e. multidimensional 

matrices) required to feed the selected deep learning 

models were built. These were mainly of two types: one 

tensor for repetition (independent cycle), and one tensor 

with all the repetitions of one exercise (entire exercise). 

Later, some signal adjustment procedures were 

deployed to obtain tensors of the same size.  
Finally, the experimental models were designed. They 

were based on Convolutional Neural Network (CNN) 

architectures and on the new hybrid Long Short-Term 

Memory (LSTM) and CNN architecture that combines 

advantages from both CNN and LSTM techniques. 

 

Results and discussion 

The main results obtained are presented in Table 1.  

Input data NN type Test accuracy 

Entire exercise CNN 0.905 

Independent 

cycles 

CNN 0.979 

Entire exercise LSTM-CNN 0.921 

Table 1: Accuracy achieved by the different 

implemented approaches. 

The accuracy values indicate that among all the 

proposed methods the best option is to use a CNN model 

and feed it with independent cycles.  

Considering the best approach and the test set, a 

confusion matrix was obtained, and it was detected that 

the main errors were misclassification between standing 

hip flexion and knee flexion and misclassification 

between knee flexion-extension and hip extension. 

Taking into account the execution of the exercises, these 
pairs of exercises are quite similar. Thus, the obtained 

signals have very similar patterns. Even though, the 

CNN architecture designed is able to discover deep 

features even to classify exercises with very similar 

patterns. 

Furthermore, the results achieved proved that the 

studied CNN models are able to retrieve the underlying 

features of the data of each exercise and use them to 

classify new queries. Additionally, the hybrid CNN + 

LSTM models, which are state-of-the-art in time-series 

problems, allow the memorization of samples through 
time, thus improving the performance. 
 

Conclusions 

Based on the results presented in the last section and 

regarding the accuracy achieved by the best model 

(0.979), it is a high enough score to consider 

implementing this model to analyze and assess in real-

time the repetitions of an exercise performed by a 

patient. 

To further improve this work, an optimization of the 

parameters of the hybrid architectures should be done 

(e.g. using GridSearch), which will yield a fair 

comparison among models as all would be optimized. 

Finally, this work led to believe that an appropriate CNN 

architecture could help to identify if a particular exercise 
is well executed or not in real-time even if the captured 

signals are very similar. Consequently, it will make 

possible an accurate real-time biofeedback which will 

increase patient empowerment.  
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Introduction 

The displacement of centre of mass is usually used to 

quantify postural stability [1]. Centre of mass 

displacement can be measured using different 

techniques, which are complex and time-consuming [2]. 

Inertial sensors have been proposed to evaluate the 

centre of mass displacement, but their accuracy have 

never been compared to the gold standard. The aim of 

the study was to evaluate the agreement in terms of 

centre of mass displacement measured by an inertial 

sensor (G-sensor, BTS, Italy) with respect to an 

optoelectronic system (SMART-DX, BTS, Italy) 

assumed as gold standard.  

 

Methods 

Thirty young (age: 22±2.5 years) healthy subjects (15 

male and 15 female) were assessed during a single 

evaluation session at the Motion Analysis Lab of 

Humanitas Clinical Institute, Milan, Italy. Subjects were 

asked to perform four balance tasks, one minute each, 

consisting of: quiet standing with eyes open and close 

and single limb stance with open eyes on the right and 

left legs. An inertial sensor with a retro-reflective 

marker over it was placed at the level of the second 

sacral vertebrae (S2). All tasks were recorder by an 

inertial sensor and an optoelectronic system, 

simultaneously. Medial-lateral (ML), anterior-posterior 

(AP) and Total Path Length, ML and AP Speed, 

Confidence Ellipse of centre of mass and Root Mean 

Square (RMS) acceleration were calculated. The results 

of the four tasks were gathered and the agreement 

between the two systems was assessed using the 

Intraclass Correlation Coefficient (ICC 3,1) and the 

Bland-Altman plot.  

 

Results 
High ICCs scores were found for Speed-ML (r=0.93), 

Speed-AP (r=0.95) and Total Path Length (r=0.91). 

Good ICCs scores were found for ML-Path-Length 

(r=0.88), AP-Path-Length (r=0.89) and RMS-ML 

(r=0.77). Moreover, moderate ICCs scores were found 

for RMS-AP (r=0.65) Confidence Ellipse (r=0.75) and 

Range-ML (r =0.7), whereas ICCs revealed poor scores 

only for Range-AP (r=0.47) (always p<0.001, Table 1). 

Bland-Altman revealed a good agreement, especially for 

AP-speed (Figure 1). On the other hand, the greatest 

limits of agreements were found for Confidence Ellipse. 

 

 

 

 

 
Optoelectronic 

system 

Inertial sensor 

 
ICC 

Range-ML (m)  0.02 (0.013) 0.019 (0.232) 0.70 

Range-AP (m)  0.032 (0.02) 0.037 (0.028) 0.47 

Speed-ML (m/s) 0.004 (0.004) 0.034 (0.003) 0.93 

Speed-AP (m/s) 0.004 (0.003) 0.003 (0.002) 0.95 

P-Length-ML (m) 0.21 (0.232) 0.2 (0.183) 0.88 

P-Length-AP (m) 0.214 (0.186) 0.22 (0.132) 0.89 

P-Length-TOT (m)  0.336 (0.186) 0.348 (0.247) 0.91 

RMS-ML (m/s2) 0.004 (0.002) 0.004 (0.003) 0.77 

RMS-AP (m/s2) 0.008 (0.004) 0.007 (0.005) 0.65 

Confidence Ellipse (m2) 0.147 (0.094) 0.134 (0.093) 0.75 

 

Table 1. ICCs (3,1) between optoelectronic system and 

inertial sensor parameters gathering the four tasks. 

Data are shown as median and interquartile range. 

 

 

 

 

 

 

 

 

Figure 1. Bland Altman plot for Speed-AP (mean 

difference: -0.0003, limits of agreements (-0.0032; 

0.0025). Data are presented gathering the four tasks. 

 

Discussion 

Inertial sensor can offer an accurate method to study 

centre of mass displacement in all conditions (eyes 

open, eyes close and single limb stance). These findings 

may enable the assessment of postural stability also in a 

clinical setting.  
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Introduction 
Nine Hole Peg Test (NHPT) is one of the most used 

tools for manual dexterity assessment. However, the 

time to accomplish the test represents the only outcome 

score, without providing quantitative parameters on the 

quality of motor performance [1-2]. The study aim was 

to investigate test-retest and intra-rater reliability, 

convergent and discriminant (dominant versus non-

dominant arm) validity of kinematic indexes during 

NHPT. 
 

Methods 
Twenty-five healthy right-handed volunteers performed 

NHPT twice for dominant and non-dominant upper 

limbs. After 6 hours, the session was repeated by the 

same operator. Retro-reflective markers were placed on 

upper limbs and trunk to detect kinematics and segment 

the performance into different phases based on the 

velocity profile of a marker on the finger index. 

Specifically, nine consecutive peg-grip, peg-transfer, 

peg-in-hole, hand-return phases and one removing 

phase were identified, and the following parameters 

were extracted: total and phases times, normalized jerk, 

mean, peak and time-to-peak of velocity, curvature 

index during peg-grip and hand-return phases, and trunk 

3D displacement during the entire performance. Test-

retest and intra-rater reliability were assessed using 

Intraclass Correlation Coefficients (ICCs), convergent 

validity using Pearson’s correlation and discriminant 

validity using the paired t-tests and Cohen’s d for effect 

size estimation.  

 

 

 

 

 

 

 

 

 

 

 
 

Figure 1. Segmentation into NHPT phases. 
 

Results 
Test-retest reliability was excellent for trunk rotation 

(ICC: 0.91) and good to moderate for kinematic indexes 

(ICCs: 0.89-0.61). Intra-rater reliability resulted 

excellent for total and removing times (ICCs: 0.91 and 

0.94) and good to moderate for the other indexes (ICCs: 

0.84-0.66), except trunk inclination (ICC: 0.37). NHPT 

phases, normalized jerk, mean velocity, peak of 

velocity, time-to-peak and curvature index correlated 

with total time, indicating convergent validity (r-score: 

0.8-0.3, p<0.001). As shown in Table 1, NHPT phases 

and most kinematic indexes discriminated the dominant 

from non-dominant arm, with the greatest effect size for 

normalized jerk during hand return (d=1.16). 

 

Variables 
Dominant  

limb 

 

Non-dominant 

limb 

 

p-value 

 

Effect 

size 

Time (s) 18.1±1.7 19.7±1.9 <0.001 1.01 

Removing (s)  5.5±0.7 5.8±0.8 <0.001 0.57 

Peg-grip (s)  3.6±0.7 4.0±0.7 0.001 0.51 

Peg transfer (s)  2.5±0.3 2.7±0.3 <0.001 0.61 

Peg-in-hole (s)  3.2±0.5 3.7±0.6 <0.001 0.56 

Hand return (s)  2.0±0.2 2.2±0.2 <0.001 1.07 

Normalized Jerk PT 1.14±0.23 1.32±0.25 <0.001 0.83 

Normalized Jerk HR 0.92±0.13 1.07±0.14 <0.001 1.16 

Mean velocity PT (m/s) 0.32±0.04 0.31±0.04 0.156 - 

Mean velocity HR (m/s) 0.36±0.04 0.35±0.04 0.090 - 

Peak velocity PT (m/s) 0.64±0.11 0.61±0.11 0.029 0.31 

Peak velocity HR (m/s) 0.83±0.12 0.78±0.11 0.002 0.47 

Time-to-peak PT (%) 40.1±5.6 36.6±5.2 <0.001 0.55 

Time-to-peak HR (%) 55.6±4.8 59.7±4.6 <0.001 0.66 

Trunk inclination (°) 0.6±0.3 0.6±0.2 0.693 - 

Trunk rotation (°) 1.9±0.5 2.2±0.8 0.004 0.43 

Trunk flexion (°) 1.1±0.5 1.0±0.4 0.275 - 

Curvature index PT 112.0±4.9 112.9±5.2 0.167 - 

Curvature index HR 112.8±4.7 114.7±5.3 0.007 0.40 

 

Table 1. Discriminant validity of kinematic indexes 

during NHPT with the dominant and non-dominant 

upper limbs (PT: peg-transfer; HR: hand-return). 

 

Discussion 
Kinematic indexes during NHPT resulted in valid and 

reliable parameters for manual dexterity assessment. 

These results may play a role in detection of subtle 

manual dexterity changes in healthy subjects or features 

of dexterity impairments in patients with disability. 
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Introduction 

Back and muscular pain in the upper limbs are work-

related musculoskeletal disorders (WMSDs) reported by 

three out of five workers in the EU, mainly in relation to 

excessive physical workloads[1]. It is well-know that 

excessive muscle and joint contact forces are important 

risk factors for developing WMSDs, however these 

forces cannot be measured in-vivo. Therefore, most 

ergonomic risk assessments rely on external joint 

moments and measured muscle activity as an estimation 

of the internal musculoskeletal loading [2]. The aim of 

this study is to evaluate if these external moments are an 

accurate representation of the back loading during 

various industrial tasks measured in a lab-based setting. 

The correlation between peak compression force, 

calculated using a complex full body musculoskeletal 

model, peak L5-S1 moment and peak m. erector spinae 

longissimus activation was evaluated.  

Methods  

One healthy participant pulled laces through holes (50 

cm above shoulder height), lifted a 10 kg box from 

ground to knee height, from elbow to shoulder height, 

from shoulder to 50 cm above shoulder height, from 

ground level to elbow height and lifted a 10 kg box from 

ground to elbow height with 45 degrees rotation.  3D 

full-body marker trajectories and ground reaction forces 

were measured and used to calculate joint angles, 

moments, muscle and joint contact forces using 

OpenSim[3]. A full body-musculoskeletal model with 

articulated spine and shoulder [4] was used of which the 

spine includes nonlinear bushing elements representing 

the spine joint stiffness[5]. The model was scaled to the 

anthropometry of the participant. Bushing forces in the 

spine were calibrated and spine kinematics were 

optimized in order to minimize the difference between 

the modeled and measured marker trajectories as well as 

minimizing the intersegmental forces while satisfying 

skeletal dynamics[6]. In addition, bilateral muscle 

activations of the m. erector spinae longissimus (ESL) 

were recorded, using surface electromyography. Raw 

EMG signals were band pass filtered (20-400Hz), full-

wave rectified, low pass filtered (6Hz) and normalized 

to maximum voluntary contraction. Next, we 

investigated the correlation between the peak joint 

contact forces, peak moment at the L5-S1 joint and with 

the peak erector spinae activity in all ergonomic tasks 

studied.   

Results  

Peak L5-S1 joint moment has a good correlation with 

peak compression force in L5 (R² = 0.8257). However, 

a high root mean square error (RMSE = 37.37) is 

observed. Peak muscle activations of the ESL bilaterally 

did not correlate well with peak compression forces in 

L5 (R² = 0.05836).  

Discussion  

Our findings indicate that despite the high correlation 

(R² = 0.83), the L5-S1 joint moment might not be the 

best proxy for lower back loading given the high RMSE 

value. The correlation between peak compression force 

in L5 and the peak ESL activations did not correlate well 

(R² = 0.05836) as the highest compression forces were 

not correlated with the highest muscle activations. 

Regardless, joint moments and EMG are often used in 

order to quantify the risk on developing WMSDs on the 

work floor. Based on the high correlation between L5-

S1 joint moment and peak compression force, joint 

moments it is however valid to use peak external 

moments to compare two work situations and 

investigate the relative workload. It is important to 

indicate that given the substantial normalized RSME (= 

RMSE/(Ymax-Ymin)) of 64%, joint moments should 

not be used to investigate the absolute internal 

musculoskeletal loading. Indeed, given the high residual 

variance of the linear regression, we advise against the 

use of the external L5-S1 moment for the absolute 

quantification of musculoskeletal loading. It is therefore 

extremely important that accurate musculoskeletal 

modelling workflows are designed using in the field 

measurement set-ups to evaluate musculoskeletal 

loading to assess the risk for WMSDs development. 
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Figure 1: Correlation between peak L5-S1 joint moment and peak 

compression force in L5 (left). Correlation between peak compression 

force in L5 and peak ESL muscle activation (right).  
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Introduction 

Parkinson’s disease (PD) is the second most prevalent 

neurodegenerative disorder affecting people worldwide. 

Modified pattern of motor unit activation and rigidity 

might be the causes of gait alterations associated with 

PD [1]. State of the art showed that basal ganglia 

dysfunction affects not only the automatic maintenance 

of the movement [2] but also each component of the 

motor plan in terms of timing [3]. The aim of this work 

was to analyse how PD affects the motor plan. We 

hypothesized that the electromyography (EMG) 

sequence can be considered as a motor program. To be 

able to address and quantify the motor control 

abnormalities will allow us to identify how the PD 

disrupts normal control processes. 

 

Methods 

The data of eighteen PD subjects (age 65.6±10.5 years, 

BMI 26.5±3.5 kg/m2) and ten controls subjects ((CS) 

age 62±6.5 years, BMI 26.4±3.7 kg/m2), have been 

acquired at the Human Movement Bioengineering 

Laboratory (10m walkway) of the Department of 

Information Engineering at the University of Padova 

(Italy). Data from an 8 channels EMG system (1000Hz, 

BTS, Italy) were collected to record the electrical 

activity of four lower limb muscles bilaterally: Tibialis 

Anterior, Gastrocnemius Lateralis, Rectus Femoris and 

Biceps Femoris. The EMG signals were band pass 

filtered with a double 5th order Butterworth filter and 

full wave rectified. The cut-off frequencies varied 

between 15 and 20 Hz for high pass filter, and between 

450 and 495 Hz for low pass filter. A double-threshold 

statistical detector [4] was applied for activation 

detection. Peak of the envelope (PoE) and its position 

(PPoE) per each accepted burst were extracted together 

with burst duration. Subjects were then grouped per 

activation modality types. PoE and PPoE were extracted 

also considering the entire gait cycle. A co-contraction 

index has been extracted as in [Sartori et al]. 

 

Results 

Results for the TA and GL muscles were presented 

within Figure 1. In the upper part, results reporting 

analysis on the entire signal envelope were displayed. In 

the bottom part maps representing frequency of 

activation patterns divided for activation modalities 

were reported. Additional information on the PPoE were 

given within the figure. 

 

 

 

Figure 1: Upper part: Mean activation envelopes ± 

standard deviation for PD (in green) and CS (in yellow). 

Statistically significant differences are reported as 

green asterisks in the bottom axes. PoE is presented as 

a dot with errorbars associated with its position 

(horizontal) and value (vertical). Bottom part: map of 

the activation occurrence per activation modality types. 

Vertical bars indicate the peak of the envelope within 

the burst. 

 

Discussion 

PD subjects displayed a different motor plan during 

walking. The results obtained with the adoption of a 

statistical detector (bottom part of Figure 1) allowed us 

a deeper understanding and characterization of the 

information derived from the EMG signals. The 

objective assessment of a different motor control 

strategy could be useful for planning interventions 

aiming at improving the walking pattern of PD’s 

subjects.  
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Introduction 

Cyclist deliveries are carried by people who work riding 

bikes, transporting essential and non-essential goods in 

backpacks on their backs. These people tend to suffer 

several injuries in their backs and shoulders [1, 2, 3], 

mostly because they carry items that weigh more than 

15 percent of their body weight. Thus, this study aimed 

to analyse cyclist' deliveries kinematics and kinetics 

varying the backpack's load as a percentage of a cyclist's 

body weight. 

Methods 

The kinematic analysis was done using the software 

Kinovea; this procedure consisted of 2D motion analysis 

with seven markers on the subject (fig. 1A-B). The tests 

were carried out with 4 different percentages of body 

weight (0,10,20,30) in steady state for 64 seconds. The 

reference of data capture was the craniocaudal axis, 

using the sagittal plane. On the other hand, the kinetic 

analysis was done implementing a computational model 

through the software COMSOL Multiphysics. This 

study included a backpack and body with standard 

measurements (fig 1C). The kinetic simulations were 

carried out with the method of finite elements by a 

module of structural mechanics, changing the 

percentage of body weight in the backpack, and the 

inclination of the subject. 

 
Figure 1. Overall kinematic and kinetic methodological 
considerations. A-B) Markers position kinematic analysis, C) 

Boundary conditions computational kinetic model. 

Results 

 
Figure 2. Angular variation as a function of time for a load of thirty 

percent of the subject’s body weight. 

Figure 2 shows the subject's angular variation overtime 

for a load of thirty percent of the subject's body weight. 

As can be seen, the lumbar overload has a significant 

impact on the angular variation of the shoulders, hips, 

ankles, and neck. Furthermore, figure 3 illustrates the 

subject's kinetic behaviour under steady-state conditions 

and a loading weight of thirty percent of body weight. 

On the other hand, figure 4 illustrates tension and 

compression variations varying subjects' angular 

inclination under the same steady-state conditions. 

 
Figure 3.  A) Compression and B) tension forces involved on 

deliveries cyclists under loads of thirty percent of their body weight, 
C) Von mises stress with lumbar backpack’s crust representation. 

Discussion 

Most affected areas by lumbar overload are the hips, 

neck, and shoulders; while neck angle decreases, the 

shoulders angle increases because it balances out the 

anatomical disturbance, thus shoulders angle is 

inversely proportional to the neck angle. Moreover, hips 

angular variation is affected with the load over time, due 

to, as greater loads are supported, the subject tends to 

reduce the angle to release pressure on the shoulders and 

transfer it to the lumbar area; which is anatomically 

counterproductive because the compressive force 

decreases, but shear' force increase on lumbar 

vertebrates, leading to injuries [3]. Regarding 

backpack's involve forces, momentum and torque are 

generated on the rigid bar at the bottom of the backpack; 

resulting in critical tension and compressions forces 

over the subject's lumbar area. Overall, although data 

suggest that lumbar overload has consequences over the 

health of deliveries cyclists, deliveries backpack design 

may also play a critical role in developing injuries in 

cyclists. 
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Introduction 

The muscular response to stress is thought to play a 

central role in the development and maintenance of back 

pain. In addition to the known muscle activation under 

stress in healthy participants [1], an increase of muscular 

imbalances as contralateral muscle activation 

asymmetries may significantly increase  spinal loading 

[2]. Back pain patients often show a symptom-specific 

higher muscular reactivity to short-term stressors [3] 

and this reactivity could be influenced by variables of 

personality [4].  

Whether these changes also occur under stress in 

relation to muscular imbalances has not yet been 

systematically investigated. The aim of this study is to 

compare changes of muscular imbalances in the back 

caused by stress between healthy and back pain patients 

and to investigate the influence of personality variables 

on stress reactivity. 

 

Methods 

Thirty-six healthy participants (M = 22.39, SD = 2.30) 

and 34 low back pain patients (M = 41.19, SD = 14.01) 

took part in the study. After completing two personality 

questionnaires, the General Self-Efficacy Scale and the 

Center for Epidemiological Studies Depression Scale, 

they were exposed to a baseline measurement and an 

experimental condition with an additional cognitive 

stressor (PASAT) [5], both in a sitting position. The 

muscular activity of six muscle pairs in the back was 

measured by surface electromyography. Muscular 

imbalances were calculated as ratios of the mean signals 

(left/right) of the filtered and normalized EMG data [6]. 

A mean value for the upper and lower back was 

calculated as average from three ratios each and for the 

whole back as average from all six ratios. Stress 

reactivity was computed by simple change scores (stress 

trial - baseline). 

 

Results 

A multivariate analysis of covariance with the variable 

"age" as a covariate and the independent variables 

"imbalances in the upper back" and "imbalances in the 

lower back" revealed a significant effect for the factor 

"condition", F(2, 134) = 16. 78, p < .001, Wilks' Λ = 

.800, ηp² = .20, and the factor "health", F(2, 134) = 

11.83, p < .001, Wilks' Λ = .850, ηp² = .15. The 

significant effect for factor “condition” resulted from 

higher imbalances in the stress condition compared to 

the baseline condition, both in the upper back, F(1, 135) 

= 30.52, p < .001, ηp² = .18, and in the lower back, F(1, 

135) = 10.36, p = .002, ηp² = .08. With regard to the 

factor "health", there were comparable imbalances in the 

upper back for healthy participants and back pain 

patients, F(1, 135) = 1.20, p =.28. In the lower back, 

however, significant differences were observed, F(1, 

135) = 23.79, p < .001, ηp² = .15. 

Among back pain patients, there were significant 

correlations between the stress reactivity of muscular 

imbalances for the whole back and general self-efficacy 

(r = -.51, p = .001) as well as depression (r = .59, p ≤ 

.001). 

A stepwise regression analysis showed that general self-

efficacy and depression explained 37.0% of the variance 

in muscular stress reactivity, R2 = 0.370, F(2, 31) = 9.11, 

p = 0.001, see Table 1. 

 

 
Table 1: Result of the stepwise regression for the 

prediction of static imbalances by the general self-

efficacy and depressiveness 

 

 

Discussion 

In both healthy participants and back pain patients, 

muscular imbalances increased from the baseline to the 

stress condition, although both subsamples did not differ 

in terms of their stress reactivity. However, back pain 

patients had higher muscular imbalances in the lower 

back than healthy participants in both conditions. Thus, 

there was no symptom-specific increase in stress 

reactivity. However, muscular stress reactivity was 

significantly influenced by personality variables general 

self-efficacy and depression in back pain patients, but 

not in healthy participants. To our knowledge, this is the 

first time that a positive buffer effect of self-efficacy on 

the neuromuscular stress response has been 

demonstrated. 
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Introduction 
During physical exertion the muscles that surround the 
abdominopelvic cavity work together to raise the IAP 
[1]. The increase of IAP leads to a downward 
displacement of the abdominal contents, stressing the 
pelvic floor muscle (PFM) [2]. If the PFM does not co-
contract with appropriated timing and strength to resist 
this downward force, urine leakage can occur, which is 
called stress urinary incontinence (SUI) [3]. In a 
biomechanical perspective, we hypothesized that a 
strength balance is needed between the muscles of the 
abdominal cavity and the PFM to prevent SUI. 
 
Methods 
This was a cross-sectional study. A convenience sample 
was recruited from staff and students from the 
University of Porto. Demographic and medical history 
data were collected by questionnaire. The International 
Consultation on Incontinence Questionnaire–Urinary 
Incontinence-Short Form [4] was applied to assess 
continence status and the type of UI. After the eligibility 
criteria, women were divided into continent and 
incontinent group according to the ICIQ-UI-SF. Vaginal 
resting pressure (VRP), PFM strength, and endurance 
were assessed by the Peritron 9300 manometer. Peak 
torque of trunk flexor muscles was used as a surrogate 
measure of superficial abdominal muscles (RA and OE) 
strength [5], using the Biodex System 4 Pro 
dynamometer (Biodex Corp., Shirley, NY). Maximal 
Expiratory Pressure (MEP) and Maximal Inspiratory 
Pressure (MIP) were used to measure the deep 
abdominal muscles (TrA and OI) [6] and the respiratory 
diaphragm strength [7], respectively.  
For each participant all tests were performed on the 
same day, using standardized protocols, and following 
the same order: MEP, MIP, VRP, PFM strength, PFM 
endurance, and Isokinetic evaluation. Written informed 
consent was obtained from all participants. 
 
Results  
The sample comprised 58 women aged 19 to 49 years, 
38 were continent and 20 had SUI symptoms. No 
differences were found in age, body mass index (BMI), 
parity, constipation, and exercise practice. 
Table 1 demonstrated the difference between the 
continent and incontinent group regarding the study 

variables. Incontinent women had stronger diaphragm 
and superficial abdominals than the continent women. 
 

 Continent 
(n=38) 

Incontinent 
(n=20) p 

 mean (sd) 
VRP 48.1 (8.7) 44.1(11.7) .149a 

PFM strength  52.4 (19.5) 51.7 (21.9) .906a 
PFM endurance 51.1 ±45.9 47.1 ± 50.9 .477b 

Diaphragm  61.7± 21.8 74.2 (19.2) .036a 
Superficial abd 106.9 (28.8) 132.9 (28.4) .006a* 

Deep abd  61.8 (20.6) 71.6 (17.6) .077a 
 
Table 1: Vaginal resting pressure (VRP), pelvic floor 
muscle (PFM) strength (cmH2O) and endurance (s), 
diaphragm (cmH2O), deep (cmH2O) and superficial (Nm) 
abdominal muscles (abd) strength, among continent and 
incontinent women. aT test for independent variables; 
bMann-Whitney U test; *adjusted to BMI. 
 
Discussion 
Regarding PFM variables, no difference was found 
between the continent and incontinent women. 
Contrarily, incontinent women have stronger superficial 
abdominals and diaphragm strength, leading us to 
suspect that PFM strength should be view in relation to 
these muscles of the abdominal cavity. As happened in 
other studies, we found great overlaps on PFM strength 
and endurance between the continent and SUI women. 
A recent study found that incontinent athletes had 
greater PFM strength, and this variable had a positive 
association with abdominal muscle strength [8].  
However, the effect of physical exercise on the pelvic 
floor remains controversial. Further research is 
necessary. 
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Introduction 
Today’s footwear often focuses on shock-absorbing 
shoe soles to damp impacts on the ground. 
Consequently, the foot only gets a reduced stimulation 
input from the ground, because ground unevenness is 
absorbed by the sole [1]. 
Some activities in shoe technology focus therefore on 
so called “minimal shoes” to increase the stimulating 
effect by the ground. Nevertheless, a tilting (heel 
gradient) is only partially realised due to the thin sole 
between foot and ground.  
It would be beneficial to have a system which is able to 
reproduce a comfortable foot bed by simultaneously 
transferring a micro-stimulating effect to the foot. To 
have such a shoe available, a solution had to be found 
for a first user experience study.  
 
Aim of the project 
The aim of the project was the development and testing 
of an ergonomic shoe sole technology to transfer the 
ground composition through a sole to the foot. 
 
Material & Methods 
A) Shoe development 
A new technology of stimuli-transmitting shoe sole has 
been iteratively developed with soft and hard elements 
integrated in the shoe.  
Injection moulding of elastomeric material and 3D-
printing (SLA) have been used to manufacture a first 
series of prototypes. The idea is to transfer the uneven 
surfaces on the floor through a flexible sole (Figure 1). 
  
 
 
 
 
 
 
Fig. 1: Technical concept which allows the transfer of 
uneven surfaces to stimulate the foot mechanically. 
 
B) User Study 
User experience was the main focus in the user study, 
focusing on feedback about walking sensation, 
comfort, complaints and intensity of sensory 
transmission by a questionnaire. The study included 20 
participants (Ø 64 years) wearing the shoes in daily life 
(2hrs a day) and 10 participants (Ø 41 years) absolving 
a parcours (paved, unpaved, nature trails).  

Results 
A) Shoe sole prototypes 
Several iteration steps resulted in a compact design, 
which may be manufactured in a series production. 
Spherical balls are printed in form of an interconnected 
grid, surrounded by a flexible, injection moulded 
structure.  
The foot bed and the sole tilting angle (heel gradient) 
have been integrated to maintain the ergonomic 
structure of a shoe.  
 

 
Figure 2: Shoe sole with hard balls (red) integrated 
into an injection moulded, dense shoe sole (grey). 
 
B) Preliminary user experience study 
Comfort & complaints: The new shoe was considered 
to be “very or rather comfortable” by approx. 85% of 
the users. Participants perceived the stimuli strongest in 
the forefoot, where also most of the complaints 
occurred.  
Ground composition: Nature trails seemed more 
comfortable than hard grounds, even though the 
opinions about hard grounds diverged. The most 
uncomfortable walking was on unpaved, downwards 
grounds.  
 
Discussion & Outlook 
A) Shoe development: The shoe technology has been 
developed to fulfill requirements of an industrialised 
manufacturing. It seems to be feasible to integrate the 
currently 3D-printed prototype into a series production. 
B) User study: the user study prooved the concept of an 
increased stimulation on the feet. Nevertheless, aspects 
with regard to comfort need to be improved. 
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Introduction 

Diabetic foot is one of the most serious complications 

affecting the feet of diabetic patients. It is characterized 

by a progressive loss of protective skin sensitivity and 

requires an early diagnosis due to the imminent 

possibility of infection, ulceration, and amputation [1]. 

Frequently, the anatomical deformation of the foot and 

the use of misfit shoes compromise the biomechanics of 

the foot, causing abnormal overload and minor trauma 

that can precipitate ulceration. The most critical pressure 

points, located in the plantar and dorsal region of the 

foot, are already well identified. In this sense, in addition 

to increased clinical attention, the use of appropriate 

footwear is also an essential factor in preventing 

injuries. The shoe must have an internal length between 

1 and 2 cm greater than the foot, it must be adapted to 

the widest part of the foot and the height of the toecap 

must guarantee sufficient space for the toes. The choice 

of shoes should be evaluated with the patient standing 

and preferably at the end of the day when the feet are 

more likely to be swollen. In more complex cases, the 

use of custom-made shoes should be advised [2]. This 

results in evident losses in the patient's ability to move. 

The pressures that the shoes impose on the feet are 

extremely important and, although the plantar pressures 

are already well studied [3], the pressures involved 

between the upper of the shoe and the dorsal region of 

the foot is still a little addressed topic. 

In this paper, we propose a preliminary approach to 

measure dorsal pressures and quantify relative levels of 

potential injury, to maintain a compromise between the 

comfort and safety of the diabetic patient's foot. 

 

Methods 

Looking for objective evidence that a concrete dorsal 

pressure threshold will jeopardize the integrity of the 

foot, our methodology consisted of: recognizing the 

critical locations of the dorsal region already described 

in the literature; create a method to locate sensors and 

measure pressure while walking; define a test 

procedure; and define groups of trial participants. 

 

Results 

In the acquisition of the measured pressure values it is 

proposed to use circular FSR sensors with an area of 

approximately 1 to 2 cm2. In data processing and 

recording, a microcontroller based on the ATmega328, 

equipped with a memory card and powered by a battery, 

will be essential. After identifying the most critical 

dorsal pressure sites, the location of the FSR sensors and 

the method of data acquisition and recording were 

defined (Figure 1). These sensors can be attached to the 

inner lining of the shoe or sewed on a sock created for 

this purpose. 

 

 

Figure 1: FSR locations and acquisition method. 

 

As shown in Figure 2, for the implementation of a test 

protocol to identify standards and relative levels of 

comfort and injury, a group of participants (healthy, 

without diabetic foot and ages between 20 and 45 years) 

will be selected who will do a walk with different shoes 

(more or less tight). At the end they will answer a 

questionnaire to perception of comfort, whose answers 

will be analyzed and crossed with the pressure values 

acquired. It is expected to obtain standards that indicate 

relative levels of comfort and injury that can later be 

applied to patients with diabetic foot. 

 

 

Figure 2: Test protocol and identification of comfort 

standards and relative injury levels. 

 

Discussion 

This method is shown as a practical approach to identify 

characteristic thresholds of dorsal pressures in the foot 

associated with different levels of comfort. But it is 

important to identify whether the pressure that will be 

considered as the injury threshold is the same for all 

users. The threshold that puts a given patient at risk may 

be different from another. However, this approach is 

essential to obtain more objective and concrete values of 

dorsal pressures. 
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Introduction 
Per year, 16 million people experience a stroke for the 
first time, of which 5 million have a limited mobility. 
Loss of mobility early post stroke is due to an impaired 
trunk function [1]. Trunk exercises seem to have a 
beneficial effect on trunk function, standing balance, 
and mobility [2]. Patients post stroke whose trunk 
function improves faster start earlier with gait and 
balance training.  
However, safe and resource efficient therapy 
approaches enabling high intensity training are 
missing. 
 
Purpose 
A robot assisted therapy chair in sitting (T-Chair) that 
supports trunk stability and control training early post 
stroke has been developed. The T-Chair is designed to 
support improving trunk control and stability.  
The aim of this study was to assess its usability from a 
patients' and a physiotherapists' perspective.  
 
Methods 
In total fifteen stroke patients with trunk impairments 
and 11 physiotherapists were recruited. A moving seat 
to mobilise the pelvis and the lower spine is the core 
technology of T-chair. The seat describes a physiologic 
motion pattern to perform stability and balance 
exercises including Flexion/Extension (+/-10°) and 
lateral Bending (+/- 11.5°). 

 
 
Fig. 1: Variation of therapy sessions with the mobile seat. 
 
The seat may move the patient in an assistive way by 
motors or by the patients' trunk muscles. The T-chair 
has been integrated in the patients’ therapy program. 
Each patient performed four individual therapy 
sessions on the prototype T-Chair under the 
physiotherapists' supervision. Usability from the 
patient's perspective was assessed using a diary and a 
questionnaire; usability from the physiotherapists' 
perspective with a focus group interview and a  
 

questionnaire. The study focused on time expenditure, 
safety aspects, and unsupervised therapy potential. 
 

    
 
Figure 1: T-CHAIR allowing the seat to swing laterally 
and in Flex-/Ext direction (isometric views). 
 

Results 
64 % of the physiotherapists had a positive view of the 
novel therapy concept, while 33% considered the 
current prototype version a useful rehabilitation device.  
Therapists were recognizing the potential for an 
unsupervised therapy.  
- The T-Chair facilitates proprioception and allows 

unlimited repetition of movement.  
- Physiotherapists recommend integrating computer 

games into the T-Chair.  
- Patients reacted positively to the T-chair and 

enjoyed training with it, while others found the 
training intensity too undemanding. 

 
Conclusions 
The T-Chair might become an adequate training tool 
for patients post stroke at an intermediate trunk control 
level, between exoskeletons and bedside exercises. 
Improvements in time expenditure, exercise difficulty, 
safety as well gamification aspects are desired. 
 
Implications 
The T-Chair represents a therapeutic device to train 
trunk control with substantial repetitions early post 
stroke, and thus helping patients to regain mobility. 
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Introduction 

Subject-specific finite element (FE) models derived 

from computed-tomography (CT) are powerful tools to 

non-invasively estimate bone strength, and to predict the 

risk of bone fracture [1]. During the last decades, many 

different studies demonstrated the possibility to apply 

this technique in a number of clinical scenarios (e.g. 

identifying patients who are at high risk of vertebral 

fracture [2], investigating the likelihood of self-inflicted 

humeral fracture in infants [3]); however, if such 

methods are to be used to provide evidences in clinical 

trials of new bone drugs, a systematic evaluation of 

model credibility is required, based on accepted 

verification, validation, and uncertainty quantification 

(VV&UQ) practices.  

The aim of this work is to define a VV&UQ plan that 

can be submitted as evidence for qualification of the 

method to a regulatory authority. 

 

Methods 

The modelling technology here analyzed and tested 

through the credibility assessment framework is mainly 

based on one of the most recent patient specific CT-FE 

methods used to classify patient under risk of hip 

fracture [4]. A retrospective validation study 

demonstrated that, using this technique, the stratification 

accuracy between fractured and non-fractured patients 

was higher than 80% [4].  

The only technical standard currently available for the 

assessment of the credibility of predictive models to be 

used in healthcare is the ASME V&V-40.  While this 

standard specifically aims to models to be used to assess 

medical devices, it has already been used also to assess 

models for drugs testing.  

According to the V&V-40, the VV&UQ plan requires 

the following essential elements:  

1. Definition of the Context of Use (CoU) 

2. Risk analysis and definition of the extent of the 

VV&UQ assessment 

3. Code and Solution verification 

4. Technical and clinical validation 

5. Applicability assessment 

 

Results 

The CoU we selected is to use the model to predict the 

minimum side fall strength (MSS) [4] as a predictive 

biomarker of the risk of hip fracture, an accepted clinical 

endpoint to evaluate the efficacy of new bone drugs.  

Since this primary endpoint requires at least a five years 

follow-up, some recent clinical trials used changes in 

bone density as a surrogate endpoint.  Our long-term 

goal is to demonstrate that our model’s predictions have 

a much greater discriminative power than densitometry. 

The result of the Risk analysis suggests that the risk of 

obtaining an incorrect prediction from the 

computational model can be considered medium-high. 

This drives the selection of all the VV&UQ activities 

and goals for each credibility factors. 

The Code verification will be ensured by pursing 

certification according to the standard EN 62304::2006 

+A1:2015 “Medical device software — Software life-

cycle processes”.  Other existing implementations based 

on the ANSYS solver are already compliant with this 

standard. 

The Solution verification will primarily focus on the 

evaluation of the discretization error, through 

convergence studies of the mesh refinement and of the 

fall direction sampling. 

The Technical validation will be mostly based on a 

number of studies where we compared the model’s 

predictions with experimental measurements on cadaver 

femurs, and on the evaluation of the stratification 

accuracy against two retrospective cohorts. 

Sensitivity analysis will be conducted along the lines of 

[5]. 

The Clinical validation will be conducted by evaluating 

the discriminatory power of the MSS against that of 

densitometry, in two group of patients treated with two 

different bone drugs, over two controls 12 months apart. 

Last, the Applicability Analysis will be performed by 

defining the limits of validity of the model with respect 

to the range of inputs used in the clinical validation. 

 

Discussion and Conclusions 

The systematic procedure proposed here provides an 

overview of all the important steps that are needed to 

support the credibility assessment of a computational 

model to be used in drug trials. 

This work will provide the basis for a request for 

Qualification Advice we plan to submit soon to the 

European Medicine Agency. 
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Introduction 

There is no firm criterion for identifying patients with a 

bone tumor at high risk of postoperative fracture. Hence, 

surgeons’ recommendation for prophylactic actions is 

based on pathologic fracture criteria, such as Mirels’ or 

clinical experience, both suffering from poor specificity. 

Recently, attempts were made on employing more 

accurate methods, such as Quantitative-CT (QCT)-

based finite element models (FEM), to predict bone 

strength as a key determinant of its fracture risk, but with 

a focus on the fracture risk of a metastatic bone, and not 

the post-operative fracture risk [1]. Additionally, such 

models suffered from low validity and accuracy, due to 

lack of inclusion of non-linear behavior or non-

homogeneous material properties of bone, or mere 

validation against FEM results [2]. Thus, there exists a 

great need to present a validated and accurate 

biomechanical approach to identify patients who are at 

high fracture risk, following tumor curettage.  

Methods  

Tumor curettage was mimicked in 7 human distal 

femoral bones (Fig.1-A), and the contralateral bone of 

each specimen was kept intact. All the specimens were 

put in a container of water and QCT scanned along with 

a calibration phantom, which was used to convert 

Hounsfield Units to bone ash densities. Then, the 

specimens were tested under compressive load until 

they experience failure, to determine the fracture load 

(𝐹𝑇𝑒𝑠𝑡). Three-dimensional FEMs of the specimens 

were created considering non-homogeneous material 

properties, calibrated by bone ash densities, and based 

on the non-linear behavior of distal femur [1], which 

were assigned to each element of the model (Fig.1-B). 

Loading conditions, mimicking in-vitro tests, were 

applied and bone strength was calculated (𝐹𝐹𝐸).  

 
Figure 1: (A) Tumor curettage simulation in human 

distal femoral bone, and (B) 3D heterogeneous model of 

the bone with the simulated defect following curettage.   

The accuracy and precision of FEMs were evaluated 

using the method introduced in [2], considering P<0.05 

to be statistically significant. After validating the FEMs, 

bone defects, mimicking tumor curettage, with different 

sizes were created with the scope of determining the 

critical size of defects, causing considerable reduction 

of the bone strength as compared to the intact bone.  

Results 

Results of statistical analyses showed the accuracy and 

precision of the FEMs, with P-values of 0.474 and 

0.396, respectively; which imply that there is no 

significant difference between 𝐹𝑇𝑒𝑠𝑡 and 𝐹𝐹𝐸 . 

Regression analyses also showed a good linear relation 

between 𝐹𝑇𝑒𝑠𝑡 and 𝐹𝐹𝐸  with the slope=1.12 and 

intercept=0.57kN. It was found that under compressive 

load, there is a positive correlation in the bone strength 

reduction with the size of the defect. Nonetheless, this 

correlation was found to be non-linear, and it was 

interestingly found that a notable reduction, in the bone 

strength, was occurred when the defect volume exceeds 

65 cm3, i.e. 38% of the epiphyseal volume (EPV) (Fig. 

2). The reduction in bone strength was less than 5% for 

defects smaller than the critical defect size, i.e. 38% of 

EPV. On the other hand, for a defect of 44% of EPV, a 

30% reduction in bone strength was observed, compared 

to the intact femur.  

 

Figure 2: (Left) Fracture load/Intact bone fracture load 

versus DV/EPV, which shows considerable reduction 

when DV/EPV exceeds 38%; and (Right) Sagittal and 

frontal views of the FE model with DV/EPV =38%.  

Discussion 

QCT-based FEM is a powerful tool in predicting post-

operative distal femoral strength. A retrospective study 

demonstrated a high risk of post-operative fracture for 

defect sizes larger than 60cm3 [4], which is in agreement 

with the results obtained in this study. The approach 

presented here can be used to derive a biomechanical 

criterion for post-operative fracture risk in patients with 

bone tumors.   
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Introduction 
Patient-specific, physiology-based predictive models 
are more and more frequently used as clinical decision-
support system.  To use such technologies in the clinical 
practice, they need to receive a marketing authorization 
from competent regulatory authorities, which will 
consider it as “software as medical device”. Instead, 
when the models are to be used to evaluate the safety or 
efficacy of new medical products (in silico trials), the 
regulatory pathway is less clear. While this is not 
mandatory, it is convenient, especially for innovative 
technologies, to pursue the so-called qualification of 
new methodology: essentially this is a regulatory 
evaluation of the new methodology; once approved, the 
methodology can be used to produce evidence in the 
marketing authorization request of a new medical 
product, without any further methodological evaluation. 
If we now focus on medicinal products, the regulatory 
philosophy is that no methodology can really be 
validated only with laboratory tests.  Thus, in addition 
to the so-called technical validation, where you assess 
the accuracy, precision and robustness of a new 
methodology through laboratory tests, most regulators 
expect new methodologies to be used in drug trials, to 
be extensively validated also in a clinical setting.  The 
logic of clinical validation is quite different from that of 
a technical validation; thus, it may be worth to present it 
systematically, using the qualification of the so-called 
Biomechanical Computed Tomography (BCT), a 
model-based estimation of the biomechanical strength 
of a patient’s bone. 
 
Construct validity 
The clinical validation of a new methodology requires 
one demonstrates construct validity, predictive capacity, 
and ability to detect change of the biomarker, in this case 
an in silico prediction. 
If the clinical concept that our model predicts cannot be 
directly measured, then the first step is to demonstrate 
that the quantity we predict is a valid construct of that 
clinical concept.  For example, if we want to use the 
femoral BCT to represent the risk of proximal femur 
fracture (PFF), first we need to demonstrate that BCT 
correlates with other variables affecting the risk of PFF 
such as age, or bone density (convergent validity).  We 
also need to demonstrate that the BCT does not correlate 
with other variables that do not affect the risk of PFF, 
such as the low-density lipoprotein cholesterol levels 
(discriminant validity). Another evidence in support of 
construct validity is that BCT is significantly different 
between two groups with markedly different risk, such 

as post-menopausal women and age-matched men 
(known-group validity). 
 
Predictive capacity 
Probably the most important evidence to qualify an in 
silico trial is the predictive capacity.  To demonstrate 
predictive capacity, we would use the BCT to separate 
in a cohort a group of patients who just experienced a 
PFF from those who did not; the area under the ROC 
curve or relative risk can be used to quantify predictive 
capacity. 
 
Ability to detect change 
In the context of drug assessment, it is essential that a 
biomarker shows a significant ability to detect the 
changes the new drug induces.  To the purpose, we need 
to demonstrate that changes in our model’s predictions 
correlate with changes in the clinical quantity of interest 
(longitudinal validity).  For example, we need to show 
that the change over time of the BCT in a group of 
osteoporotic patients correlates with the change over 
time of their risk of PFF. It is also necessary to establish 
the minimal change in a treatment outcome that would 
indicate a change in the patient’s management, or that 
an individual patient would identify as important 
(minimal important difference).  But the most important 
evidence is the responsiveness, defined as the ability of 
the model’s prediction to discriminate between the two 
arms of an interventional randomized clinical trial. 
 
Discussion 
The aim of this paper is to provide, using BCT as 
biomarker of risk of PFF as a guiding example, a gentle 
introduction to the concept of clinical validation of new 
methodologies for drug testing.  For a more authoritative 
guide please refer to the official guidelines of the 
regulatory agencies, e.g. [1, 2]. 
The philosophical background of this regulatory process 
is very far from that of the credibility assessment for 
physics-based predictive models our community is used 
to. The first submissions for qualification of in silico 
trials tools will require a considerable effort to realign 
these two substantially different cultures. 
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Introduction 

Fracture healing is affected by fixation stiffness [1], which 

can be modulated by choosing an appropriate plate working 

length (PWL) [2, 3]. To date, the reporting of the 

mechanical boundary conditions relies on an individual 

basis [4, 5] and has so far hampered the development of a 

more harmonised mechanotherapy of fracture fixation. 

Especially the definition of the essential parameter “PWL” 

remains heterogeneous. This study aimed first to illustrate 

the lack of a standardised reporting and definition of PWL, 

second to highlight the significance of PWL in fracture 

fixation with relative stability, and third to suggest how to 

improve the definition and reporting of working length 

definition in a standardised manner. 
 

Methods 

A systematic literature search 

(www.ncbi.nlm.nih.gov/pubmed, January 2021) was 

conducted [query: ((("plate" AND ("locking" or "locked")) 

AND ("tibia" or "tibial" or "femur" or "femoral")) AND 

("working" or "bridge" or "bending" or "bridging")] 

yielding 138 relevant publications (manually identified), 

which were classified (Tab.1, Fig. 1, A).  

Furthermore, a finite element analysis (FEA) examined 

PWL in plate configurations of long bone fixation with 

varying screw configurations (Fig.1, B). A cylinder was 

modelled (ABAQUS 2019, Dassault Systèmes®) to 

represent a long bone (30mm diameter, 5mm cortical 

thickness). A 4.5mm locking compression plate (LCP) and 

matching screws were modelled in titanium. Screw-plate 

interface was modelled by an isotropic ring structure with 

elastic properties (Fig. 1, C). Young’s modulus of the ring 

(isotropic, homogeneous) was determined experimentally 

through comparison of displacement of the screw upon 

loading (Fig. 1, C). Axial loading was performed (500 N).  
 

Results 

The majority (56%) of studies do not report PWL (class A), 

less than 7% report a mean and variation (class D) or 

individual case values (class E, Fig.1 A). Our FEA 

confirms other study results [2,3,5] and supports that PWL 

is one of the main determinators for interfragmentary 

movement (IFM) which controls secondary fracture 

healing (Fig.1 B). When mapping maximum deformation 

perpendicular to the direction of the load, a point of 

inflection could be found on the central axis of the screw.  

 

Discussion 

Our literature review showed that <50% of the included 

studies report PWL. Thus, the assessment of the 

mechanical environment and a profound failure analysis 

remains impossible. Even if the mean/median of PWL is 

reported, varying conditions can hardly be evaluated. We 

suggest defining the PWL as the distance between the 

central axes of the nearest screws proximal and distal to the 

fracture/osteotomy. Thereby, comparability of future 

clinical and biomechanical studies can be achieved. 

Besides this, reporting of bone-plate distance, fixation 

implant type and material, and additional fixation (cerclage 

wires and/or lag/positional screws) should be included in 

fracture healing studies. 

 

 
Fig. 1: Reporting of plate working length, PWL (A) does 

not conform to its biomechanical importance as assessed 

by finite element analysis, FEA (B). Parameter 

identification and validation of FEA were performed (C). 

 
 

CLASS CATEGORY DESCRIPTION N= 

138 

A) NO value for PWL reported 77 

B) any value for PWL reported, e.g. number of empty screw 
holes 

37 

C) a quantitative scalar distance, e.g. in mm/cm  

C1)  a clear definition for PWL provided 6 

C2)  NO clear definition for PWL provided 8 

D1) mean + variation reported, a clear definition of PWL 5 

D2) mean and variation reported, NO clear definition  3 

E1) individual values of PWL for singular cases reported 

(especially failure cases), clear definition of PWL 

0 

E2) individual values of PWL for singular cases reported 

(especially failure cases), NO clear definition of PWL 

2 

STUDY TYPE 

1) clinical in vivo  56 

2) animal in vivo 10 

3) experimental in vitro, human cadaver  23 

4) experimental in vitro, animal  8 

5) experimental in vitro, artificial bone (sawbone) 31 

6) numerical study 10 
 

Tab. 1: Literature search study classification. 
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Introduction 
Treatment of proximal humerus fractures remains an 
unresolved clinical problem. State-of-the-art locking 
plates have high failure rates, ranging up to 36% [1,2]. 
The potential benefit of surgical over conservative 
treatment has been critically discussed [3]. A possible 
reason for this high rate of failures is that generic 
implants do not accommodate the considerable 
variability of the clinical cases. In turn, patient-specific 
fixation designs are becoming increasingly available 
given recent advances of additive manufacturing and 
may help to improve stability and reduce failure risk. 
Validated computer simulations could guide the design 
of custom implants via in silico optimization of the 
predicted mechanical performance. This study aimed to 
investigate via finite element (FE) analysis whether 
patient-specific locking plates with optimized screw 
angles could improve fixation stability versus a standard 
implant. 
 

Methods 
Nineteen low-density (73.5–139.5 mg/cm3) proximal 
left humeri from elderly donors (83 ± 8.8 years) were 
scanned with high-resolution CT, virtually osteotomized 
mimicking an unstable three-part fracture and fixed with 
the PHILOS plate (DePuy Synthes, Switzerland) using 
six proximal locking screws. FE models of the 
constructs were created using a previously developed 
and validated simulation framework [4] and loaded in 
three physiological shoulder activities. The orientation 
of each locking screw was varied in a parametric study 
based on an established methodology [5] to minimize 
peri-implant bone strain, being a validated predictor for 
cyclic cut-out risk [6]. By repeating this process for each 
specimen individually, subject-specific optimized screw 
orientation configurations (SSC) were obtained, 
requiring more than 300 simulations. SSC were 
compared with the previously published cohort-specific 
implant design featuring screw orientations optimized 
for all nineteen humeri (CSC) and the original PHILOS-
specific configuration (PSC). The potential benefit of 
SSC was further evaluated in a two-part fracture model. 
 

Results 
The optimal screw orientations in SSC showed a large 
scatter and were considerably different from both CSC 
and PSC. Peri-implant bone strain was significantly 
lower in SSC versus CSC (-6.8 ± 4.0%, p=0.006) and 
PSC (-25.24% ± 7.93%, p<0.001) (Figure 1). The two-
part fracture model showed generally lower strains 

compared to the three-part fractures, but the relative 
benefit and statistical significances between the screw 
orientation configurations remained similar. 
 

 
Figure 1: Subject-specific screw orientations exhibited 
significantly lower peri-implant bone strain versus the 
cohort-specific (CSC, **: p<0.01) and PHILOS (PSC, 
***: p<0.001) configurations. 
 

Discussion 
This study demonstrates the efficiency and potential of 
computer simulation approaches in improving implant 
performance. Although the benefit of SSC versus both 
CSC and PSC was significant, the magnitude of the 
benefit was rather modest. Including other design 
features into the optimization process may provide 
further improvement, as a clearly superior mechanical 
fixation performance is required to justify the 
substantial extra costs and efforts related to the design 
and manufacturing of custom implants. These 
computational results require biomechanical and 
clinical corroboration. The presented simulation 
methodology and optimization approach may be utilized 
to optimize screw trajectories for variable-angle plates. 
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Introduction: The introduction of Endovascular 

treatment (EVT) has led to a breakthrough for the 

therapy of acute ischemic stroke. Although in the large 

majority of cases successful recanalization is attained, 

only one third of the patients is left with a good clinical 

outcome [1]. Human MRI studies have shown that 

during and following EVT, a shower of micro clots 

releases from the initial thrombus and spreads in the 

arterial bed distal to the thrombus, possibly causing new 

ischemic lesions [2]. Several animal models have been 

developed to map tissue damage caused by micro-

embolisms, but quantitative 3D data on their effect on 

hypoxia and infarction are lacking.  Such data are 

required as part of in silico clinical trials on ischemic 

stroke treatment.  

 

Methods: In our rat model, micro-embolisms were 

generated  by injection via the left common carotid 

artery of a mixture of polystyrene fluorescent 

microspheres (25000 of 15, 5500 of 25, and 625 of 50 

micron in diameter). The animals were then sacrificed at 

three time points: day (D)1 (n=6), 3 (n=6) or 7 (n=7) and 

the brains were harvested for further 

immunohistochemical analysis. Hypoxyprobe was used 

as a marker of hypoxia, lectin as a marker of perfusion, 

anti-NeuN antibody as a marker of infarct volume. 

AMIRA and IMARIS software was used for 3D 

reconstruction of brain tissue and damage, respectively.  

 

Results: Macroscopic observation showed multiple 

perivascular hemorrhages on the brain surface as well as 

within the brain parenchyma at all three days. 

Microscopic analysis revealed multiple areas of 

hypoxia, but much less infarcts in a 500 µm thick brain 

volume. On average, 50 hypoxic areas were present at 

D1 with the majority of the lesions being less than 

1.5∙106 µm3. Both the amount and total volume (Fig. 1A) 

of hypoxic areas declined over time. On average, four 

infarctions were present at D1 and their amount and total 

volume did not significantly decline over time (Fig. 1B).  

 

Discussion: Micro-embolism induces hypoxia and 

infarction, yet hypoxic lesions became significantly less 

pronounced over time, implying the recovery capacity 

of the brain. 
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Figure 1. Time course of brain damage following 

micro-embolism in a rat ischemic stroke model. A: Total 

hypoxic volume declines over time. **P<0.05, One-way 

ANOVA. B: Total infarction volume does not change 

over time. 
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Introduction 

Knee OA represents a tremendous burden for both 

patients and society [1]. Its prevalence increases with 

age, affecting seriously the quality of life of the patients, 

and OA is highly multifactorial, which hinders adequate 

prevention. In the last years, finite element (FE) models 

have risen as a tool to explore OA at the tissue level in 

proper organ contexts. FE studies focus on contact 

pressure when the knee is in full extension. However, 

the effect patient gait style, defined by flex-extension 

angle on cartilage composition remains unclear. Hence, 

the aim of this study is to explore specific relationships 

between gait descriptors of OA subjects, and water 

content variations and contact pressure in knee cartilage.  
 

Material and methods 

Gait analyses were performed for 10 OA subjects (KL 

grade 2-3), using 8 cameras Smart-DX 700, 1.5 Mpixels 

250 fps and 2 force plates P-6000, 500 Hz sampling 

(BTS, Milan, Italy), and the Helen Hayes marker 

protocol with medial markers [2]. Gait flexion-

extension angle and load at the knee and weight 

acceptance times were used as inputs for simulations 

with a FE model adapted from the OpenKnee [3]. 

Composition-based poromechanical tissue models were 

used for cartilage and menisci, and rebar elements 

simulated collagen fibre reinforcements (Fig.1) [4]. 

Ligaments were modelled as fibre-reinforced 

incompressible materials and femur and tibia as rigid 

bodies. The tissue initial composition parameters were 

generic for all subject [4].  

 
Figure 1: 3D knee FE model with depth-dependent fibre 

reinforcement of cartilage layers. 

The knee forces and rotations determined in each patient 

were applied on the rotation point of the model 

according to their corresponding weight acceptance 

times, leading to 10 simulations with patient-specific 

(PS) knee joint loads and rotations. The bottom of the 

tibia was fixed. The influences of PS load and rotations 

on the water contents and contact pressures of the lateral 

and medial tibial plateau cartilage were analysed. 

Results 

No relationship was found between the force, time and 

rotation and the water content (Fig.2). In contrast, the 

rotations influenced the contact pressure in both medial 

and lateral cartilage. The pressure decreased in the 

medial side and increased in the lateral side with 

significantly high correlation coefficients (Fig.3).  

 
Figure 2: Lateral and medial water content vs a) time, 

and b) force. 

 
Figure 3.a) Contact pressure vs rotation angle b) Linear 

regression for contact pressure and rotation angle. 

Discussion 

The dot line in Fig. 3b represent the 0 flex-extension 

angle, commonly used in the literature to define PS 

boundary loads on knee FE models [5]. According to 

other Authors [6], the contact pressure was higher in the 

lateral compartment, with pressure values around 2 and 

1.5 MPa in the lateral and medial compartments, 

respectively. However, our results further show that 

when the PS flex-extension angle increases, pressure 

levels decrease in the lateral cartilage, whereas they 

increase in the medial cartilage. This result suggest that 

lateral side is most affected, in contrast to evidence that 

point the medial side as most damaged. However, 

medial load scenario might trigger cell responses that 

could disintegrate cartilage. Overall, the implemented 

couplings can be used to explore links between knee 

joint biomechanics and OA. 
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Background 
The RAPID (Resection And Partial Liver Segment 2/3 
Transplantation with Delayed total hepatectomy) 
concept is an innovative surgical procedure that was 
recently proposed to increase the availability of grafts 
(transplantable organs) for patients with unresectable 
metastases (1). The RAPID technique (Fig.1) includes 
total hepatectomy (Hx, liver resection) in two steps. 
First, partial Hx is performed and the recipient receives 
a small partial liver. Then, portal flow, the main input 
flow to the liver, is diverted to the graft to facilitate its 
fast regeneration. However, to avoid graft portal 
hyperperfusion or barotrauma, portal vein (PV) pressure 
monitoring is required (2). As soon as the graft reaches 
the target volume, the second stage resection is 
performed, ending the native diseased liver removal. 
For such complex and innovative procedures, 
numerically simulating hemodynamics in RAPID 
patients would be useful for surgical planning (3). 
 
Methods 
Recently, our team performed hemodynamic 0D 
modeling to simulate major Hx in pigs (4) and 
understand disease development in cirrhotic rats (5). To 
the aim of tailoring the RAPID procedure, we adapted 
the 0D model in this setting to assess its clinical 
applicability. 
The modified 0D model was retrospectively tested on 3 
patients. We compared our estimated PV pressures and 
portocaval gradients to those intraoperatively measured, 
as indication to modulate portal flow relies on these 
measures.  
 
Results 
Portal vein pressures measured at the end of the first 
stage in patients 1, 2 and 3 were respectively of 14, 16 
and 12 mmHg while the simulated pressures were of 
13.1, 14.8 and 11.5 mmHg. Portocaval gradients 
measured after right PV clamping in the 3 patients were 
respectively of 10, 11 and 7 mmHg while the simulated 
gradients were of 9.9, 11.6 and 8.3 mmHg. Spearman 
correlation for the 12 paired values was high (r 
coefficient =0.94, p=0.02). 
In order to anticipate the minimal graft weight that 
should be chosen to avoid the need for portal flow 
modulation (according to fixed maximal pressure or 
gradient), we virtually changed the graft weight of each 
patient. The minimal graft weight required to avoid 
portal hypertension with different thresholds proposed 

for PV pressure and portocaval gradients was below the 
real graft weight in all cases, except for the most 
restrictive portocaval gradient threshold: patient 1 was 
borderline, while patient 2 real size was too low. This 
result highlights the need for a consensus in appropriate 
thresholds. 
 

 
Figure 1: Different 
steps of the RAPID 
procedure. The red 
part corresponds to 
the liver piece which 
is removed during 
partial Hx. G 
indicates the graft. 
 
 
 
 
 
 
 
 
 
 
 

Conclusions 
Although more work is warranted to validate it on a 
larger cohort, as recently done focusing on major Hx on 
47 patients (6), this promising report demonstrates that 
0D simulation could be a useful tool to evaluate this new 
surgical procedure and how to tailor it in the future. 
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Introduction 

To maintain a healthy musculoskeletal (MSK) 

condition, public health organizations recommend a 

combination of routine activities such as walking or 

cycling, and regular demanding physical activities such 

as heavy gardening or carrying heavy shopping. With 

the COVID-19 pandemic, self-isolation restrictions 

make these guidelines difficult to follow [1]. As bone 

adapts its structure to withstand the mechanical loads it 

is subjected to [2], the current global situation is 

particularly problematic for maintaining bone health in 

areas at risk of bone loss such as the lumbar spine. A 

multiscale simulation pipeline combining MSK and 

structural finite element (FE) modelling coupled with an 

optimisation algorithm was developed to investigate 

how the lumbar bone structures adapt to their 

mechanical environment and identify which activities 

are influential in maintaining lumbar vertebral health. 

 

Methods 

For each lumbar vertebra, a physiological loading 

envelope consisting of muscle and joint reaction forces 

is obtained from MSK simulations for a range of 

physical activities representative of a healthy lifestyle 

using a subject-specific MSK model of the lumbar spine 

and lower limbs [3]. Activities of interest include spine 

movements restricted to each anatomical plane, 

locomotion activities (walking, sit-to-stand and stand-

to-sit, stair ascent and descent) and spine-focused more 

demanding activities involving twisting and lifting 

tasks. The obtained load cases are used as loading 

conditions for the structural adaptation of base FE 

models of the lumbar vertebrae. The initial structural 

mesh of the base models consists of a randomized 

network of truss element (radius=0.1mm) representing 

trabecular bone and shell elements (thickness=0.1mm) 

representing the cortex. All elements are assigned linear 

isotropic material properties (E=18GPa, ν=0.3). An 

iterative strain-driven adaptation algorithm [4] is used to 

optimize the shell thicknesses and truss radii until they 

withstand the loading conditions. All models and 

simulations are based on activities and MRI scans 

recorded on the same healthy participant to ensure 

consistency of the modelling framework. The converged 

structural FE models allow direct visual observation of 

the predicted cortical and trabecular bone architecture 

subject to a loading scenario representative of a healthy 

lifestyle. A sedentary scenario was also investigated, 

with load cases corresponding to the more demanding 

activities removed from the loading envelope. 

Results 

The structural FE models of the lumbar vertebrae 

adapted to the healthy scenario show a cortical and a 

trabecular architecture similar to observations made in 

the literature [5]. For trabecular trusses, a difference can 

be made between the primary structure (radius>0.1mm) 

and the secondary structure (radius=0.1mm). Clear 

trabecular trajectories resisting vertical compression in 

the vertebral bodies can be seen in the primary structure 

(Figure 1A). Trusses of the secondary structure appear 

to give a base stiffness to the bone in the transverse 

plane. Areas at risk of bone degradation with a sedentary 

behaviour are located in the anterior part of the vertebral 

bodies and the spinous processes (Figure 1B).  

 
Figure 1: mid-sagittal slices for the converged models 

adapted to the healthy (A) and sedentary (B) scenarios. 

Cortical shell elements are in grey. Trabecular truss 

elements of the primary and secondary structures are in 

red and blue respectively. 

 

Discussion 

The developed simulation pipeline is a computationally 

efficient tool for predicting areas at risk of bone 

degeneration under a particular loading envelope. This 

study suggests that demanding activities involving large 

spine movements and lifting tasks are necessary to 

maintain lumbar spine bone health. In the current 

pandemic situation where self-isolation becomes the 

norm, such movements should be practiced regularly. 
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Introduction 
Intra-arterial thrombectomy (IAT) is a minimally 
invasive mechanical treatment for acute ischemic stroke 
(AIS) where a stent-retriever is navigated to the 
occluded artery through a micro-catheter, entraps the 
blood clot (thrombus) and is retrieved out of the patient. 
The recanalization fails if the stent loses the clot inside 
the vessel or if high stress/strain in the clot causes its 
fragmentation, leading to embolization. In this work, a 
low dimensional parametric surrogate model, based on 
the finite-element (FE) simulations of IAT [1], is 
developed, allowing to substitute FE simulations in 
predicting the stress and strain state of the thrombus 
during the IAT procedure. 
 
Methods 
The FE model of the IAT procedure (Fig.1a) is made of 
a tapered vessel, a blood clot and a Trevo ProVue 
(Stryker, USA) stent-retriever. The model has 5 
independent parameters (blue text in Fig.1a) varying in 
ranges determined on the basis of literature data [2, 3]. 
A design of experiment was conducted: 50 
combinations of the parameters were uniformly sampled 
and used to run 50 simulations of IAT with the FE solver 
LS-DYNA (ANSYS, USA) as described in [1] (Fig.1b). 
The evolution of the maximum first-principal (Max1P) 
strain inside the thrombus is extracted during the 
procedure as output of interest, obtaining a total of 73 
values per simulation. Thus, an initial training set of 
73x50 parametric simulations was used. A Principal 
Component Analysis was carried out to reduce the 
dimensionality of the system to the first 15 eigenvectors 
(accounting for the 92% of the manifold information). 
Next, 15 independent Gaussian Process surrogate 
models were built to correlate each of the 15 
components with the corresponding 5 input parameters. 
 
Results 
The predictive ability of the developed surrogate model 
was tested with 10 additional FE simulations of the IAT 
procedure. For 7 cases the model predicted the strain 
curve with less than 2% error (normalized Euclidean 
distance) with respect to the FE simulation strain curve 
(Fig.2). In 2 cases the prediction was suboptimal, with 
~6% error, while in 1 case the prediction had ~18% 
error. The proposed model provides instantaneous 
predictions for the strain curve, while each FE 
simulation runs in ~40 hours on 20 CPUs of an Intel 
Xeon64 with 120 GB of RAM. 

 
Figure 1: a) FE model of IAT procedure and ranges of 
the 5 parameters (MCA: middle cerebral artery, ICA: 
internal carotid artery); b) FE simulation of IAT. 

 
Figure 2: Max1P strain curves FE vs. surrogate model. 
 
Discussion 
The developed low dimensional surrogate model based 
on the FE simulations of IAT was able to predict the 
evolution of Max1P strain in the thrombus during the 
procedure. This proved the feasibility of these type of 
low dimensional models to evaluate the grip of the stent 
on the clot or to provide data for studies on the 
mechanisms of clot fragmentation. Reliable surrogate 
models can also be useful for running in silico clinical 
trials for AIS treatments, where the procedure outcome 
must be assessed on a big volume of virtual patients. 
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Introduction 
Spring Assisted Posterior Vault Expansions (SAPVE) is 
a surgical procedure adopted in Great Ormond Street 
Hospital (GOSH) for reshaping and enlarging the 
calvarium of patients affected by syndromic 
craniosynostosis (SC – premature suture fusion causing 
abnormal skull growth [1]). In this procedure a surgical 
bony cut is performed on the skull and elastic distractors 
(Fig. 1) are inserted to dynamically reshape the skull and 
increase the intracranial volume (ICV). The outcome is 
uncertain due to the complexity of the procedure and the 
lack of knowledge of the interaction between spring and 
skull. Finite Element (FE) modelling has proved suitable 
to accurately predict the outcome of spring expansion in 
other populations [2,3]. We developed, tested and 
validated a three-dimensional FE simulation platform to 
predict SAPVE outcomes, using information retrievable 
from Computed Tomography (CT) scans.  
 

 
Figure 1: Post-operative CT (Side view and top view) 
3D reconstruction of a representative SAPVE patient 
(spring distractors are shown in red). 
 
Method 
Retrospective spring expansion measurements (n=80) 
relative to a population of 50 patients (age at surgery = 
2.1 ± 1.6 years) were used to tune a skull viscoelastic 
model for SC patients. Data relative to fourteen patients 
who underwent SAPVE in GOSH (age at surgery= 2.0 
± 1.7 years), having preoperative CT (44 ± 60 days 
before surgery) and postoperative CT (147 ± 144 days 
after surgery) were collected and processed to create 3D 
models. Osteotomy dimensions, spring models and 
location were recorded from postoperative CT scans and 
notes (Fig.1). Surgical cuts were replicated and the 
spring expansion was simulated in ANSYS 2019 
(Canonsburg, Pennsylvania, US). For each patient, the 
predicted postoperative skull shape was retrieved and 
compared with the respective postoperative 3D model. 
Predicted and postoperative ICV (ICVFE, ICVCT) were 
extracted and compared. 
 

Results 
Material model optimization showed that the relaxation 
time of the SC calvarial bone is around 20 times larger 
than previously reported for non-syndromic 
craniosynostosis patients [3]. The comparison of the 
sagittal cross sections of the simulated end-of-expansion 
calvaria and the postoperative skull shapes extracted 
from CT images showed a good shape matching for the 
whole population (Fig.2). The average postoperative 
ICV recorded was 1454 ml ± 230 ml and the simulated 
model yielded comparable values with an average of 
1400 ml ± 240 ml (R2 = 0.92, p<0.0001 - Fig.3). 

 
Figure 2: (A) Pre-operative 3D model for a selected 
patient. (B) Comparison of sagittal plane cut between 
postoperative CT (light grey) and simulated expansion 
model (dark grey). (C) Surface deviation between the 
simulated FE model and the post-operative skull model 
reconstructed from CT image. 

 
Figure 3: Comparison between post-operative ICVCT  
and ICVFE (R2 = 0.92, p <0.0001 ). 
 
Discussion 
This work shows that our FE model can reliably predict 
the effect of spring insertion on SC patients. Further 
developments will investigate the modelling of crack 
propagation allowing an even more accurate prediction 
of the calvarial expansion. This modelling framework is 
currently being tested as a preoperative planning tool.  
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Introduction 

Sagittal Craniosynostosis (SC) is a congenital 

craniofacial malformation, which involves premature 

closure of the sagittal suture, leading to restricted brain 

growth and aesthetic problems. Spring-Assisted 

Cranioplasty (SAC) is an established method for 

treating SC in young children (figure 1). Our group 

showed that surgical outcomes can be predicted using a 

numerical model. However, our method relies on the 

availability of CT scans, which is not routinely 

performed. We hereby investigated a method for 

creating a simplified numerical model for predicting the 

SAC outcomes, which only relies on the availability of 

head surface details, retrievable from radiation-free 3D 

scans. 

 
Figure 1: Sample of cranioplasty spring (left); 3D 

reconstruction of a patient skull after SAC (right).  

 

Methods  

Eight SAC patients with preoperative CT scans were 

retrospectively recruited. Information on osteotomy 

locations, spring model and post-operative spring 

opening were recorded in theatre. Each patient received 

a preoperative 3D scan (Rodin4D®). For each patient, 

two models were created: i) full anatomy, FA; and ii) 3D 

scan, 3DS. In the FA model (figure 2A), calvarium and 

sutures were extracted from 3D scan using automatic 

and manual segmentation implemented in ScanIP 

(Simpleware). The head scalp and skull thickness were 

extracted for each patient. Averaged values were used to 

produce the 3DS model (figure 2B), where the 

preoperative 3D scan head model was offset to produce 

a simplified calvarium model. Each model was imported 

into ANSYS and spring cranioplasty was simulated [1]. 

Spring openings (OP) were retrieved and averaged for 

each model (OPFA, OP3DS), and compared with post-

operative on-table measurements (OPM). For each 

model, simulated post-operative occipitofrontal 

diameter (OFD, maximum anterior-posterior 

dimension) and biparietal diameter (BPD, maximum 

lateral dimension) were extracted and cranial index (CI 

- defined as BPD/OFD) was calculated. 

 
Figure 2: Image processing (left), FE model (centre) 

and simulation of spring expansion (right) for a patient 

in the FA (A) and 3DS (B) groups; comparison of spring 

expansion prediction in the two groups (C).  

 

Results 

The patient age was 5.1 ± 0.4 months at the time of 

procedure. Average spring opening measured in theatre 

was OPM = 35.0 ± 2.6 mm. Simulations resulted in 

spring expansions of OPFA = 36.5 ± 3.4 mm and OP3DS 

= 34.8 ± 2.8 mm for the FA and 3DS models respectively 

(figure 2C). Predicted post-operative CI was quantified 

in both groups: CIFA = 72.2% ± 5.7% while CI3DS = 

73.4% ± 3.2%. 

 

Discussion 

Finite element modelling is a suitable technique for 

predicting the outcome of SAC. This work shows that a 

simplified model created from the head surface shape 

using averaged skull and scalp thickness yields an 

average outcome prediction error of 6.9% of the 

measured values. Further modelling refinements will 

allow the use of this predictive tool during preoperative 

planning.  
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Introduction 

Osteoporosis is and will be an ever-growing burden for 

western societies, with a great and steadily increasing 

fraction of elder population [1]. This urgent health need 

conflicts with the drug slow development cycle, which 

has to ensure new drug safety and efficacy. In particular, 

the last phase of clinical trials (phase III) requires 

thousands of patients to be followed-up for a few years 

[2]. 

To reduce time and costs, often a surrogate fracture risk 

predictor (namely, areal bone mineral density measured 

with dual-energy X-ray absorptiometry (DEXA)) is 

used instead of the population measured fracture rate 

along 5-10 years. 

However, patient-specific CT-informed finite-element 

(CT-FE) models have been demonstrated to have a 

better stratification accuracy between fractured and non-

fractured patients with respect to DEXA, with an area 

under the ROC curve of 0.85 vs 0.75, respectively [3]. 

The introduction of FE modelling as a fracture risk 

predictor, if validated, would allow a reduction of the 

enrolled patients and/or the follow-up period, with 

consequent time-to-market and cost reduction. 

As a step towards in silico augmented clinical trial [5], 

the aim of this work is to expand a physical cohort with 

derived synthetic patients in order to create a population 

sample suitable for phase III clinical trial simulation. 

 

Methods 

A virtual cohort of over 1000 synthetic patient CT-FE 

proximal femur models was stochastically generated 

with active shape and appearance modelling based on 

principal component analysis [4] of 94 pair-matched (47 

fractured and 47 non-fractured) women CT-FE models. 

A series of non-linear boundary conditions simulating 

side-fall in different directions was simulated using 

ANSYS, and a multiscale stochastic approach was used 

to estimate patient proximal femur fracture risk [3]. Two 

fracture risk estimators were considered, namely: 

Minimum Side-fall Failure Load (MSFL), and Absolute 

Risk of Fracture at time 0 (ARF0). 

The synthetic and physical population results were fitted 

with a 2-component gaussian mixture model to evaluate 

the population bimodal composition. 

Receiver Operating Characteristic (ROC) curves were 

used to identify the best thresholds to discriminate 

between fractured and non-fractured populations in the 

physical cohort, and the same threshold were then 

applied to the synthetic population. 

 

Results 

The synthetic cohort can be described with a bimodal 

gaussian distribution, as well as the physical cohort. In 

particular, the non-fractured gaussian components of the 

two populations are not statistically different (about 

(2000 ± 500) N and (31 ± 15)% for MSFL and ARF0, 

respectively), while the fractured component of the 

synthetic population has a higher fracture risk with 

respect to the physical population ((1060 ±  400) N vs 

(1370 ± 310) N, and (70 ± 16)% vs (60 ±13)%). 

However, by using the optimal thresholds calculated for 

the physical population (1560 N for MSFL, and 45% for 

ARF0), the number of synthetic patients classified as 

fractured and non-fractured is approximately the same 

(51.5% population is classified as fractured by using 

MSFL criterion, 57.1% by using ARF0). 

 

Discussion and Conclusions 

The synthetic cohort retained several biomechanical 

characteristics of the physical cohort, even when 

employed in non-linear mechanical models. The 

increased fracture risk of some synthetic patients could 

be ascribed to osteopenic and osteoporotic patient 

overrepresentation in the starting physical cohort (T-

score -1.37 ± 1.24, range -4.2 to 1.4). 

Thus, a physical cohort can be used to train an anatomic 

statistical atlas to generate synthetic patients with 

known biomechanical characteristics (BMC, femur 

biomechanical length, height, weight). If validated, such 

cohort expansion can be leveraged in the future to 

reduce the number of participants to enrol in a phase III 

clinical trial to obtain the desired significance level. 

 

References 
1. WHO, Prevention and management of osteoporosis: report 

of a WHO scientific group, 2003. 

2. Van Norman, J Am Coll Cardiol Basic Trans Science, 1: 

399–412, 2016. 

3. Bhattacharya et al, Biomech Model Mechanobiol, 18:301–

318, 2019. 

4. Bryan et al, J Biomech, 45:1952–1958, 2012. 

5. Pappalardo et al, Brief Bioinform, 20:1699–1708, 2019. 

 

Acknowledgements 
This work was supported by grant CompBioMed2 (H2020, 

number 823712) from the European Commission. 

598



 

 26th Congress of the European Society of Biomechanics, July 11-14, 2021, Milan, Italy 

3D MEASUREMENT OF TROCHANTERIC SOFT-TISSUES THICKNESS 
IMPROVES HIP FRACTURE RISK CLASSIFICATION ACCURACY 

 
Alessandra Aldieri (1), Mara Terzini (1), Alberto L. Audenino (1),  Margaret Paggiosi (2), Richard 

Eastell (2), Pinaki Bhattacharya (3) 
 

1. PolitoBIOMed Lab, Department of Mechanical and Aerospace Engineering, Politecnico di Torino, Torino, Italy; 2. 
Department of Oncology and Metabolism and INSIGNEO Institute for in silico Medicine, University of Sheffield, 

UK; 3. Department of Mechanical Engineering and INSIGNEO Institute for in silico Medicine, University of 
Sheffield, UK 

 

Introduction 

The majority of osteoporotic hip fractures result from a 

fall to the side. Hence, fall impact attenuation forces due 

to passive Soft-Tissues (ST) surrounding the trochanter 

influence fracture risk. ST-induced impact force 

attenuation (𝜂𝑆𝑇) can be assessed from ST Thickness 

(STT) [1], where STT at the greater trochanter can be 

estimated from the subject’s Body-Mass Index (BMI) 

[2]. A recent multiscale model [3] predicted the current 

absolute risk of hip fracture (or ARF0) adopting an 

orientation-independent 𝜂𝑆𝑇, estimated using BMI, for 

all considered impact orientations. This model –

henceforth ARF0STT0-BMI– classified hip fracture status 

in a British postmenopausal cohort with high accuracy 

(AUC=0.85), considering that ignoring the effect of ST-

induced attenuation (i.e. 𝜂𝑆𝑇 = 0) in the same model 

reduced AUC to 0.75. The present study investigates the 

relative improvement in fracture classification accuracy, 

with respect to ARF0STT0-BMI, when subject- and 

orientation-specific STT is included. 

 

Methods 

A previously reported cohort comprising 47 fracture and 

47 control postmenopausal British women was analysed 

[3]. Unlike the orientation-independent 𝜂𝑆𝑇 defined in 

[3], computed using STT(BMI), models developed in 

this study adopted a modified definition of 𝜂𝑆𝑇 

dependent on impact orientation (α,β) given by 

𝜂𝑆𝑇(𝛼, 𝛽) = 0.0986 ∙ STT(𝛼, 𝛽), 

but were otherwise identical to the model in [3]. Two 

different approaches were used to estimate STT(α,β), 

leading to as many ARF0 models. In the ARF0STT-CT 

model, the pelvic outer surface, i.e. the outer limit of the 

tissues overlying the greater trochanter, was segmented 

from proximal femur CT images and the closest distance 

between the femoral and pelvic surfaces was defined as 

STT(α,β). In the ARF0STT-BMI model instead, a k-fold 

cross-validated linear regression was trained between 

the CT-based STT(α,β) and BMI of the cohort subjects. 

STT(α,β) estimates from BMI could then be used in the 

𝜂𝑆𝑇(α, β) definition.  

 

Results 

Average STT measured using CT at any orientation 

exceeded average STT as estimated from BMI [3] by 5 

mm or more. Nearly 60% of the cohort reported highest 

STT at the simultaneously anterior- and medial-most 

orientations. Pairwise differences between ARF0STT0-

BMI and ARF0STT-CT were statistically significantly 

greater than zero for the fracture and non-fracture 

groups separately (p < 0.001). 

 
Figure 1: Left: a representative proximal femur with soft 

tissues overlying the trochanteric region. Right: ROC 

analysis performance curves using ARF0STT0-BMI (red) 

and ARF0STT-CT (black) as classifiers. 

 

Performance curves from ROC analyses (Figure 1) 

showed that the classification was the most optimal for 

ARF0STT-CT = 21% threshold with 79% sensitivity (95% 

CI: 64–89%) and 79% specificity (95% CI: 65–89%). 

Area Under the ROC Curve (AUC) = 0.87 (95% CI: 

0.78–0.93) of ARF0STT-CT only slightly exceeded AUC 

= 0.85 (95% CI: 0.76–0.92) of ARF0SST0-BMI. AUC = 

0.84 of ARF0STT-BMI fell below that of ARF0SST0-BMI.  

 

Discussion 

This study investigated for the first time the STT 

heterogeneity in the hip region and its influence on hip 

fracture risk prediction accuracy. Orientation-specific 

STT was measured using CT and estimated by a BMI-

based regression. Accuracy with respect to an 

orientation-independent STT estimate improved only 

when STT was measured using CT. Yet, the magnitude 

of improvement, as estimated by this study, is likely to 

be outweighed (in a clinical setting) by cost 

considerations of CT imaging. 
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Introduction 

Healthy gait is a coordinated motion, but 

musculoskeletal pathologies, like Osteoarthritis (OA) of 

the knee, change the gait patterns of the patients. In 

particular, it is well known that maximum ranges of 

motion can decrease during the progression of OA [1], 

but this simple descriptor does not fully characterize the 

changes in gait. Moreover, our previous studies are 

pointing out that emotional factors, like pain 

catastrophism, might drive the decision to undergo a 

total knee replacement (TKR) more than pain itself or 

mechanical factors. This abstract aims to investigate the 

relationship between pain catastrophism and gait-

coordination in TKR decision making.  

Material and Methods 

Eighty-six OA subjects with KL grades 2-3 were 

selected based on 4 clinical factors: Gender (male – 

female), Age (60-67 – 68-75), BMI (25–29.9 – 30+) and 

Therapy (TKR – conservative treatment). Gait analysis 

was performed using 8 cameras BTS Smart-DX 700, 1.5 

Mpixels 250 fps and 2 force plates BTS P-6000 500 Hz 

sampling (BTS S.p.A., Milan, Italy). Helen Hayes 

marker protocol with medial markers was used.  

Range of motion: Dynamical range of motion of the 

lower limbs were computed during the gait cycle. A 

multifactorial ANOVA was performed to identify the 

articulation motion related to the factor Therapy.  

Pain Catastrophism: pain catastrophizing score (PCS) 

was computed for each patient. A score higher than 30 

was considered clinically relevant. 

Results 

ANOVA analysis identified hip abduction-adduction 

and pelvis obliquity as significantly related to the TKR 

decision (p<0.005). Most subjects presented 

singularities in which the coordination among body 

segments was lost (Figure 1, red circles) and these 

singularities increased in intensity in patients requiring 

TKR (Fig. 1a). Classifying patients against differences 

in PCS (clinically relevant or not) revealed no influence 

of PCS on the range of motion, but an increased loss of 

coordination was visible at increasing PCS (Fig. 1b). 

Discussion 

In healthy subjects, the singularities shown in the red 

circles are not present and the movement is smoothly 

coordinated [2]. The variations in pelvis obliquity 

compared to the limited variations in hip abduction-

adduction angles suggest a limping gait.  

 

 
Figure 1 Coordination between Hip Abduction-Adduction 

angle and Pelvis Obliquity shown in a) patients selected for 

TKR or conservative treatment b) patients with clinically 

not relevant or high levels of PCS. 

From previous analyses of the current cohort, we know 

that patients with high PCS are more likely to undergo 

TKR. This study further shows that similar gait patterns 

in terms of loss of hip-pelvis coordination are present in 

patients both requiring TKR and with high PCS, even if 

PCS does not alter the range of motion, in contrast to 

Therapy. Patients with high PCS can present a limping 

gait, and related discomfort, therefore showing a 

relation between emotional factor and gait that can 

influence the decision to undergo TKR. Dynamic 

analyses of different gait perturbations in terms of range 

of motion and segment coordination may help 

identifying those patients that might be wrongly referred 

to TKR because of high levels of catastrophism. 
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Introduction 

Osteoarthrosis (OA) is a multifactorial disease. This 

means that several factors, like age and gender, interact 

among each other in different, non-linear, ways. Hence, 

the impact of each factor on OA might be interpreted 

differently, depending on these interactions. The issue 

becomes evident when clinically and radiologically 

similar patients are referred to radically different 

management strategies, i.e. total knee replacement 

(TKR) or conservative therapy. In gait analysis, the 

variability of outcomes among different publications is 

known [1] and might be related to the difficulty to 

perform multifactorial analyses. Accordingly, this study 

aims to investigate whether any rationality can be 

identified in the selection of OA management strategies, 

through a multifactorial and multivariate analysis of gait 

dynamics and function in a patient cohort. 

 

Material and Methods 

A multifactorial and multivariate analysis of gait 

dynamics was developed. 86 OA subjects with KL 

grades 2-3 were selected based on 4 clinical factors: 

Gender (male – female), Age (60-67 – 68-75), BMI (25–

29.9 – 30+) and Therapy (TKR – conservative 

treatment). Gait analysis was performed using 8 cameras 

BTS Smart-DX 700, 1.5 Mpixels 250 fps and 2 force 

plates BTS P-6000 500 Hz sampling (BTS S.p.A., 

Milan, Italy). Helen Hayes marker protocol with medial 

markers was used [2]. Each volunteer was asked to 

perform a minimum of 5 valid gait sequences.  

Functionality: The velocity of gait and the time needed 

to perform a gait cycle were computed.  

Dynamics: The reaction forces and moments at the 

ankles, knees and hips were computed through inverse 

dynamic analyses. Temporal analysis was also 

performed at three different times point of the gait, 

where the vertical reaction force derivative was zero. 

Multivariate analysis of variance was performed for the 

four factors described among the functionality and 

dynamics parameters. 

 

Results 

The multivariate analysis showed functionality values to 

be more dependent on the studied factors than the 

dynamics ones. 

Functionality seems to be directly related to the clinical 

treatment. Patients who selected TKR needed more time 

to make a step, spent more time in double stand position 

and walked slower, need more time for each step and 

spend more time in double stance (p<0.001). Older 

subjects also need more time for each step. However, 

this dependency seemed to variate with age (interaction 

between clinical treatment and age – p<0.01 – Figure 1). 

 
Figure 1: Effect of the interaction between Clinical treatment 

and age over Mean Stride Time  

Dynamics: Forces at the joints seemed affected by the 

gender (p< p<0.005) and moments were affected by age 

(p<0.015) but not by the chosen therapy. Moments 

showed statistical influence on the selected therapy only 

in three or four level interaction (Age-BMI-Therapy 

p<0.005; Age-BMI-Therapy-Gender p<0.01). Age was 

also significant as was the interaction between age and 

BMI (both p<0.015). 

 

Discussion 

Reduced functionality seems to be the main reason 

driving the selection of therapy. In contrast to current 

paradigm, forces at the joints may have no role in the 

definition of the best therapy for OA subjects. 

Remarkably, subject requiring TKR do not present 

higher loads at the joints. Instead of forces or moments, 

kinematics and posture assessments might support 

rational treatment decisions and future multifactorial 

analysis should take them into consideration. 
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Introduction 
With the advent of in silico clinical trials, patient-
specific simulations increased their attractiveness in the 
scientific field. Several literature works deal with the 
computational reproduction of the stenting procedure in 
patient-specific arteries. Generally, the realism of the 
vessel geometry is guaranteed by 3D reconstruction 
based on clinical images and the mechanical properties 
are assigned relying on the literature [1, 2]. Although the 
computational methods proposed in the literature are 
generally applied to single cases or to comparison 
scenarios, the present work proposes a comprehensive 
workflow for the realization of patient-specific stent 
deployment simulations and presents the results related 
to the simulation of a cohort of ten clinical cases. The 
numerical pipeline aims at a detailed description of the 
quantities of interest from the point of view of the 
accuracy of the stent model, the reliable representation 
of the diseased artery and considering the various steps 
of the deployment procedure. 
 
Methods 
Models of delivery systems (stent and balloon) 
previously validated through comparison with 
experimental tests were coupled with arteries 
reconstructed on the basis of Optical Coherence 
Tomography images (OCT) and angiographic data. The 
arterial wall was divided into three layers, namely 
adventitia, media and diseased intima in which, on the 
basis of the analysis of clinical images, any calcific 
and/or lipidic plaques were inserted. 
Finite element simulations were performed using 
Abaqus/Explicit solver and were set to faithfully 
replicate the various steps of the real clinical procedure 
regardless of its complexity. Given the need to 
potentially perform a large number of simulations, a 
semi-automatic process has been developed to limit 
operator intervention in the setup phase. The results 
obtained by simulating stenting procedures in virtual 
patients were suitably compared with clinically 
observed quantities, namely lumen gain and possible 
malappositions. 
 
Results 
Figure 1 reports, as an example, a simulation related to 
one of the analyzed clinical cases, showing the 
configurations at the end of the various phases of stent 

deployment. The performed post-processing has 
allowed to extract values of interest to be compared with 
the clinical end-points measured in real cases. Through 
this comparison the goodness of the computational 
method specifically developed was evaluated. 

 
Figure 1 Numerical simulation of stenting patient-
specific procedure. 
 
Discussion 
Numerical simulations can be effectively exploited for 
in silico clinical trials only if the used models are 
validated with respect to the context of use, the 
computational time are compatible with the time to 
market strategy and the manual steps in the setting up of 
the computational tool are limited. In this work, a 
pipeline able to satisfy those requirements is proposed 
for the prediction of short term outcomes in coronary 
stenting. Clearly, the intrinsic uncertainties related to 
clinical data have to be opportunely considered both 
during modelling and results evaluation. The pipeline 
extension to middle- long term outcomes is ongoing in 
the frame of “Insilc” European project (GA n. 777119).  
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Introduction 

Incidence of osteoporosis (OP) is increasing with our 

aging population. Denosumab, a common treatment for 

OP, is a monoclonal antibody that binds to RANKL and 

thus reduces osteoclastogenesis, osteoclast-mediated 

bone resorption and remodeling rates. As a result, bone 

mineral density (BMD) increases and fracture risk 

decreases. Upon cessation of treatment, however, 

resorption rises quickly to levels even higher than 

baseline and thus rapid bone loss occurs [1]. Recent 

experimental studies have postulated that this rebound 

effect may be attributed to accumulation of osteoclast 

precursors as a result of blocked differentiation to 

osteoclasts - the so-called gate-blocking effect - [2]. In 

this work, we used in silico modelling to explore 

mechanisms responsible for the rebound effect 

following cessation of denosumab treatment. 

 

Methods  

The micro-multiphysics (micro-MP) agent-based model 

used in this work was adapted from a model of fracture 

healing [3]. Briefly, osteoblasts, osteoclasts, osteocytes, 

MSCs, HSCs, pre-osteoclasts, pre-osteocytes and lining 

cells are represented as agents on a voxel-based lattice 

and are motile and capable of producing or resorbing 

tissue and signaling molecules. Micro-computed 

tomography (micro-CT) data serves as input for the 

baseline model structure. Signaling molecules diffuse 

and react on the same lattice where the cells reside using 

a multiphysics solver. Concomitantly, the bone 

mechanical environment is simulated using micro-finite 

element analysis to determine the internal strains, which 

serve as stimulus for the osteocytes and osteoblasts. 

Starting from 7 micro-CT scans of iliac crest biopsies 

from postmenopausal women (age: 72±5 years)[4], 

simulations were run for 2 years of denosumab 

treatment with an additional 2-years of follow-up 

without treatment. For the current work, changes in 

concentrations and cell numbers were tracked and 

linked to changes in BMD, which were assessed at 

timepoints matching the measurement intervals from an 

in vivo study on denosumab withdrawal [1].   

 

Results 

Simulations of 2 years of denosumab with a 2-year 

withdrawal follow-up closely match in vivo BMD trends 

(Fig.1). In both in vivo trials and the simulated iliac crest 

micro-MP models, BMD dropped rapidly starting 6 

months after the last denosumab injection and stabilized 

below baseline but above placebo levels by month 48. 

After 2 years of simulated denosumab treatment, mean 

effective strain was lower and osteoclast precursor 

numbers were significantly higher than at baseline 

(p=0.033 using a paired Student’s t-test, N=7). 

 

 
Figure 1: (Left) total hip BMD [1] and (Right) simulated 

BMD percent changes from iliac crest biopsy micro-MP 

models during Denosumab treatment and withdrawal. 

  

Discussion 

A novel micro-MP agent-based model reproduced 

trends in BMD observed experimentally after 

withdrawal of denosumab. The model predicted 

increases in osteoclast precursor numbers over the 

course of treatment with denosumab, in accordance with 

recent experiment data demonstrating significantly 

higher numbers of cells expressing CD14+/CD11b+ in 

a group of 10 postmenopausal women treated with 

denosumab for 3 years relative to a control group of 69 

postmenopausal women [2]. The model also predicted a 

decrease in mean effective strain over the course of 

treatment with denosumab, leading to higher RANKL 

and sclerostin production by osteocytes. The micro-MP 

model may provide a fast and inexpensive tool to test 

hypotheses relating to bone mechanobiology and OP 

treatment sequence and assist in formulating in silico 

trials to help reduce and refine human clinical trials. 
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Introduction 
Validation of finite element models is a key step to 
enable their practical use with confidence in their ability 
to replicate some known conditions. However, “valid” 
models are never valid for everything: the validation 
process is done for a specific set of conditions and 
specific outputs of interest. Understanding the 
sensitivity of results to input parameters can contribute 
to define the contexts for which a modelling 
methodology remains valid [1]. 
The aim of this work was to provide information on the 
context of use for validated models of the tibiofemoral 
joint, analysing the sensitivity of FE model outputs to 
assumptions used to model the meniscus. 
 
Methods 
Previous work validated knee contact outputs (total 
contact area and mean contact pressure) for three image-
based human tibio-femoral joint models in axial 
compression against in-vitro data of the same knees. 
Cartilage properties of meniscectomy models were 
calibrated against corresponding in-vitro contact area 
(achieving errors below 10%). Models with meniscus 
were validated against in-vitro contact area and mean 
contact pressure on each condyle (with errors lower than 
15% on most outputs). The baseline meniscus had a 
geometry based on MR and CT images, with meniscus 
roots each represented by 15 linear springs attached to 
one point on the tibia (Figure 1). It was modelled with 
transversely isotropic linear elasticity with axial 
modulus equivalent to the cartilage normal modulus, 
and circumferential to axial modulus ratio of 3.5 [2]. 
A one-at-a-time sensitivity analysis was performed for 
the value of the cartilage to meniscus axial modulus 
ratio, the value of the circumferential to axial modulus 
ratio in the meniscus, the root attachment position (from 
its baseline location, to a location more anatomically 
realistic based on bone landmarks or slightly away from 
the latter), the root attachment shape (from a single point 
to an area covering the core root attachment or its total 
attachment), and the methodology used to model the 
roots (linear spring, rigid bars or 3D model of the root). 
In addition to the contact outputs already mentioned and 
measured in the in-vitro work, maximum relative 
displacement of the meniscus with respect to the 
cartilage and, where relevant, stretch values of the linear 
springs were extracted. 
 
Results 
Contact pressure and area showed high sensitivity to the 
meniscus axial modulus, albeit non-systematic, but low 

sensitivity to the circumferential modulus (with the axial 
sensitivity 10 to 20 times higher). Similarly, changing 
the meniscus root attachment location or shape had only 
a low and non-systematic effect on the contact area or 
contact pressure. Where the baseline position was 
furthest from its more realistic one, the differences were 
lower than 8%. The springs’ stretch showed a systematic 
increase with increasing attachment surface area. The 
relative displacement showed a systematic decrease 
with adjusting the spring attachment shape or the root 
modelling methodology (Figure 1). 
 

 
Figure 1: Axial view of the baseline meniscus model 
(left) and imprint of the meniscus movement on the tibia 
with different root modelling methodology (right) 
 
Discussion 
The meniscus material assumptions in FE modelling do 
not have a systematic effect on contact pressure and area 
for a knee loaded in axial compression, with axial 
stiffness dominating the behaviour. Assumptions used 
for the roots have an effect on the meniscus 
displacement (hence the contact location) and root 
behaviour but not on contact pressure and area. This 
shows that a model valid for contact in axial 
compression is not necessarily valid for localized 
behaviour of the meniscus. It is likely that dynamic gait 
loading or static flexion have higher sensitivity to the 
meniscus model. The validation performed for the 
baseline models can be used for studying effects linked 
to the cartilage or the inter-patient variability but should 
not be considered valid for movements involving more 
displacements of the meniscus. This work provides 
more evidence on the importance of understanding the 
sensitivity to modelling assumptions in a “valid” model, 
which can help defining the context of use of models. 
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Introduction 

 

The Halstedian approach is a traditional training method 

for surgical residents founded on apprenticeship in the 

operating room [1]. With the advancements of medical 

technology, the progression of complex minimally 

invasive (MI) procedures is evolving [1]. As a result, MI 

surgical simulator development is progressing [2], with 

the aim of allowing clinicians to acquire skills and 

knowledge through safe and repetitive training. A novel 

MI spinal fusion surgical simulator was developed, 

complete with physically and virtually realistic analog 

instruments.  

 

Validation of medical surgical simulators is crucial to 

ensure a reliable transfer of skills and knowledge 

between the training device and the operating room. 

However, surgical simulators are typically validated as 

a complete training device, absent of the explicit 

validation the instruments themselves. 

 

The purpose of this study was to assess face (realism) 

and content (appropriateness) [3] validity of novel 

analog surgical instruments.  

 

Methods 

 

Seven male expert orthopedic surgeons (n=4) and 

neurosurgeons (n=3) participated in the ethically 

approved study. No participants had prior experience on 

the surgical simulator. Each participant performed a MI 

single-level spinal fusion procedure on a cadaver prior 

to performing an equivalent operation on the surgical 

simulator. The time taken to complete each task during 

the procedure and the participants’ interaction with the 

surgical instruments were recorded. Immediately after 

the completion of the simulator trials, participants 

responded to a questionnaire assessing face and content 

validity. Participants ranked their responses on a 5-point 

Liker-scale where 5 indicated strongly agree and 1 

strongly disagree. 

 

Results 

 

Variations in length of time required to complete each 

task were detected between participants and training 

devices (cadaver vs simulator). However, participants 

were observed to interact with the instruments in a 

similar manner, judged by grasp position and location 

on the instruments, regardless of the training device and 

despite their unfamiliarity with the surgical simulator.  

 

The participants ranked the overall average score for the 

analog instruments 3.7/5 on the Liker-scale. When 

asked to compare the simulator instruments to those 

utilized in the cadaver experiments, mean values of 

3.9/5, 3.6/5, and 3.3/5 were allotted for overall physical 

resemblance, virtual impression, and maneuverability, 

respectively.  

 

Discussion 

 

The observed lack of association for the time spent 

completing each step in the procedure was expected. 

Patient anatomy, and as a result collapsed disc space, 

varied between cadaver specimens, resulting in a unique 

surgical approach from each participant. Participants 

were observed to interact with the instruments in a 

comparable manner during the cadaver and simulator 

trials. Participants grasped the instruments with similar 

finger placement and location on both training devices. 

The ease with which the participants adapted to the 

analog instruments further supports their physical 

realism when compared those handled during the 

cadaver trials.  

 

Face and content validity were demonstrated as a result 

of the participant questionnaire feedback. The mean 

physical appearance and maneuverability of the 

simulator instruments were rated >3.5 and >3, 

respectively, indicating above average realism. 

 

To conclude, the analog instruments were successfully 

validated on the novel surgical simulator. Moreover, this 

study highlights the importance of independently 

validating the simulator instruments. The results of this 

study encourage further investigation regarding the 

effect that implementing realistic instruments on 

surgical training devices has on novice user experience.  
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Introduction 

Osteoporosis is one of the most common chronic 

diseases of the musculoskeletal system. New treatments 

require in vivo testing before clinical translation, and the 

mouse tibia is one of the most commonly used animal 

models [1]. For clinical translation, bone density and 

strength are relevant endpoints for preclinical studies. 

Recently, a method for evaluating the densitometric 

properties of the whole tibia has been proposed [2], 

based on in vivo micro-Computed Tomography 

(microCT). Micro-CT-based Finite Element (microFE) 

models can assess non-invasively the tibia structural 

mechanical properties [3]. However, the microCT image 

processing pipeline includes operator-dependent tasks 

that could affect the measured properties.  

The aim of this study was to evaluate the intra- and inter- 

operator reproducibility of the densitometric and 

mechanical properties of the mouse tibia estimated with 

in vivo microCT. 

 

Methods 

Five C57BL/6 mice were microCT scanned in vivo 

(VivaCT80, Scanco Medical; 55kVp, 145μA, 10.4μm 

voxel size) from the age of 14 to 24 weeks, every two 

weeks in a previous study [4]. The images acquired at 

week 18 were used in this study (N=5). An operator 

rigidly registered each image to a reference in order to 

align all tibiae in the same spatial orientation. 

Subsequently, the operator selected a volume of interest 

(VOI) below the growth plate, including 80% of the total 

length. Each operator-dependent task (registration and 

selection of VOI) was repeated three times by the same 

operator and once by two additional operators, in order 

to evaluate both intra- and inter-operator 

reproducibility. The spatial distribution of bone mineral 

content (BMC) was evaluated by dividing each tibia into 

10 longitudinal sections and four quadrants (anterior, 

posterior, medial and lateral, Fig 1A) [2]. Lastly, 

microCT images were converted into voxel-based 

homogeneous linear elastic (E=14.8GPa, ν=0.3) 

microFE models (Fig 1B) for estimating structural 

stiffness (S) and failure load (Fu) [3]. 

Reproducibility was evaluated for each parameter by 

using precision error (PE, [%]) [2], defined as 

 

 𝑃𝐸 =  √∑
𝐶𝑉𝑗

2

5

5
𝑗=1  ; 𝐶𝑉 =  

𝑆𝐷

µ
 (1) 

 

where µ is the average of the three measurements and 

SD is the standard deviation. 

Results 

High reproducibility was obtained for densitometric 

parameters (PE < 3%, Table 1) for both intra- and inter-

operator. Operator-dependent tasks had the largest 

influence on bone stiffness estimated with FE models 

(PE < 4%). Reproducibility was higher for intra-

operator than inter-operator (Table 1).   

 

 
Figure 1: Overview of the methods.   

 

 Intra-operator 

PE [%] 

Inter-operator 

PE [%] 

TotalBMC 0.05 0.21 

TotalBMD  0.15 0.29 

BMC in 40 

sectors 

0.15 –  

2.01 

0.18 –  

2.34 

S 3.06 3.94 

Fu 1.51 1.96 

Table 1: Intra- (3 repetitions) and inter-operator (3 

operators) precision error (PE) obtained for 

densitometric and mechanical properties of the mouse 

tibia (N=5 tibiae) measured from in vivo microCT.  

 

Discussion 

Densitometric and mechanical properties measured 

from in vivo microCT were highly reproducible. Further 

analyses will be carried out to evaluate reproducibility 

at different time points to study the effect of 

interventions on bone properties.  
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Introduction 

Pain is described as a sensation that occurs when nerve 

endings, which are mostly in the skin, are irritated. The 

feeling of pain is caused by various stimuli, such as: 

stabbing, pressure, excessive heat in one place, 

stretching, shock. However, there is a difference in the 

response to pain. When the pain signal reaches the spinal 

cord, it is passed on to the brain, where the pain signal 

turns into pain [1]. All brain activity induced by stimuli 

can be monitored using devices such as an 

electroencephalograph (EEG) [2] and nuclear magnetic 

resonance imaging (MRI) [3] equipment. Hence, 

causing pain as an irritant in the aforementioned studies 

helps to study brain activity. The feeling of pain is 

judged very subjectively, therefore various scales and 

methodologies [4] have been introduced to quantify 

pain. However, there is no unanimous decision on how 

to assess the pain, necessitating a study using a multi-

contact tactile pain stimulus device that would allow the 

physician / investigator to cause pain to the subject in a 

controlled manner using pneumatically actuated 

stimulus. Functional MRI – based pain research requires 

MRI – compatible device, since current devices like 

digital pressure algometers allowing to measure 

pressure pain threshold are not compatible [5,6]. The 

device allows replicating the same amount of load on all 

subjects when the load is applied at different points to 

assess the individual human response during functional 

MRI study.  

 

Methods 

The study was conducted in two stages. The first stage 

comprised of laboratory tests, where the pressure 

dependence of the load in kilograms per square cm 

(kg/cm2) was measured to estimate what air pressure is 

required to maintain a particular load. The second was 

studies with subjects to find out how particular load 

values are related to an individual pain threshold in 

subjects. Laboratory tests were performed using a 

BIOPAC MP36 signal acquisition and processing 

system and variable pressure sensor SS12LA, when the 

load is increased every 50 grams to reach one kilogram.  

Six volunteers (mean age ± standard deviation 23 ± 

3.933) were recruited in the study. Following inclusion 

in the study criteria have been defined: persons have no 

complains of skin irritation and did not experience 

additional pain in the hand areas. The study was 

performed by placing the hand in a box in which one of 

the mechanical stimuli was randomly triggered at 

different places on hand 20 times to avoid predictability 

and increase accuracy. Each time, the subject had to 

assign a pain value in Verbal Rating Scale (VRS), 

ranging from 1 to 10, where 1 means no pain, 5 moderate 

pain and 10 extreme pain. A statistical review was 

performed. 

 

Results 

The results of the study are best seen in the diagram 

presented in Fig. 1, in which shows relation between the 

load size and pain scales.  

 

  
Figure 1: The distribution of pain scale results for the 

assigned loads. 

 

Correlation coefficient calculations were used to obtain 

coefficients for the load on the pain scale evaluation 

averages: rxy1=0.983, rxy2=0.966, rxy3=0.962, rxy4=0.958, 

rxy5=0.983 and rxy6=0.968. Correlation coefficients 

approach the value of 1, but are not 1. This may be 

influenced by the small number of subjects, which does 

not allow to fully objectify the pain. 

 

Conclusions 

The study shows that the pneumatic pain stimulus 

device we offer ensures constant and equal amounts of 

load, making it suitable for application fMRI based pain   

research because it is fMRI compatible. However, there 

are limitations in this study because the number of 

subjects was small and, the maximum value of the pain 

scale was not reached. 
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Introduction 

The importance of hemodynamic analysis of the aortic 

complex has been established in different works [1]. 

Both in-vitro and in-silico investigation tools are 

available for this purpose, but inaccuracies still affect 

the models [2]. Great interest is given by MRI 

investigation on mock circulatory loops (MCLs), which 

usually require long tubes from the pump to the MR 

scanner to avoid any metallic components in the 

scanning room. To improve these approaches, the 

quantification of uncertainties from conditions 

modeling, including tubing length, is pivotal.  

To this purpose, this work proposes a method for the 

stochastic quantification of effects of aortic inlet 

conditions for in-vitro and in-silico characterization of 

aortic complexes. The Generalized Polynomial Chaos 

approach was used for a study of uncertainty deriving 

from the stroke volume (SV), cycle period (T) and 

profile distribution (P) of the aortic flow for a healthy 

(Hlt), an aTAA and a CoA case. The same approach was 

adopted in-vitro with a set of experimental tests on a 

MCL [3]. 

 

Methods 

Anatomic and functional flow data were extracted from 

MRI patient data from Hlt, aTAA and CoA cases. The 

numerical approach consisted in CFD simulations to 

investigate the SV, T and P effects. Four points of 

quadrature for the SV and T parameters were set, 

ranging from 41 to 134 ml and from 0.67 to 1.14 s. Plug 

and fully-developed flows were imposed as P 

conditions. For all the simulations, RCR model outlet 

boundary conditions were imposed at supra-aortic 

branches (Br1,2,3) and descending aorta (Dsc). 

The same approach was imposed for the in-silico cases. 

The MCL was actuated with a custom piston pump to 

reproduce the quadrature points. 3D printed phantoms 

were manufactured for Hlt, aTAA and CoA cases. The 

outlet conditions were managed with lumped RCR 

models. Different tubing lengths for the inlet section, 

ranging from 4 (~plug) to 66 cm (~fully-developed), 

were used as different P conditions. The parameters 

influence was quantified through the Sobol Indexes (SI) 

analysis and Probability Density Function (PDF). 

 

Results  

The in-vitro pressure and Br1 flow PDFs are reported in 

Figure 1 a and b, respectively. The higher variability was 

reached in the systolic peak. The same trends were 

confirmed by both in-silico and in-vitro simulations. 

The SI uncertainty analysis demonstrated that SV and T 

have the strongest influence on the output parameters all 

cases, as reported in the flow SI trend example of Figure 

1 c. The systolic phase variability is linked with SV, 

while the early diastole is influenced by T uncertainties. 

The P of the input profile instead produced negligible 

variations, regardless of tube length. 

 

Figure 1: In-vitro PDF for pressure (a) and Br1 flows 

(b) for Hlt, aTAA and CoA case, with an example of flow 

SI trend (c) 

 

Discussion 

The workflow demonstrated the influence of inlet 

parameter uncertainty on fluid dynamic models of the 

aorta. The inlet condition modeling produces 

inaccuracies propagations directly on the outlet features, 

regardless of healthy/pathological state. As patient 

specific conditions modeling is acquiring importance, 

the current work demonstrated the pivotal role of SV and 

T estimation, while the tube length did not influence the 

outcome. 
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Introduction 

Among all the known Congenital Heart Disease (CHD), 

the Aortic Coarctation constitutes around 5-10% of 

them, occurring in four new-borns out 10,000 [1]. The 

hemodynamic features of a CoA, such as altered flows 

and high-pressure gradients (∆P) across the coarctation 

site, make the modelling of this disease challenging and 

particularly prone to Computational Fluid Dynamics 

(CFD) analyses. The main issue is prescribing 

appropriate boundary conditions (BCs) that consider 

further resistance to the flow offered by the narrowing. 

The state-of-the-art approach consists in prescribing a 

lumped parameters Windkessel model as outlet BCs [2]. 

A-priori known values of two resistances and one 

capacitance (RCR) are then split among the different 

outlets. In this work, the effect of an uncertain parameter 

 introduced in the splitting equations, and calibrated 

through a stochastic methodology, was compared 

against another uncertain parameter, i.e. the coarctation 

diameter (). 

 

Materials and Methods 

Two patient-specific geometries of CoA were 

reconstructed from Magnetic Resonance Imaging (MRI) 

data. The inlets of the CFD models were placed at the 

ascending aorta; the three supra-aortic branches and the 

descending aorta were the outlets. The BCs were 

prescribed as in [3]. The proximal (RP) and distal (RD) 

resistances at the outlets were computed as in Eq. (1): 

 

Rp|i=(1+α)
Atot

Ai
Rp,    Rd|i=(1+α)

Atot

Ai
Rd  ,   i=1…4   (1) 

 

The uncertain parameter  varied in the range [-0.15, -

0.08] for the first model. To further validate this new 

procedure,  was also used in the second model, varying 

in the range [-0.2, -0.1]. The effect of the CoA severity 

was evaluated through four different models, obtained 

varying the diameter of the second model in the range 

[6, 11] mm. The combined the effect of BCs and CoA 

diameter was assessed, assuming a uniform Probability 

Density Function (PDF) for both uncertain parameters. 

The generalized polynomial chaos [4] was used to 

statistically characterize the response of the quantities of 

interest as a function of the uncertain parameters (, 𝛼).  

 

Results 

The PDF distribution of the volume flow rate at CoA 

level along the cardiac cycle for the two geometries are 

depicted in Figure 1a and 1b, respectively. The results 

obtained for =0 (standard procedure) are shown in 

dotted line, whereas data obtained from MRI are 

reported in dashed red lines. In the first case, a 

remarkable variability of the volume flow rate 

waveform is observed in correspondence of the systolic 

peak (Figure 1a), whereas slighter variability is 

observed in the second case (Figure 1b). Figure 1c 

shows the partial sensitivity to  (blue line), α (red line), 

and their interaction (green line) of ∆P across the CoA 

site during the cardiac cycle.  

Figure 1: PDF of volume flow rate at CoA sections (a, 

b); partial sensitivity to  and α of ∆P across the CoA 

site during the cardiac cycle (c) (second geometry). 

 

Discussion 

In both CoA models, a significantly better agreement 

between clinical data and numerical results was found 

introducing the parameter α, strengthening the validity 

of this approach in prescribing outlet BCs when dealing 

with CoA cases. A satisfying agreement between the 

simulation results and the patients’ flows was found, and 

the physiological ∆Ps were correctly reproduced. The 

partial sensitivity analysis showed that the impact of  

on ∆P is higher than the effect of 𝛼.  is indeed the main 

responsible of the variation of ∆P. Finally, the 

interaction (green line in Fig. 1c) between the two 

parameters slightly affects ∆P. 

 

References 

1. Canniffe et al, International J Card, 167:2456–2461, 2013. 

2. Clementel et al, Comp Meth Biomech., 13:625–640, 2010.  

3. Boccadifuoco et al, Comput Fluids, 165, 96-115, 2018. 

4. Xiu et al, SIAM J on Scientif Comp, 24:619–644, 2002. 

609



 

 26
th

Congress of the European Society of Biomechanics, July 11-14, 2021, Milan, Italy 

SENSITIVITY ANALYSIS TOWARDS A MODEL OF THE HUMAN HEART 

Giulio Del Corso (1), Roberto Verzicco (1,2), Francesco Viola (1) 
 

1. GSSI (Gran Sasso Science Institute), Italy; 2. Università di Roma "Tor Vergata", Italy 

 

Introduction 

Cardiac modeling entails the epistemic uncertainty of 

the input parameters, such as bundles and chambers 

geometry, electrical conductivities and cell parameters, 

thus calling for an uncertainty quantification (UQ) 

analysis. The numerous inputs combined with the high 

computational cost of solving even single components 

makes this problem difficult to tackle. However, the 

presence of a marked individual variability and the 

uncertainty related to medical data collection 

procedures provide fertile ground for UQ analysis. To 

circumvent the computational difficulties inherent in 

the problem, an electrophysiology model is proposed, 

divided into distinct components and developed 

specifically for the study of UQ. Indeed, the crucial 

components of the model are fully described in a 

parametric way in order to be able to act automatically 

taking into account individual variability. Some 

preliminary studies that exploit this model on the atrial 

component alone provide promising results allowing a 

drastic reduction of input parameters for quantities of 

medical interest. 

 

 
 

Figure 1: a) Human heart model divided into 

components: b) fast conduction structure c) Purkinje 

network d) conductive 3D structure. The arrangement 

of the conduction fiber, as well as the communication 

points of the Purkinje Network and the orientation of 

the muscle fibers are described parametrically. 

 

Methods 

The UQ analyzes of cardiac electrophysiology are 

approached with Polynomial Chaos Expansion (PCE) 

techniques [1], using an adaptive variant based on 

quasi-Montecarlo samples and validated in the case of 

ventricular electrophysiology [2]. The model 

reductions are based on the first and total order Sobol' 

indices (whose confidence intervals have been obtained 

through the use of bootstrap techniques [3]). 

Results 

The sensitivity analyzes performed on single cardiac 

components allowed a drastic reduction of the input 

parameters for physiological propagations. In 

particular, in the case of the atria, out of 12 parameters 

considered (including both electrical and geometric 

parameters, characterization of the stimulus and 

cellular models, differentiated for males and females) 

only 3 have been shown to have a relevance on 

atrioventricular activation times. 

 

 
Figure 2: First and total order Sobol' indices for the 

atrial variables that impact the activation of the 

atrioventricular node. Of these 12 parameters, only the 

conductivity values M and the  atrial chambers 

volumes V play a relevant role. The cases are 

differentiated for male and female hearts, as they are 

characterized by a high difference in volume. 

 

Discussion 

The preliminary results obtained from the atria confirm 

the high predictive capacity of the model and its 

applicability to UQ contexts. The same component 

structure was then implemented for the other 

components of the heart (Bundle of His, Purkinje 

fibers, etc. [4]), providing a highly parametric model 

that is optimal for UQ analyzes. The model so 

structured, combined with the obtained model 

reduction, lends itself well to inverse calibration of 

electrical parameters on the basis of medical 

observations [5,6]. 
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Introduction 

Personalized computational models of cardiac 

ElectroPhysiology (EP) are gaining remarkable interest 

in medical research and clinical practice. However, the 

complete translation of numerical simulations to the 

bedside is hindered by several factors, generally related 

to the required physiological accuracy of patient-

specific simulations and the corresponding high 

computational costs, not compatible with clinical 

timelines. Several reduced-order models (ROMs) have 

been investigated to replace the high-fidelity 

Bidomain/Monodomain models with educated and 

cheaper surrogates. In this work, we apply for the first 

time the Proper Generalized Decomposition (PGD) 

method to direct and inverse problems for cardiac 

conductivity estimation. 

Methods 

The PGD approach is a technique introduced by F. 

Chinesta and co-workers [1] for generic parametrization 

problems. PGD relies on a classical off-line/on-line 

paradigm based on the idea that the parameters in a 

model of interest can be treated as independent 

variables, leading to an augmented variational 

formulation. The off-line stage concerns the 

construction of appropriate basis functions set by 

solving the equations in the parameter space. A special 

separation-of variable technique is used to perform this 

step efficiently. Should the solution of this extended 

variational formulation be available, the computation of 

the parametrized solution is performed nearly real-time 

for any value of the parameters (on-line stage), being the 

solution of an algebraic problem. This accelerates any 

data assimilation, optimization, uncertainty 

quantification iterative procedures. The appealing 

aspect of PGD vs. other model reduction methods is that 

no snapshot of the solution for specific values of the 

independent variables and the parameters is needed.  

Results 

Here we illustrate some preliminary results obtained 

using the PGD method to reduce the Monodomain 

model and then solve the Monodomain Inverse 

Conductivity Problem (MICP) [2]. Fig. 1 shows the 

color maps of one snapshot of the 2D transmembrane 

potential computed by the Full Order Method (FOM) 

based on the Finite Element (FE) compared with the 

corresponding solutions of the PGD approach varying 

the quotient of longitudinal and transverse 

conductivities and the tolerance of the construction of 

the basis functions in the offline phase. As expected, 

when the tolerance constraint is more restrictive, the 

overall accuracy of the PGD approximation improves. 

The on-line stage enables real-time simulations: in fact, 

the computation of the reduced solution is two-orders of 

magnitude cheaper than the FOM one. The extreme 

rapidity of the on-line phase can dramatically reduce the 

computational costs of MICP. In fact, the PGD approach 

for MICP is remarkably convenient since the estimation 

is obtained in less than one minute as opposed to using 

the FE solution, requiring several hours, keeping 

reasonable accuracy of the estimates (more details in [3] 

including 3D results).  

Discussion 

In this work, we successfully use a snapshot-free model 

order reduction such as the PGD to solve EP problems 

mostly in real-time. This is just the first preliminary step 

of a more complex series of possible developments, 

such as (i) the extension to more complex ionic and 

tissue models, (ii) application to realistic cases in the 

clinical practice (iii) Uncertainty Quantification. 
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Introduction
The soft biological tissue materials often exhibit
intrinsic variability due to inhomogeties once subjected
to large deformation For in-vitro specimens, the
uncertainties and variability in these specimens are
high which may be raised by many factors such as the
death age of cadaver, preservation time, and some
other specific factors regarding to the soft tissue
specimens and also measurements [1]. Although hyper
elastic material parameters that calibrated for each
singular specimen using deterministic approach is
useful, stochastic calibration based on Bayesian
estimation allows to quantify the uncertainties in useful
bonds and also  gives the correlation for the calibrated
parameters. Here, we quantify the uncertainties and
calibrate the hyper elastic parameters for in-vitro
human head skin specimens.
Methodology
Initially, a total of 8 rectangular cross sectional male
human skin samples are dissected from 8 various fresh
frozen preserved cadavers. Then, these specimens are
tested longitudinally at low stretch rate in order to
obtain stress-stretch data. Then, a deterministic
calibration approach is implemented for each specimen
to obtain prior data for the Bayesian estimation.
This estimation operates by updating the posterior
beliefs of parameters as  new data become available.
The general form Bayes' equation is
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MPMDP
MDP               (1)

where  is the vector of unknown model parameters, M
represents the hyperelastic constitute model, and D
shows the observed stress-stretch curves. The main
goal of Bayesian analysis is to establish an expression
to compute by random sampling, the posterior joint
probability density function (PDF)  of ),( MDP .

The prior PDF of the parameters )( MP is based on
the knowledge of distribution of model parameters.
The parameters are generally uninformed, but prior
values typically  are predicted using non-linear least
square fit.
Considering hyperelastic polynomial form with two
term, the energy potential is,
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where C10, C01, C11, C20 are model parameters and I1,
I2, I3 are deviatoric stretch invariants.
For uniaxial loading, the stretches in 3 axis are
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Once invoking the principle of virtual work, the
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The idea here is to determine the uncertainties of each
calibrated parameter by evaluating all specimens
measurements together. Uniform type (lower = -30,
upper = 30) prior distribution are assigned for each
parameter.  In   this  work,   we   implemented   the
Sampler (NUTS) within the PyMC3 Python package to
sample the joint posterior of parameters [2].
Results
Experimental observations and 95 % confidence
contour of the model are represented in Figure 1. The
range of stochastic calibrated parameters can capture
the uncertainty for all specimens. From that point, we
hope the implement the similar methodology for other
hyperelastic models such as reduced polynomial and
Ogden strain energy potential (with 2, 3 and 5 term).

Figure 1: Calibration of hyperelastic polynomial form
with N=2
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Introduction 
Validation is defined as the process of evaluating the 
predictive capabilities of a model against a reality of 
interest. In this context, ASME V&V 40 [1] provides a 
framework for defining the credibility of a 
computational model applied to a specific context of use 
through comparison with purposely collected data, 
referred as comparators. The aim of this work is to 
analyze and discuss the possibility of validating in-silico 
coronary stent deployments, when the context of use is 
the prediction of acute outcome of human coronary 
treatment. To this purpose either in-vitro and in-vivo 
comparators were used, paying particular attention on 
how their intrinsic uncertainties might limit the 
validation activity. 
 
Methods 
Experimental deployments in 3D printed vessels, data 
from animal studies and from clinical trials were chosen 
as in-vitro and in-vivo comparators, respectively. The 
objective is to explore the compromises between the 
controllability of the experiment and its realism, 
intended as closeness to the context of use. If, in 
principle, the in-vitro deployment using 3D printed 
vessel could ensure a high level of test control (known 
vessel geometry and measurable vessel mechanical 
properties), data from clinical cases should allow the 
maximum realism at the expense of greater uncertainties 
(e.g. the mechanical properties of the wall are 
necessarily based on the literature). In all the cases, the 
deployment simulations (Abaqus/Explicit) were 
performed mimicking the real procedures. The 
differences between numerical results and data from 
comparators were evaluated considering suitably 
selected quantities of interest, namely the diameter-
pressure curve during in-vitro deployments and the 
lumen gain across the procedure for in-vivo cases.  
 
Results 
Concerning in-vitro tests, the state of the art of printable 
elastomeric vessels allows only a limited quality control, 
in terms of shape/dimension and homogeneity of the 
deposited material. Hence, it could be quite challenging 
to develop an accurate digital twin of the 3D printed 
vessel, which means adding uncertainties on the input 
data of the in-silico deployment. For animal studies, 
mechanical properties of the wall can be measured at the 
end of the test, after animal sacrifice, to be used as input 

of the model. However, the disease created in the 
animals does not lead to coronary arteries with plaques 
representative of human plaques. Finally, dealing with 
an in-vivo comparator (animal or human data) implies 
having large uncertainties on input data and as well as 
on the quantities used for the comparison, since both are 
affected by the limitations associated to clinical imaging 
techniques. 
 

 
Figure 1: a) example of 3D printed vessels used for stent 
deployment experiments: the pink markers were used as 
reference points for a more accurate measurements of 
external diameter variation; b) stent deployment 
simulation in a patient specific anatomy used to 
compare in-silico result with clinical outcomes.  
 
Discussion 
This study evidenced a number of possible uncertainties 
associated with the comparators used to validate 
coronary stent deployment. The various considered 
comparators show different levels of uncertainty and 
realism, suggesting a combined use of them to validate 
in-silico models of stent deployment. 
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Introduction 
Integrin transmembrane proteins mediate 
mechanotransduction at the cell–extracellular matrix 
interface. This process is central to cellular homeostasis 
and therefore particularly important when designing 
instructive biomaterials and organoid culture systems. 
Previous studies suggest that fine-tuning the 
extracellular matrix (ECM) composition and 
mechanical properties can improve organoid 
development  [1]–[3]. Although experimentally very 
complex, computational models provide novel avenues 
to testing the effect of numerous different ECM ligands 
and mechanical properties on cell decision-making 
mechanisms. 
Methods 
We developed an ordinary differential equation–based 
model that enabled us to simulate three main 
interactions, namely integrin activation, ligand binding 
and integrin clustering (Figure 1). In contrast to 
previously published computational models, we account 
for the binding of more than one ligand to the same type 
of integrin. Binding rates of integrin α5β3 (i and I) and 
its two ligands, fibronectin (L1) and von Willebrand 
Factor A (L2), were obtained from the literature [4]. The 
binding rate constant for L1 (k3) was 104 times higher 
than the binding rate for L2 (k5). The initial conditions 
for the ECM ligands (L1 and L2) were retrieved from 
proteomics analysis of kidney organoid ECM, 
performed in our department [5]. 

 
Figure 1: Schematic overview of the ligand competition 
model. 
Results 
Our results clearly indicate that this competition 
between ligands defines the fate of the system. By 
simulating the model with different initial conditions for 

competing ligands and testing different sets of binding 
rates, we demonstrated that the ligand with the higher 
binding rate (L1) occupies more integrins at the steady 
state than does the competing ligand (L2). We have also 
demonstrated that an increase in the initial concentration 
of ligands does not ensure an increase in the steady state 
concentration of ligand-bound integrins. Parameter 
sensitivity analysis was in accordance with these 
observations. The L2-bound integrin concentration 
(IL2) was most sensitive to changes in binding and 
unbinding rates of the two competing ligands (k3, k4, 
k5, k6). Furthermore, the IL2 concentration was 
sensitive to the decrease in L1 initial concentration but 
not to changes in L2 initial concentration (Figure 2). 
 

 
Figure 2: Sensitivity of IL1 and IL2, ligand bound 
integrin molecular species to the 20% decrease in the 
model parameters. 
Discussion 
The model highlights the importance of correctly 
estimating the ligand–integrin binding rates in the 
design of advanced cell culture systems. Future work 
will focus on extending the computational model with 
intracellular pathways, including developing data-
driven approaches to identify and calibrate the pathways 
of interest. With cell type specific, quantitative input on 
integrin-ligand binding rates, this model can be used 
to develop instructive cell culture systems. 
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Introduction 

The connection between the flow mechanics of the 

cellular components of blood and the emerging bulk 

flow parameters, such as the red blood cell free layer 

(CFL) width, the wall shear rate and the level of 

hematocrit are well investigated both experimentally 

and computationally in simple straight channel flows. 

Currently, there is a substantial lack of extensive 

analysis in case of non-trivial geometries. Therefore, we 

investigate the effects of curvature on cellular blood 

flow by utilizing a thoroughly validated cell-resolved 

blood flow model1–2 to simulate the accurate cellular 

movement in a U-shaped channel for multiple wall shear 

rate and hematocrit values. Furthermore, the simulation 

results are compared to indirect measures of 

experimental platelet adhesion in a collagen coated 

curved microfluidic device of similar geometry.  

 

Model 

The in silico experiments in a U-shaped square duct 

channel with a cross section of 25*25 µm (see Figure 

1B) are performed via the lattice Boltzmann method 

based HemoCell (www.hemocell.eu) for wall shear 

rates of  γ̇ = 1600 𝑠−1  and  γ̇ = 300 𝑠−1, as well as 

hematocrit values of  𝐻 = 30%  and  𝐻 = 5%. The 

complementary in vitro blood experiments use the same 

parameter variation in an upscaled microfluidic device 

(see Figure 1A) and quantify fractional thrombi 

coverage on surface collagen via microscopic assay. 

 

Results 

The simulations show significant differences in shear 

rate and shear rate gradient distributions between the 

inner and outer arc of the channel curve (see Figure 1D), 

leading to the presence of elongational flow fields, while 

the analysed cell distributions as well as the CFL width 

and platelet availability remain largely uninfluenced 

close to the wall. The areas at the inner curve correlate 

with the location of increased thrombi formation in the 

experimental results, as shown in Figure 1C.  

 

Conclusion 

The amplified platelet adhesion intensity in the 

experimental results, visible in Figure 1C II. cannot be 

attributed to a higher platelet concentration or increased 

volumetric flow in the region, when correlated with the 

simulation results. However, there is a significant effect 

on the shear rate, the shear rate gradient, and on the 

intensity of elongational flows.  

These augmented values, that appear on the inner side 

of the curve are not in the pathological region, but could 

cause the uncoiling of von Willebrand factor (vWF)3. 

We propose, that the curvature influenced flow pattern 

changes are responsible for the changes in the surface 

platelet thrombi formation, and that this change might 

be driven by vWF mediated adhesion of platelets to 

collagen on the microfluidic device surface4. 
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Introduction 

Pancreaticoduodenectomy as a form of surgical 

treatment of advanced pancreatic cancer is often 

accompanied by resection and reconstruction of portal 

vein segments infiltrated with tumour cells. Currently, 

not much is known about the usability of allogeneic 

cadaveric venous grafts, which compared to autologous 

ones are always available and more often than not have 

the right proportions (lumen, length etc.). However, 

similarly to other non-native grafts/patches, the 

allogeneic ones are prone to failure due to thrombosis 

(Fig. 1) that cannot always be attributed to technical 

errors, see, e.g., the results of the multidisciplinary 

experimental-computational study [1]. 

Because of the non-negligible role of haemodynamics in 

the development of thrombosis, the present study aims 

to provide an insight into the postsurgical development 

that includes the formation of blood clots in interaction 

with flowing blood in small- and middle-sized vessels. 

For this purpose, a computational model of flow-

mediated thrombosis is proposed and tested for selected 

postsurgical geometries of reconstructed portal veins 

obtained from experimental animals (piglets), see [1].  

 

Figure 1: Example of an experimental portal vein 

reconstruction with an allogeneic porcine graft. 

 

Methods 

Compared to other similar studies, the proposed 

computational model of blood clotting is comprised of 

three linked submodels describing the processes of 

platelet plug formation, hemocoagulation and fibrin 

polymerisation. The governing equations of the first two 

submodels are inspired by the continuous model of 

platelet aggregation introduced in [2] and by the 

chemical interaction of clotting factors expressed 

through a system of convection-diffusion-reaction 

equations [3]. The submodel of fibrin clot formation is 

based on the Smoluchowski coagulation-fragmentation 

equation and is made up of an infinite system of 

differential equations for fibrin chains [4] that is 

modified by the method of moments [5]. The thrombosis 

model and the two-way interaction model between the 

portal haemodynamics and the growing blood clot are 

implemented and numerically solved in the Ansys 

Fluent software.  

 

Results and Discussion 

Assuming hepatopetal blood flow modulated by 

respiration, the thrombosis in the postsurgical portal 

vein geometries is triggered by low concentrations of the 

tissue factor–factor VIIa complex located at one or both 

anastomosis (injury) sites (Fig. 2). In line with 

expectations, the obtained numerical results highlighted 

the key role of vascular geometry and the influence of 

chemical and haemodynamic stimuli on the thrombosis 

process. They also provided additional information on 

the evolution and structure of blood clots, which showed 

a strong tendency to fill out adjacent low-flow zones of 

implanted grafts (Fig. 2).  

 

 

Figure 2: Fibrin clot formation at selected times.  
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Introduction 

Millions of people worldwide suffer from varying stages 

of kidney disease. Regrettably, kidney transplantation is 

not possible for all. Consequently, dialysis is offered as 

a bridge-to-transplantation option. Protein-bound 

uremic toxins (PBUT) accumulate in the patient’s 

system due to their high affinity to large serum protein 

such as albumin resulting in a large molecular weight 

complex that cannot be removed by ultrafiltration1. 

Epithelial transport of PBUTs in the proximal tubule is 

predominantly performed by organic anion transporters 

(OAT). The complex binds to the OATs, and albumin is 
released back to the bloodstream. The toxin unbinds 

from the transporter and is transported across the cell 

basolateral membrane. Often in toxin-transport 

modelling, the transport steps are lumped together to 

model the overall removal of the toxin2. We have 

modelled the individual toxin transport steps to bring 

more insight into the influence of the transporters' 

activity and density on toxin transport when these are 

decoupled from each other.  

 

 

Figure 1: Kinetic model for binding of toxin, albumin 

and transporters in the proposed computational model. 

 

Quantity Value used 

Kon (Binding rate to OAT) 0.5 

(𝜇𝑀−1𝑠−1) 

Koff (Unbinding rate from the 

complex-OAT across the cell 

basolateral membrane) 

10 (𝑠−1) 

 

Krev (for both) 0.0 

Table 1: Parameter values for binding and unbinding 

rates. Toxin is assumed to be initially bound to albumin. 

Methods 

Equation based modelling of the kinetic binding system 

was developed using Virtual Cell- an open-source 

platform for computational modelling of biological 

systems3. The initial toxin concentration was fixed at 1 

µM, the binding rates and initial OAT concentration was 

calibrated using in vitro data. The influence of channel 

length, transporter density, albumin concentration, toxin 

generation on the rate at which the toxin was transported 

into the apical compartment was investigated. 

 

Results 
We have shown that the final toxin concentration 

saturates after a specific increase in both the transporter 

uptake activity and density but increases steeper with the 

latter. It affirms that transporter activity and density are 

both essential to toxin transportation. 

 
Figure 2: Influence of tranporter density (20, 50, 75, 

100 molecules/µm2) and transporter activity (0.001, 

0.003, 0.01, 0.05, 0.1 𝜇𝑀−1𝑠−1). The toxin removal 

increases with increase with both parameters. 
 

Conclusion 
Independent kinetic modelling of transporters offers a 

more accurate portrayal of the toxin removal process by 

showing the competitive binding between multiple 

toxins and provides interesting avenues to inform organ-
on-chip development.  
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Introduction  
Radium223 (Rad223) is an alpha emitter that localizes 
in bone upon systemic injection and has emerged as the 
first bone-targeting agent showing an overall survival 
improvement in patients with advanced metastatic 
prostate cancer [1]. Its direct toxicity on cancer cells has 
been detected after high-dose application in vitro; 
however, the relevance of this effect in vivo remains 
unclear and clinical response is often followed by 
relapse and disease progression [2]. Since research 
efforts require a significant investment both in time and 
resources, computational models, integrated with 
experimental data, can support scientists in preclinical 
studies and lead them towards more promising 
therapeutic approaches. Accordingly, we developed an 
Agent-Based Model (ABM) of pre-established prostate 
cancer lesion in bone and applied this platform to test 
Rad223 outcome throughout a defined follow-up time. 
We identified maximum Rad223 efficacy towards micro 
lesions, which was further confirmed by in vivo 
validation. 
 
Materials and Methods  
The model, implemented in Matlab®, was integrated 
with in vivo data retrieved from multiphoton microscopy 
experiments. The ABM lays on a hexagonal grid where 
each site corresponds to a single cell endowed with 
individual probabilities of mitosis, apoptosis and 
interphase status. In Control regimen, a random spatial 
distribution was assigned to these events. In Rad223 
regimen, the spatial- (maximum efficacy within 100 µm 
of distance from bone) and time- (half-life 11.4 days) 
dependent effects of this agent were integrated in the 
model by modulating the probabilities with a logistic 
and an exponential function, respectively [3]. In both 
procedures we used a Monte Carlo simulation to define 
which cell undergoes mitosis and apoptosis at the end of 
its cell cycle. Finally, the ensemble of the cellular events 
over a follow-up time of 𝑇 = 15	𝑑𝑎𝑦𝑠 determines tumor 
regression, persistence or progression. 
 
Results 
We validated our model by comparing the temporal 
dynamics of tumor growth in silico (Fig. 1 – red line) 
with in vivo data retrieved from dedicated experiments 
(Fig. 1 – black line). We obtained a high level of 
confidence with a percentile normalized root mean 
squared error of 1.7% and with the in silico trend fully 
matching the in vivo within its standard deviation range. 

We then investigated the effect of an increasing initial 
tumor size on Rad223 efficacy spanning across micro- 
(elliptical shape with axis of [2x1], [8x7] pixels), 
middle-sized ([64x53], [128x106]), and macro-lesions 
([256x213], [500x416]). As shown in Fig.2, the optimal 
response was recorded towards micro-lesions where the 
ΔSize between control and treated regimen was 
maximum. This evidence was then validated in vivo [3]. 
Conclusions 

The proposed model identified micro-tumors as the best 
target for Rad223-based therapies in terms of tumor 
regression. Aspects influencing tumor’s dynamics and 
response to treatments will be addressed in future 
developments, as well as the potential to test additional 
bone targeting agents, including other 
radiopharmaceuticals or bisphosphonates.  
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Fig. 1: in silico model validation – tumor growth in vivo 
(black) compared to in silico simulation output (red).  

Fig. 2: in silico predictions. Quantification of the difference in 
tumor’s size (normalized on its initial value) under Rad223 
treatment for each initial size of interest. In red: micro lesions; 
in orange: middle-sized lesions; in blue: macro lesions. 
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Introduction 

Sprouting angiogenesis is an essential vascularisation 

mechanism consisting of two well-differentiated phases: 

sprouting and remodelling. The remodelling phase was 

revealed to be driven by rearrangements of endothelial 

cells (ECs) within the primitive vasculature in response 

to flow-induced wall shear stress (WSS) [1].  However, 

the role of red blood cell (RBC) dynamics during this 

process remains unknown. In this work, we aim to 

simulate blood flow as a suspension of RBCs within 

developing vasculature for characterisation of the RBC 

dynamics in the context of angiogenic remodelling. 

 

Methods 

Confocal images of mouse retina stained for ICAM2 

(luminal reporter) and Collagen IV (labelling matrix 

sleeves) were obtained. The Col.IV images were used to 

reconstruct the flow domain [2] and the ICAM2 images 

used to assess the state of remodelling (Figure 1B). We 

simulated cellular blood flow within selected regions of 

interest (ROIs) as a suspension of deformable RBCs 

using the Lattice Boltzmann and Immersed Boundary 

methods implemented in the software package HemeLB 

(access via https://github.com/hemelb-codes/hemelb).  

Inflow/outflow boundary conditions for each ROI were 

specified based on a whole-plexus simulation  assuming 

generalised non-Newtonian blood rheology (Figure 1A). 

 

Results 

Our image-based 3D simulation of microvascular blood 

flow predicted volume flow rates, RBC velocities and 

RBC fluxes showing good agreement with recent in vivo 

measurements from mouse retina [3].  A striking finding 

from the simulations was the high-level heterogeneity of 

RBC perfusion in primitive vascular networks (Figure 

1C).  Furthermore, we uncovered a strong association 

between vessel regression/stenosis and RBC depletion 

(Figure 1D), which was attributed to the plasma 

skimming effect through evaluation of our simulation 

data against an established empirical model [4].  

 

Discussion 

This study proposes a new mechanism for the 

enhancement of WSS differences driving vascular 

remodelling in angiogenesis via the highly heterogenous 

dynamics of RBCs within the primitive plexus, which 

are capable of locally modulating the effective viscosity. 

Additionally, we speculate with these findings that 

vascular remodelling is driven on the principle of 

removing RBC-depleted vessels from the primitive 

vasculature towards an optimised network that avoids 

portions of the tissue being vascularised but with poorly 

oxygenated blood.  

  

 
 

Figure 1: Simulation of RBC flow in developing plexus 

of mouse retina.  (A) Velocity patterns from a whole-

plexus simulation using a generalised non-Newtonian 

blood rheology model.  (B) Overlaying ICAM2 over the 

Col. IV map indicates areas of vessel lumen, stenosis (an 

intermediate step of regression [1]), and regression.  

(C) Example of heterogenous RBC flow in a retinal ROI.  

(D) Association between RBC depletion (low/negligible 

RBC fluxes) and vessel stenosis/regression. 
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Introduction 
Pharmacological treatments for osteoarthritis (OA) are 
based on painkillers, and none can stop OA progression 
because mechanisms that control the pathophysiology 
are not well understood. However, overstimulation of 
catabolic events of cartilage chondrocytes (CC) 
compared to the biosynthetic activity is common in OA. 

To enable mechanistic explorations of key molecular 
players, we propose a network-based model of CC that 
incorporates the action of key inflammatory mediators 
at cell level, often reported in OA. The model was 
further calibrated against experimental data.  

Methods 
We selected OA-related interactions through careful 
examination of 63 expert journal articles. An initial CC 
model based on an OA-specific protein interactome 
(IOA) was developed. Anabolic interactions not related 
to OA were further included by enriching the 
interactome (ENR) with the high throughput tool 
STRING. The interactomes consisted in a set of nodes, 
related to each other through a specific topology of 
activating and inhibiting links. They were translated into 
a semi-quantitative mathematical model thanks to a 
system of differential equations that converges to steady 
stable states (SSS)1. These represent patrons of cell 
expression as systematic descriptions of CC regulation 
by microenvironmental cytokines. The ENR model was 
calibrated against experimental data2 by minimizing the 
mean absolute difference (MAD) between predicted and 
measured molecules through a genetic algorithm (GA), 
giving a new network topology (OPT). The latter was 
validated against independent experimental data3 and 
assessed qualitatively in terms of prediction of expected 
SSS in diverse anabolic and catabolic environments. As 
proof of concept, an OA treatment based on anti-
inflammatory cytokines4 was eventually simulated.  

Results and Discussion 
Independent validation showed that the OPT model 
reduced MAD to 0.0239, against 0.3412 for the ENR 
model. Fig. 1 shows the change of topology between the 
IOA and the OPT models. Qualitative evaluation of the 
OPT against literature knowledge led to 87% accuracy. 

 
Figure 1: Initial vs final networks topology. 

Analysis of the network basal SSS without any imposed 
perturbation (Fig. 2, blue), revealed that the IOA model 
was catabolic per-se. In contrast, the OPT and the ENR 
networks were anabolic by default, with low levels of 
MMP expression and high levels of anabolic markers. 
When the networks were perturbated with pro-
inflammatory stimuli (Fig. 2, orange), t-tests (α=0.05) 
revealed no significant differences of the perturbed vs 
basal responses in the IOA model. In contrast, the OPT 
network was able to shift from its anabolic basal state to 
catabolic node activity.  

 

When the OPT model was initially stimulated to be 
catabolic and further perturbed with anti-inflammatory 
cytokine to simulate OA treatment based on biologics4, 
predictions were consistent with the experimental 
results: matrix degradation (ADAMTS, MMP), pain 
mediators (PEG2, VEGF) and hypertrophy markers 
(MMP13, BMP2) were reduced, but cartilage matrix 
was not restored, highlighting the challenge to 
regenerate the cartilage. A CC regulatory network that 
maps measurable inflammatory mediators was 
successfully developed. Guided network enrichment 
and topology optimization defined a viable strategy to 
achieve a predictive CC regulation model and explore 
mechanistically anti-degenerative therapies. 
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Figure 2: SSS of the base (blue) and the inflammatory 
stimulation (orange) of the OA based network (A), the 
enriched network (B) and the optimized network (C). 
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Introduction 

Glioblastoma (GBM) is the most lethal primary brain 

tumor, and unfortunately also the most common. Its 

evolution is complex, being lack of oxygen (hypoxia) 

one of the main driving forces of its aggressiveness.   

 

The response of GBM cells to hypoxia follows the so-

called go or grow paradigm, which states that cell 

resources are consumed either in proliferation or in 

migration [1], depending on whether oxygen 

concentration is above or below a hypoxia threshold, 

respectively. This threshold, together with the 

proliferation and migration rates, characterize the 

invasion properties of the tumor, being, therefore, 

determinant for the patient prognosis. However, the 

intra and interindividual variability inherent to any 

biological parameter makes it impossible to determine 

universal values for these parameters. 

 

Computational techniques have a great potential for the 

study of cancer, being able to test new hypotheses in a 

cheap way and to answer what-if questions, that are 

sometimes impossible to reproduce experimentally due 

to technical or ethical reasons. However, thanks to the 

flexibility and miniaturization of microfluidic devices, a 

huge amount of data can be generated nowadays, 

enabling us to study these types of problems from a data 

science perspective.  

 

In this work, we focus on the prediction of the 

parameters regulating the go or grow tumor behavior 

from images of microfluidic devices. The long-term aim 

is the development of a patient-specific tool, able to 

predict the tumor evolution from a patient sample grown 

on a chip.  

 

Methods 

In our microfluidic experiments, GBM cells were 

seeded within a central chamber with controlled oxygen 

provision through two lateral channels. Fluorescence 

images were obtained and processed to obtain the 

profiles of live and dead cells, which are the input to our 

deep learning model. 

 

A convolutional neural network (CNN) was then built to 

predict, from a chip image, the non-dimensional 

parameters describing the proliferative and migrative 

behavior of the tumor, namely proliferation rate (G), 

migration rate (K), and hypoxia threshold (K). 

 
Figure 1: CNN scheme for predicting model parameters 

from culture image 

 

The training dataset was generated employing a 

dimensionless version of our previously published 

mathematical model [2], which is able to describe 

glioblastoma evolution in microfluidic devices.  

 

Results 

The developed model provides very accurate responses 

for all the parameters. In particular, the Pearson’s 

correlation coefficient ρ, obtained from validation, is 

greater than 0.99 for all the parameters. 

 

The network also proved to be robust under different 

starting values for the parameters while good agreement 

was found with the experimental data available. 

 

Discussion 

We have developed a new methodology based on deep 

learning, more precisely on convolutional neural 

networks. The model is trained by synthetic data that is 

obtained using a previously validated mathematical 

model of GBM invasion under hypoxic conditions. With 

this approach, the model parameters, that can be used to 

simulate the evolution and progression of the tumor, and 

eventually to make clinical decisions, can be obtained.  
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Introduction 

The diffusion of new transcatheter approach to treat 

heart pathologies goes hand in hand with the need for 

surgeons to acquire new skills, other than those involved 

in conventional open-heart surgery. In this context, the 

need for an adequate surgical training phase is growing. 

If carefully designed, in vitro simulators can provide 

realistic platforms for training operators in these 

challenging procedures. 

We aimed to design and develop training-oriented 

vascular models with realistic anatomy and haptic 

feedback. 

 

Methods 

A computer tomography image derived from a female 

patient with aortic arch aneurysm was used as a starting 

point.  

Semi-automatic segmentation of the aorta and common 

iliac arteries was performed using ITK-SNAP software 

to obtain a 3D computational model (Figure1-A). 

The model was used to design the internal and external 

mold through CAD modelling (Fusion 360, Autodesk) 

(Figure1-B).  

The molds were 3D printed (Ultimaker 3, Ultimaker 

B.V.) by PLA (Figure1-C); the surfaces were cured by 

sanding and covered with epoxy resin, in order to 

minimize the surface roughness of the vessel and obtain 

greater transparency of the polymeric model (Figure1–

D). 

Once this process was completed, the mold was 

assembled, and Sorta Clear 18 silicone (Smooth-On, 

Inc.) was injected into the mold.  Polymerization at room 

temperature lasted for 24 hours (Figure1-E).  

Two models were obtained. The inner surface of one 

model was coated with Parylene-C [1] in order to 

improve the haptic feedback during the insertion of 

endovascular instruments, by reducing friction 

(Figure1-F). 

 

Results 

Figure 2 shows one of the two silicone models that were 

used to simulate a transcatheter procedure by an 

experienced operator. The test involved the insertion in 

the phantoms of a guide wire (0.35mm), a catheter 

pigtail (6Fr) and the delivery system of Medtronic 

(Enveo) Evolut R TAV. 

The haptic feedback during the procedure in the 

Parylene-coated model was considered more realistic 

than those with the uncoated model. 

 

 

 
Figure 1: Workflow process for patient-specific 

vascular model. 

 

 
 

Figure 2: Patient-specific silicone model obtained with 

the described method. 

 

Discussion 

The proposed method is an effective way to produce 

patient-specific, transparent vascular models with 

silicone casting technique. The silicone models are a 

promising tool for realistic surgical trainings in 

transcatheter procedures. 
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Introduction
The  final  outcome  of  extrusion-based  bioprinting
procedures is highly affected by a number of process
variables,  such as bio-ink properties,  nozzle diameter
and  extrusion  pressure  [1].  Introducing  in  silico
(computational)  models  as  an  integral  part  of  the
bioprinting  design  pipeline  would  allow  to  increase
innovation, productivity, scalability and robustness. To
date,  simulations are not employed in the field since
theoretical  and  computational  models  for  describing
the  physicochemical  mechanisms  occurring
during/after  bioprinting  are  not  available  or  refined
enough  for  giving  quantitative  predictions.  The
objective of  this work is to develop a computational
model  for  the  extrusion  of  non-Newtonian  shear-
thinning hydrogels with a cellular component. In fact,
cell densities affect both the extrusion flow rate and the
final cell viability. The aim is to explicitly describe the
extrusion  of  cells  through  the  nozzle,  predicting  the
cellular  membrane stresses  during the process  which
are related to the cell damage or apoptosis [2].

Methods
Since the multiscale dimensionality of the problem due
to the different magnitude orders between the extruder,
the micro-nozzle and the printed cells, an adimensional
computational  framework  based  on  immersed
boundary  formulation  has  been  employed  [3].
Furthermore,  to take into account  the significant cell
deformations within the hydrogel  during the printing
process,  a  moving-least-squares  method  has  been
implemented in order to accurately reproduce the fluid-
structure-interaction [4].

Results
As a first case study, this work addresses the case of a
single cell immersed in the hydrogel, flowing through
different  nozzle  reference  geometries.  In  Fig.  1.  are
reported the velocity field along the zx plane and the
cell shear stress field in a convergent-shaped nozzle at
adimensional time t*  = 2. In Fig. 2 is reported the cell
shear load evolution during the extrusion acting on the
whole  cell  surface.  Due  to  the  gradient  velocity
increase,  as  the  cell  approaches  to  the  nozzle  throat
section,  the  shear  stress  rises,  as  highlighted  by  the

peak  in  Fig.  2.  Then,  it  sharply  decreases  in  the
constant cross section zone and in the outflow region.

Figure 1:  Velocity  field along the zx  plane and cell
shear stress field in the convergent-shaped nozzle at
time t* = 2. 

Figure 2: Shear load evolution on the cell during the
extrusion through the convergent-shaped nozzle.

Discussion
The proposed model is a first step towards a predictive
tool  for  the  optimal  setting  of  process  variables  in
bioprinting. Through this computational framework, it
would  be  possible  to  investigate  for  example  the
optimization  of  hydrogels  material  properties  and  of
nozzle  geometries,  in  order  to  guarantee  a  delicate
balance  between  the  biological  requests  of  high  cell
density and viability and the engineering constraint of
bio-inks printability.
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Introduction 

Cell migration constitutes one of the main process in 

pathology on multicellular organisms and it is strongly 

affected by extracellular environment, like in case of 

metastasis infiltrations. In particular, mechanical and 

topological constrains influences cellular migration 

velocity and strategies [1]. Standard analysis methods 

consist in studying the chemotaxis on specific cells 

through porous media, but these techniques neither 

allows the complete visualization of the cell during the 

motion, nor permits the design of the extracellular 

matrix to induce specific types of stimuli. In this 

framework, micro-additive manufacturing techniques, 

like two photon polymerization (2PP), allows the 

fabrication of three-dimensional structures for 

controlled cell migration onto optical accessible 

substrates [2-3].  

In our work we present the fabrication and validation of 

a microfluidic platform for controlled cell motility 

analysis that allows live-imaging during the migration. 

The specific design of the device can be easily tailored 

on the cell type, thanks to the versatility of 2PP 

microfabrication technique. We used our biochip to 

characterize the migration of murine neuronal cancer 

cell under high physical confinement. 

 

 

 

Figure 1: (a) Scheme of two possible biochip design; (b) 

microscope image of cell migration assay  

 

Methods 

The device consists in a deposition chamber and one or 

more recollection chambers, connected by a migration 

channels where engineered microconstrictions are 

placed. The constrictions have minimum dimension of 

about 3-7 μm, in order to simulate a high confinement 

environment. 

The biochip has been realized with a hybrid technique 

combining glass microstructuring and 2PP, using 

femtosecond laser direct writing [3]. It consists in a 

multilayer structure: a main glass frame with the 

chambers; a polymeric film where the migration 

constrictions are realized; a microscope thin cover glass 

that allows complete optical accessibility. A scheme of 

the device possible designs is reported in Figure 1.  

We used one specific device design to study the 

migration strategy of murine neuronal cancer cell. The 

cell line used was NG108-15, stained on filamentous 

actin and on nuclei in order to track both the cell outline 

and position during the migration. Regular culture 

medium was used during the migration assay. 

 

Results 

Our fabrication technique allows rapid prototyping and 

great freedom in the design and realization of the 

biochips. The number of reservoirs can be arbitrary 

chose. Here we present two types of device: a two-

reservoir chip for live-imaging of cell migration and a 

five-reservoir chip, where a single inlet leads to 4 

collection chambers, in order to parallelize multiple. 

The shape of the constrictions can be chosen depending 

on the required physical stimulus. We successfully 

realized 4 different types of geometries as a proof of 

concept.  The specific geometry used in our biological 

experiment consist in a funnel-like geometry with a 

minimum dimension of 5 μm and an appended tunnel 

structure, to apply a protracted compressive stress after 

the first deformation. 

Our experiments show for the first time the highly 

invasive nature of NG108-15 cells, in a highly 

compressive and rigid environment. In particular, the 

microtubule-driven axon outgrowth seems to be quite 

active during the assay. 

 

Discussion 

We showed the possibilities offered by 2PP in terms of 

device design, realization and minimum features. We 

realized different devices, meant for different types of 

analysis. We successfully used one of these biochips to 

characterize neuronal cancer cell motility behavior, 

highlighting the possible role of axon in the migration 

strategy.  
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Introduction 

Retinal diseases are the leading causes of vision-loss 

globally. Currently no effective treatments exist to 

restore normal retina function from lost vision.  

Retinal tissue engineering may be helpful in providing 

better solutions. Conventional scaffold fabrication 

methods lack precision and are incapable to produce 

scaffold with complex designs [1]. Three-dimensional 

(3D) bioprinting can mimic the complex multilayered 

hierarchical architecture of the retina.  

In this study, we present a strategy to develop a 

biomaterial ink suitable for retinal tissue engineering. 

Sodium alginate and gelatin were selected due to their 

high biocompatibility [2-3]. 

 

Materials and Methods 

Three biomaterial inks (B1, B2, B3) were prepared 

combining sodium alginate (SA, SR00449, MP 

Biomedicals) and type B gelatin (G, G9391, Sigma) at 

different concentrations reported in table 1.  

 

Biomaterial 

ink 

SA 

concentration 

G 

concentration 

 Mixing 

ratio 

SA:G 

B1 4% 10%  50:50 

B2 6% 10%  50:50 

B3 4% 10%  70:30 

Table 1: Concentrations (weight/volume) of SA and G in 

the inks. 

 

A rotational rheometer (Discovery DHR2, TA 

Instruments) and an electromechanical testing machine 

(Bose EnduraTEC ELF 3200) were used to investigate 

rheological and mechanical properties of the inks, 

respectively.  

A 20 mm x 20 mm x 0.2 mm cube was designed with 

Solidworks® and printed using an extrusion-based 3D 

bioprinter (INKREDIBLE+, Cellink) with a 22G 

conical nozzle. The printing speed was set at 15 mm/s 

for all the inks, whilst the printing pressure was 

optimized for each ink. Crosslinking was obtained after 

printing with a solution of calcium chloride. 

The printed scaffolds, realized with B1, B2, and B3 inks, 

were characterized in terms of morphology with an 

inverted optical microscope (Eclipse Ti2, Nikon), 

repeatability, and swelling behavior. Regarding the 

repeatability of the printed grids, the difference between 

the pre-established and the effective measurements was 

estimated.    

 

Results 

The flow curves showed a shear thinning behavior for 

all biomaterial inks B1, B2, and B3. The yield stress 

increased when increasing SA concentration in the 

hydrogel. In addition, with the increase in SA 

concentration, an increase in compressive modulus was 

encountered demonstrating an improvement in the 

mechanical properties.     

The optimized printing pressure for B1, B2, and B3 were 

88 kPa, 120 kPa, and 100 kPa, respectively.  

Results of repeatability suggested that the networks of 

B1 ink better maintained shape fidelity (Fig. 1A). These 

outcomes were confirmed by morphological analysis: 

filaments obtained with B1 ink were characterized by a 

more regular profile. Figure 1B displays the printed 

scaffold realized with B1 ink. 

 

  
Figure 1: (A) Shape fidelity of scaffolds made of B1, B2, 

and B3 inks (dotted line is the pre-established side); (B) 

Scaffold made of B1 ink. 

 

No statistical difference in the swelling behavior was 

found between the scaffolds made of B1, B2, and B3 

inks (Fig. 2). 

 
Figure 2: Swelling behavior of B1, B2, and B3 inks. 

 

Discussion and Conclusion 

The choice of the optimal SA and G blend, performed in 

this study, is the first step to obtain a suitable bioink with 

well-defined characteristics for retinal tissue 

engineering. Our findings showed that, among the three 

inks, B1 is the most promising bioink. The next step will 

be incorporating retinal cells in B1 ink. 
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I. Introduction 

In the last two decades tumor research focused onto 

microgravity cell cultures, analyzing the epigenetic 

effects in malignancy cellular behavior [1]. Nowadays, 

no dynamic culture system in use with microgravity 

conditions showed the capability to generate truly in 

vitro 3D tissue models by having a controlled geometry 

at the cellular scale [2]. Those systems, engineered to 

reach orbiting laboratories, as the ones into the 

International Space Station, are limited to non-frangible 

substrates due to regulations. 

 

II. Materials and Methods 

Here, we developed synthetic 3D cell culture scaffolds 

for microgravity and zero-gravity applications with a 

resolution beyond the diffraction limit (~100 nm) [3], by 

two-photon polymerizing (2PP) a biocompatible 

photoresist [4, 5] on a commercial non-frangible cyclic-

olefyn-copolymer as substrate (Figure 1). 

The 3D model stability under the stress conditions 

involved by the flexibility of the substrate, was 

computationally evaluated first. Then, we developed a 

brand-new protocol for substrate preparation and 

polymerization.  

 
 

Figure 1: Qualitative representation of the study model. 

 

III. Results 

Scanning Electron Microscopy (SEM) inspections 

demonstrated stable 3D structures (Figure 2).  

The computational simulations enhanced the possibility 

to scale up the process without compromising the 

microscaffolds stability (Figure 3). 

 

IV. Discussion 

As shown by the fabrication outcomes, this study proved 

the feasibility of the 2PP microfabrication of 

biocompatible scaffolds on deformable non-frangible 

substrates, thus representing a great promise in 3D cell 

culture substrates production for microgravity and zero-

gravity applications. 

 

 
 

Figure 2: SEM acquisitions of the fabrication outcomes. 

 

 
 

Figure 3: Von Mises Stress distribution involved in the 

scaffolds due to the CoC bending (A) and qualitative 

representation of the model (B) 
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Introduction 
Selective laser melting (SLM) is an established 
additive-manufacturing technology for the realization 
of custom-made implantable devices [1]. This could be 
an advantage in ankle replacement prostheses, where 
traditionally-manufactured implants are affected by a 
significant failure rate (50% at 5 years), especially for 
talus reconstruction devices [2]. Due to the talus’ 
complex morphology and reduced dimensions, 
traditional surgical treatments aiming at substituting 
the whole bone are very invasive [3].  
The current study proposes a new method for designing 
a custom-made device for talus resurfacing with a 
trabecular-like core, obtained through SLM of 
Ti6Al4V ELI powder. The workflow is also 
demonstrated on a clinical case with advanced talus 
arthrosis. 

Materials and methods 
A custom resurfacing prosthesis was designed starting 
from the reconstructed CT images of an arthrotic 
patient (Fig. 1,a). A multistructured implant was 
conceived.  The external articular layer of the device 
was meant to be solid (Fig. 1,b). The inner core  had a 
trabecular lattice structure to promote stability through 
trabecular bone ingrowth and implant osseointegration. 
Two different lattice structures (A and B) were selected  
and designed with average strut diameter of 0.6 mm 
(Fig. 1,c). The samples’ CADs were discretized to 
obtain a finite element (FE) model of the samples, 
which could support the device design and verification 
phases: 1D beam elements were used, allowing for a 
reduced computation time, while providing reliable 
information on detailed implant loadings. Simulations 
of compressive tests were performed on the samples to 
evaluate the maximum force before failure (Fmax), to 
choose the one capable of supporting at least 4 
BW=3.2kN (in the average case of body mass of 80 
kg) [4]. Moreover, the FE model was used to evaluate 
the stress distribution in the lattice. For validation 
purposes, three samples for each lattice design were 
produced in Ti6Al4V ELI (AM400, Renishaw plc.) 
and tested to assess the goodness of the simulations.  

Results 
All printed samples showed high density (>95%). From 
the dimensional analysis conducted on the samples, a 
variation of about ±4% compared to the average strut 

thickness was found and it was accounted in the FE 
models. Both the designs exhibited good resistance 
(Fmax: A=4.6kN, B=3.8kN), with a more 
homogeneous stress distribution in the Sample-B 
design. A good agreement between the numerical and 
experimental tests was found (Fig. 1,d).  

 
 

Figure 1: a) CT images and reconstructed geometry of 
the talus;b) schematics of the multistructured implant; 

c) different CAD and samples of the trabeculae; d) 
force-displacement plots after compressive tests 

Discussion 
The reduced computational approach was successful in 
supporting the design of the custom-made talus 
prosthesis. The FE model provided detailed results on 
the trabecular design which nicely agreed with the 
compressive tests. The very short computation time 
(few seconds on a standard PC), make this approach 
suitable to investigate alternative implant designs, 
while describing complex functional loadings.   
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Introduction 

Craniosynostosis (CS) is the premature closure of one or 

more cranial sutures leading to restricted skull growth 

and often neurological disorders [1]. Spring-Assisted 

Cranioplasty (SAC) is an established method for 

treating scaphocephaly in young children at Great 

Ormond Street Hospital, using stainless steel spring 

distractors [2]. Although the procedure is safe and 

effective, final head shape outcomes remain variable 

due to the lack of an accurate surgical tool to predict and 

plan head reshaping in infants. The aim of this project 

was to develop 3D printed patient-specific accurate 

models of infant skull using a biofidelic 3D printed 

digital material that replicates the mechanical behaviour 

of an infant skull to reliably predict surgical outcomes 

of SAC. 

 

Methods  

Specimens in Vero yellow, Rigur, Digital ABS Plus, and 

Durus were 3D Printed (Stratasys Connex 3 Objet260V, 

Stratasys Inc, Israel) in dumbbell (n=5) and rectangular 

shapes (n=5), and mechanically tested. Tests were 

carried out according to ASTM D638-14 and D790-04 

for tensile and 3 point bending, respectively. Tensile and 

Flexural modulus were retrieved. Upon selection of a 

material, CT data were collected for 8 patients in order 

to create anatomical 3D models of the skull (Materialise 

Mimics®). Surgical cuts, as well as spring locations, 

were replicated from post-operative notes. Each model 

was 3D printed using the selected material to create a 

patient specific phantom. Two cranioplasty springs were 

inserted in each phantom, one anteriorly and one 

posteriorly (Figure 1) and the spring opening (OPP) was 

retrieved for each 3D model, averaged and compared 

with measurements gathered during surgery (OPM).  

 

Figure 1: Phantom models of the skull with springs 

inserted. 

Results 

The tensile and flexural modulus of the tested materials 

are reported in Table 1. The elastic modulus of Vero 

yellow is close to that of unilaminar parietal bone (1.95 

± 0.56 GPa) measured by reference point indentation, 

therefore patient specific models were printed using this 

material. The recorded anterior and posterior average 

spring openings OPP were 26.86 ± 3.24 mm and 27.02 ± 

3.56 mm, while OPM was 33.38 ± 2.67 mm for the 

anterior and 36.33 ± 4.24 mm for the posterior spring. 

When OPP and OPM for each patient were compared an 

error of 14.01±6.41% was found. 

 

Material Tensile 

Modulus (GPa) 

Flexural 

Modulus (GPa) 

Vero Yellow 2.28 ± 0.06 1.85 ± 0.002 

Rigur 1.54 ± 0.05 1.25 ± 0.05 

Digital ABS 2.07 ± 0.03 1.01 ± 0.02 

Durus 0.785 ± 0.03 1.31 ± 0.02 

Table 1: Tensile and Flexural modulus of 3D printed 

Stratasys materials. 

 

Discussion 

The development of a range of 3D printing techniques 

has proven useful to produce anatomical phantoms to 

understand physiology and test new medical devices. 

Here we developed a phantom model of an infant skull 

and used it to predict the outcome of SAC, with a 

prediction error of 14% when compared with surgical 

measurements. The main limitation of this work lies in 

the assumption of calvarial bone structure: the parietal 

bone in CS patients <1 year old is of either a trilaminar 

structure - composed of cortical bone and diploe - or a 

unilaminar diploe. Here we considered the bone as a 

unilaminar structure when printing all the phantom 

models. Moreover, the effect of sutures was neglected.  

Our future work will include further refinements by 

mimicking patients’ bone microstructure in the phantom 

model, to improve the prediction accuracy and move to 

clinical application as a predictive tool. 
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Introduction 

3D printing is a growing technique that has recently 

been used in tissue engineering. Customized scaffolds 

with complex internal morphology and desired 

properties are produced in a layer-by-layer fashion from 

a computer aided design (CAD) [1]. The material 

printability (defined as the ability to form filaments and 

to incorporate cells at 15-37ºC [2]) and structural 

integrity after printed are key points influenced by 

viscosity, surface tension, cross-linking, among others 

factors [3]. Bertassoni et al. [4] found a direct correlation 

between printability and the hydrogel mechanical 

properties, by using methacrylated gelatin (gelMA) 

hydrogels. Murphy et al. [5] also focused in the 

printability of different hydrogels, concluding that the 

ones with higher viscosity, have more accurate results 

and the hydrogels with the lowest viscosity need a 

crosslink. Negrini et al. [6] investigated the potential of 

methylcellulose-based hydrogels as bioinks, optimizing 

its printing process. Hydrogels are used in soft tissue 

engineering since they mimic the natural extracellular 

matrix (ECM), presenting an inherently 

biocompatibility, low inflammation, and suitable 

mechanical properties [7]. Studies have successfully 

been developed by printing hydrogels, such as alginate, 

collagen, gelatin, chitosan, or agar, for skin, cartilage, 

cardiac, adipose or neural tissues for example [8]. 

 

Methods 

Agarose is a hydrogel that is not often used either for 3D 

bioprinting or tissue engineering, however it seems to 

have good mechanical and biological properties for 

tissue engineering applications [9]. The 3D bioprinting 

process using agarose was optimized in this study by 

evaluation the influence of different parameters, such as 

printing pressure (40, 60, 80 and 100kPa), printing 

speed (1, 2, 4, 6, 8 and 10 mm/s), polymer concentration 

(1.5, 2 and 2.5%) and needle gauge (25, 27 and 30G). 

Agarose powder was dissolved in distilled water, then 

the solution was poured into the printer cartridge and 

printed at 40ºC, using an Inkredible+ printer (CellInk, 

Sweden). An alternating line was designed using 

SolidWorks with 10mm wide, 40mm long and the line 

diameter equal to the needle diameter. The gcode was 

obtained using Sli3er and the line height was defined as 

0.4mm. The line thickness was measured using ImageJ 

and the root mean square (RMS) was calculated by 

equation 1: 

 

 𝑅𝑀𝑆 =
1

√𝑛
× √∑(𝑡 − 𝑡𝑖)

2                   (1) 

 

where n is the total number of points, t is the thickness 

in the CAD and ti is the experimental thickness. 

Results and Discussion 

In the image below (Figure 1), it is shown an example 

of four alternating lines. 

 

 
 

Figure 1: Printed alternating line with 80kPa, 25G and 

8mm/s (first two lines) and 10mm/s (last two lines). 

 

In each line, the thickness was measured at different 

points and the mean calculated. It was confirmed that 

the thickness decreases with the increase of velocity and 

needle gauge and with the decrease of pressure and 

agarose concentration.  

Moreover, the error was measured using equation 1 and 

as expected the error decreases with the decrease of 

thickness. The error of the prints is inversely 

proportional to accuracy, i.e. lower errors correspond to 

higher accuracy and, hence, to the best printing 

parameters. Through the results, it is observed that the 

best printing combination for 1.5%, 2% and 2.5% of 

agarose concentration is, respectively: 100kPa, 10mm/s 

and 30G (error=0.860); 100kPa, 10mm/s and 27G 

(error=0.798); and 60kPa, 10mm/s and 25G 

(error=0.166). This shows that agarose is a printable 

hydrogel at different concentrations and under these 

experimental conditions, being a promising material to 

produce 3D bioprinted scaffolds for tissue engineering. 
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Introduction 

Surgery is the mainstay of therapy for pelvic organ 

prolapse (POP) [1]. However, the use of meshes may 

cause graft related complications (GRCs). It is believed 

to be due to insufficient biocompatibility and 

inappropriate mechanical properties of these meshes, 

besides patient and surgeon factors [2]. Pore stability 

also plays an important role in tissue integration [2]. A 

completely different approach may be the use of non-

textile biodegradable implants. Electrospinning, 

combined with 3D printing enables using biocompatible 

materials with personalized dimensions [3]. This 

research presents biodegradable polycaprolactone 

(PCL) novel implants for POP repair, produced using 

melt electrospinning technology; and preliminary 

mechanical behaviour and geometry deformation 

analysis results.  

 

Materials and Methods 

The polypropylene (PP) Restorelle mesh (for POP 

correction) will be used as a benchmark - it is a simple 

square-patterned mesh (2mm pore dimension), 

composed by 3 filaments with a diameter of 80μm 

knitted around each other. Simple square-shaped PCL 

meshes were produced, using own assembled melt 

electrospinning prototype: 3 layers of 80μm filaments; 1 

layer of 240μm filament. A total of three specimens 

(60x8mm) were obtained for each mesh and tested by 

uniaxial tensile. Outcome measurements describing the 

mechanical behaviour were stress-strain curves. The 

comfort zone (physiological range of native tissue 

deformation) was defined for 10-20% of the total 

elongation. Digital camera records were used to analyse 

implant cell deformation. 

 

Results 

The printed implants had similar mechanical behaviour, 

despite differences in fibre diameter; however, mesh 

with 240μm filament diameter was stiffer (p<0.05) 

(Figure 1). Once the elastic deformation stage is 

completed, the plastic deformation dominates and a 

horizontal path is registered. The behaviour of the mesh 

prototypes is utterly distinct from Restorelle mesh 

(p<0.05). The printed meshes follow the biomechanical 

properties of native tissues more closely, unlike PP 

implant, particularly in the comfort zone. Geometry 

deformation analysis showed that PP mesh (Figure 2), 

had pore narrowing and hourglass effect, which possibly 

contributes to the emergence of associated GRC’s. PCL 

printed mesh pores appear to be stable. 

 
Figure 1: Mechanical behaviour of printed PCL meshes, 

Restorelle mesh and vaginal tissue 

 
Figure 2: Mesh geometry deformation analysis: red- 

initial, blue and black- deformed. 

 

Discussion 

Printed implants match the natural tissues more closely 

and appear to be stable with no border curling and the 

hourglass phenomenon. The fact that the geometrical 

pattern and the fibre diameter were efficiently 

reproduced highlight the built prototype's success. 
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Introduction 

Cardiovascular Heart Diseases (CHDs) represent a huge 

portion of the cardiac pathologies among children, such 

as Pulmonary Artery (PA) defects like regurgitation and 

stenosis. In this context, there is lack of research works 

related to the investigation of the PA hemodynamics in 

pathological conditions using experimental and 

numerical methods. Such tools would enhance the 

spread of individualized healthcare, setting up patient-

specific fluid dynamics simulations, both in-vitro, using 

ad hoc mock loop circuit (MLC) [1], and in-silico, with 

the advance of Computational Fluid Dynamics (CFD). 

In this work, the PA, including its main branch with 

right (RPA) and left (LPA) arteries, was investigated. A 

specific Genetic Algorithm (GA) was developed to 

estimate the three-elements Windkessel (RCR) model 

based on patient-specific Phase Contrast Magnetic 

Resonance Imaging (PCMRI) data. This code took into 

account not only for the physiological pressure range, 

but also for the replica of the patient-specific right-left 

(R/L) flow split, thus providing specific RCR values for 

RPA and LPA.  

 

Methods 

A custom GA tool was developed to estimate two sets 

of patient-specific RCR values, one for each PA main 

branch (i.e. RPA and LPA), taking into account for the 

R/L flow split of the subject based on the individual 

PCMRI flow curve and pressure range. The outcomes of 

the code were validated using experimental tools and 

CFD simulations. In-vitro, an MLC was set up including 

a 3D printed phantom of a representative pathological 

PA (Figure 1a). The selection of the printed geometry 

was based on the statistical shape analysis performed on 

3D-MRI images of a population of CHD patients (n = 

21) affected by PA regurgitation.  The custom piston 

pump [2] was used and opportunely programmed to 

provide an averaged pathological PA flow within the 

circuit. The inputted flow curve was adapted based on 

the mean flow obtained from the PCMRI data of the 

population. Pinch valves and compliance chambers 

were set according to the RCR values obtained from the 

GA code. In-silico, the experiment was replicated with 

a CFD simulation (LS-Dyna, LSTC, Livermore, USA). 

Same boundary conditions were imposed in terms of 

RCR values and input flow. 

 

Results 

The R/L flow split of the selected patient was 79-21%, 

as measured from PCMRI. Experimental and simulation 

results showed high agreement with the prediction of the 

GA (Figures 1b-c), demonstrating that the computed 

RCR values were suitable to provide the correct R/L 

flow split, both in-vitro and in-silico. Pressure were 

successfully replicated in a physiological range (5-25 

mmHg). 

 

 
Figure 1: a) MLC representative scheme; b-c) Flow 

curve from RPA (b) and LPA (c) as resulted from GA 

code, in-vitro experiment and CFD simulation. 

 

Discussion 

In this study a novel method based on a custom GA 

script for the estimation of patient-specific RCR 

parameters for the PA bifurcation, considering the flow 

split of the subject, was presented. The effectiveness of 

the computed RCR values, from solely imaging data, 

was demonstrated in-vitro and in-silico. Further 

investigations involving more case studies may increase 

the confidence of experimental setups and CFD 

simulations for the investigation of PA pathologies, thus 

facilitating the translation of engineering tools in clinics 

for individualized healthcare.  
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Introduction 

Selective Laser Melting (SLM), allowing the production 

of customized biomedical prosthesis, in now on widely 

used in orthopedics applications. The cardiovascular 

field is a still unexplored but promising candidate for 

exploiting potentialities of SLM patient-specific 

devices. The challenges that have to be faced are: the 

design of “printable” optimized geometries, requiring ad 

hoc strategies and computational tools, and the 

definition of appropriate production processes [1]. In 

this paper, focusing on the additive manufacturing. of 

Ni-Ti stents by SLM, the following aspects are 

discussed: i) process parameter selection for thin 

structures; ii) design for additive manufacturing; iii) 

adjusting temperature-dependent material properties; 

and iv) surface finishing. This work aims to produce 

functional Ni-Ti stents through SLM and to set a 

validated FE model for pre-clinical assessments of these 

novel devices.  

Methods 

Powder feedstock with an initial chemical composition 

of Ni50.8Ti49.2 was employed (SAES Getters, Italy) (Fig. 

1A.1-3). An industrial SLM system with pulsed wave 

laser emission was used (Renishaw AM250, Stone, 

UK). The SLM parameters were investigated to 

guarantee high density, correct chemical composition, 

and adequate mechanical properties. Energy density was 

varied from 49 to 277 J/mm3, producing thin struts with 

an average nominal diameter of 300 µm (Fig. 1B.1-2). 

Sample characterization included internal defect and 

density analysis (Fig. 1B.3), and surface roughness 

measurements (Fig. 1B.4). Differential scanning 

calorimetry (DSC) was performed on ad hoc specimens 

(Fig. 1C.1), while mechanical properties were measured 

through uniaxial tensile tests at 37° on struts with 

dogbone shape (Fig. 1C.4). Stents with a closed-cell 

geometry [2] was considered for studying the 

mechanical behaviour of SLM produced Ni-Ti devices 

(Fig. 1D.1). A FE model was calibrated using the 

mechanical properties obtained in the testing phase (Fig. 

1D.5).  

Results 

Samples produced with an energy density of 185 J/mm3 

was found to be suitable, having a measured diameter of 

469 ± 10 µm, density of 99.6 ± 0.1 % and Ra = 3.09 ± 

0.14  µm. Mechanical testing on the specimens showed 

superelastic behavior in tension up to 6% strain, with 

less than 1% permanent deformation. The stent FE 

model was prepared from the reconstructed geometry 

from μCT scans (Fig. 1D.2-3). The 1D centerline (Fig. 

1D.4) was discretized with beam elements, allowing for 

numerically investigating stent performance under 

different loading conditions in a reduced computation 

time.   

Discussion 

This study presents some solutions to the gaps in the 

state of the art of designing and manufacturing 

superelastic thin structures, such as Ni-Ti stents. The use 

of ad hoc developed FE model allowed to predict stent 

performance giving useful information for future shape 

optimization. 

 
 

Figure 1: Graphical abstract outlining the phases of the 

research work, from the powder to the final application. 
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Introduction 

Recently, 3D printing has been gaining popularity for 

pre-operative planning, including the field of trauma 

surgery. Especially complex fractures of the pelvic ring 

might benefit from 3D visualization of cracks and 

selection and pre-shaping of implants prior surgery. 

However, basic knowledge about the effect of different 

pre-processing steps, such as selection of computer 

tomography (CT) settings and segmentation algorithms, 

on the obtained 3D models are still lacking. Thus, it is 

essential to establish a simple, reproducible fracture 

model to investigate these effects. The Colle’s fracture 

(distal radius) is the most common fracture in humans 

and exact anatomical fracture specifications have been 

reported previously [1], making this fracture suited for a 

basic fracture model. The main goal of this work was to 

design a 3D-printed saw-guide for establishing a 

Colles’s fracture model. Further, the size of the smallest 

detectable fracture gap is unknown.  Thus, the fracture 

model should be extended with an additional diaphyseal 

fracture (better contrast of cortical bone to surrounding 

tissue, in comparison to cancellous bone), whereby gap 

distance should be adjustable.  

 

Methods 

Twenty fresh frozen radii were dissected from forearms 

(distal half) using the Henry approach. Then, bones were 

macerated at 60°C for two weeks to remove remaining 

soft tissue. Distal radii were scanned with a CT 

(Siemens Somatom Edge+, 120kV, sd/ri 0.6/0.4, kernel 

Ur77). Obtained DICOMs were segmented in Mimics 

(V21.0, Materialise) using a 50% threshold between 

bone and air, based on two intensity profiles across the 

radial head (for cancellous bone) and the diaphysis (for 

cortical bone). Saw-guides were designed in 3-matic 

(V13.0, Materialise) to enable exact fracture simulation 

of the distal radius, with a dorsal inclination of 26.1° 

(see Figure 1), and fixed in place with glued carbon 

wedges. In addition, the diaphysis was fractured, and 

sample specific fixators were designed for adjustment of 

the fracture gap distance (see Figure 2). In that way, 

bones with defined fractures can be scanned again with 

CT to determine the effect of different CT settings and 

segmentation algorithms on final 3D-printed models. 

 

Results 

3D-printed, bone sample-specific saw-guides were 

successfully designed for establishing a model for 

Colles’s fracture (same anatomical location, same dorsal 

inclination). Further, a sample-specific fixator at the 

diaphysis was developed to allow an exact adjustment 

of the fracture gap (from closed to several mm) with a 

lock nut, mounted on thread pins (see Figure 2). 

 

  
Figure 1: Left: Saw guide with defined anatomical 

fracture location (red). Right: Dorsal inclination of 

distal radius around Lister’s tubercle (turn point, blue) 

and fixation from position 1 to 2 of the top saw-guide. 

 
Figure 2: Fracture of diaphysis and adjustment of 

fracture gap distance with thread pins and a lock nut. 

 

Discussion 

The developed saw-guide enables an exact anatomical 

fracturing and dorsal inclination to establish a model for 

Colle’s fracture. As such, influencing factors on 

obtained 3D printed bone models, such as different CT 

settings or segmentation algorithms, can be determined, 

independent from different fracture patterns or 

differences in anatomical locations. Moreover, the 

diaphyseal fixator allows the determination of the 

minimal detectable fracture gap, also in dependency on 

different CT settings or segmentation algorithms. 
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Introduction 

The purpose of this article was to investigate if a 

material could vary itself based on both patient and 

surgeon necessities. We thought geometry of the 

material could be a valuable way to address rigidity 

changes in the material. Rigidity is an important 

characteristic which is different from bone in all 

materials actually used, and it has been considered in 

several recent studies where the most rigid material has 

shown an higher stress-shielding. [17, 18] 

The aim of this study was to evaluate with computer 

simulation and trough Finite Element Method (FEM) if 

a porous material with variable gaps dimension and 

different in-body vacuum geometrical shapes could 

modify the material rigidity. The goal of this work is to 

evaluate how empty spaces geometry could influence 

the material rigidity. In our thoughts, a “close-to-bone” 

material could have positive implications for 

orthopaedic implants, not only in TKA but also in other 

joint replacements.  

Our hypothesis was that a closer-to-bone rigid material 

could improve prostheses performances, allowing for a 

better bone integration and a more rigid articular 

interface. 

 

Methods 

Five cubes with a 20 mm thickness were generated with 

computer simulator and analyzed under compression 

load by means of finite element (FE) analysis. The 

displacement calculated in four cubes, containing four 

internal gaps with different geometry shape (quadratic, 

hexagonal, octagonal and cylindrical), were compared 

with a full body used as control. FE analysis was 

conducted to assess the displacement in the axial 

direction in five points located inside each cube, 

dividing the latter into four layers (α, β, γ, δ). 

 

Results 

The hexagonal and cylindrical internal gaps provide the 

greater displacements compared to the full body, so 

reaching lower stiffness than the other in-body vacuum 

geometries. Specifically, the displacement reduction 

values are 5.1 µm (cylindrical) and 5.0 µm (hexagonal) 

in layer α,  10.6 µm (cylindrical) and 10.2 µm 

(hexagonal) in layer β, 19.1 µm (cylindrical) and  19.6 

µm (hexagonal) in  layer γ, 47.2 µm (cylindrical) and 

47.7 µm (hexagonal) in layer δ.  

 
 

Figure 1: Figure 5. Displacement in z direction (first 

simulation) for quadratic (blue), hexagonal (orange), 

octagonal (grey) and cylindrical (yellow) in-body 

vacuum geometries, compared to full body trend 

(green). 

 

Discussion 

The most important finding of the present study was that 

cubes with hexagonal and cylindrical geometries show 

the lowest rigidity at each point, compared to the other 

geometries analyzed and compared to the full body 

cube. This study also suggests that to achieve reduced 

rigidity, the size range of the in-body vacuum was from 

1 mm to 4 mm. 
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Introduction 

In the three-dimensional (3D) bioprinting work frame, 

the development of novel highly biocompatible 

materials with good printability and tailored mechanical 

properties is one of the main targets. Even though, either 

natural or synthetic biomaterial are employed in 3D 

bioprinting, naturally derived materials are inherently 

bioactive. [1] Gelatin is one of the natural materials 

employed in 3D bioprinting. To exploit its use in 3D 

bioprinting it can be either functionalized, enabling the 

ultraviolet (UV) light crosslinking or, more recently, 

crosslinked with enzymes avoiding the presence of 

harmful chemicals. [2,3] Nevertheless, gelatin 

methacrylate (gelMA) is widely used in 3D bioprinting. 

[4-6] The study of a bioink based on gelMA additivated 

with a natural gum has demonstrated good printability 

and high cell viability. [7] Besides, the miscibility and 

the foam stability of xanthan gum (XAN) and gelMA 

have been reported, opening its use in 3D bioprinting. 

[8,9]  

 

Methods 

Porcine skin gelatin was dissolved in phosphate buffer 

solution (PBS). After the dissolution, methacrylic 

anhydride was added to the solution. Then PBS was 

added to dilute the reaction mixture. The mixture was 

dialyzed for 72 h at 50 °C. After dialysis, 20 wt.% of 

xanthan gum with respect to gelMA was added. The 

solution was kept under vigorous stirring to allow the 

formation of a foam. Then, the foam was dried at 55°C 

for 48 hours. The gelMA/XAN foam was diluted in PBS 

Table 1 shows the compositions of the prepared inks. 

The inks were printed using an Inkcredile+ by Cellink 

3D bioprinter using different speeds and pressures. 

Several characterizations were performed. Cytotoxicity 

assays were carried out on the gelMA/Xan inks to assess 

the biocompatibility using an established cell line. 

Rheological measurements were performed to evaluate 

the effect of the addition of XAN to gelMA. The tests 

were carried out on a Discovery DHR2 rotational 

rheometer by TA instruments. Finally, compression 

tests were carried out using a Bose EnduraTEC 

ELF3200 to evaluate the correct polymerization of the 

material. 

 

Ink GelMa 

(wt%) 

XAN 

(wt.%) 

PBS 

(wt.%) 

GelMA/XAN 20% 8 2 90 

GelMA/XAN 30% 7 3 90 

GelMA/XAN 40% 6 4 90 

Table 1: Compositions of the inks used for this study. 

 

Results  

Cytotoxicity assays showed that the materials are 

biocompatible. The rheological behavior of the 

gelMA/XAN inks was assessed. Each ink showed a 

pseudoplastic behavior with the presence of a yield 

stress due to the addition of xanthan gum. 

Two different geometries were printed: arrays of lines 

and scaffolds (Figure 1). The array of lines was printed 

at different speed and pressures to find the optimal 

process parameters. While, the grid was printing with a 

different number of layers. Finally, compression tests 

verified the correct polymerization of the material. 

 

 
Figure 1: Array of lines printed (a) and scaffolds (b) 

printed with gelMA/XAN 30% ink.  

 

Discussion 

The use of xanthan gum as an additive allowed to use a 

novel method of preparation, i.e., the drying of a 

gelMA/XAN-based ink. This method had the advantage 

of substituting the lyophilization step. Furthermore, the 

use of XAN improved the printability of gelMA-based 

inks without affecting cell viability. Therefore, this 

novel strategy for the preparation of Gelma/XAN-based 

inks led to the development of a material exhibiting an 

excellent compromise between printability and 

biocompatibility. 
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Introduction  

Manual suturing is the current gold standard for 

intestinal anastomosis, remaining a difficult and time-

consuming procedure [1-2]. In this study, we designed 

and four-dimensional (4D) printed hollow cylindrical 

structures made of biobased and biocompatible 

regenerated silk (RS) and poly(3-hydroxybutyrate-co-3-

hydroxyvalerate) (PHBV) to be used as suterless clips in 

intestinal anastomosis. The rationale of our innovative 

4D structures is based on the negative thermal expansion 

coefficient of RS when heated in high relative humidity 

(HRH), as in the human body.  

Methods 

Material preparation: Bombyx mori cocoons were 

degummed in sodium bicarbonate (NaHCO3) at 100°C 

for 30 min. Then, two RS solutions were prepared: i) 

RS/CaCl2: RS fibers were dissolved in calcium chloride 

(CaCl2)/formic acid (FA) solution; ii) RS/CaCl2/KNO3: 

potassium nitrate (KNO3) was added to the RS/CaCl2 

solution. PHBV was dissolved in chloroform with a 

final concentration of 150 mg/ml. 

Structure fabrication: Hollow bilayer cylindrical 

structures were 4D printed using a piston-driven 

extrusion-based 3D printer (Fig. 1A), featuring a 

rotating spindle (spindle diameter = 5 mm, spindle speed 

= 15 rpm, needle diameter = 0.8 mm). The inner layer 

was obtained extruding the PHBV solution over the 

rotating spindle, whereas the external one was obtained 

depositing the RS compounds (i.e. RS/CaCl2 or 

RS/CaCl2/KNO3) over the PHBV (Fig. 1B).  

Structure characterization: The structures were 

characterized by weight variation in HRH, Fourier 

transform infrared spectroscopy and compression test. 

Then, finite element (FE) simulations were performed to 

analyze the capability of the 4D printed structures to 

contract under thermal stimulus. Finally, the structures 

were used as sutureless thermoresponsive clips ex vivo 

(Fig. 1C), measuring the bursting resistance once 

applied on an anastomized porcine intestine. 

Results  

In this work, we fabricated hollow biobased and bilayer 

cylindrical structures with a thickness of approx. 50 μm, 

exploiting extrusion-based 4D printing. Structure 

characterization showed that adding KNO3 promotes the 

formation of the β-sheet intramolecular crystalline 

structures, stabilizing the tubes and enhancing its 

resistance to collapse. FE models indicated that at 37°C 

the tubes contracts radially, compressing the intestine 

wall, with a bigger compression when RS/CaCl2/KNO3 

compound is used. This result agrees with experimental 

evaluation of bursting pressure, showing that the use of 

the RS/CaCl2/KNO3 + PHBV structure increases the 

burst pressure to approximately 90 mmHg. This 

represents an increment of over 140% in comparison to 

the value recorded for sutured intestine. 

 
Fig. 1: (A) 3D printing equipment based on an extrusion 

system featuring a rotating spindle. (B) Top and side view of 

the 4D printed cylindrical structures. (C) Assembly of the 

fabricated device for the ex vivo testing. 

Discussion 

The 4D printed RS/CaCl2/KNO3 + PHBV structures 

resulted in a promising biobased device for sutureless 

anastomosis [3]. In the next future, this device will be 

used in mices to verify anastomosis capabilities in vivo, 

and complex RS deposition patterns (e.g. helix, 

honeycomb) will be explored to maximize the 

contractive mechanism.  
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Introduction 

Digital light processing (DLP) is widely used in 3D 

printing, because of its scalability, mild working 

condition and fast printing speed. DLP consists in the 

photopolymerization of photo-curable precursors 

starting from a CAD project and commonly used inks 

are acrylates and their derivatives [1]. Light-based 3D 

printing techniques may represent a valuable instrument 

for its precision and the flexibility. Herein, we tested the 

biocompatibility of three different acrylate-based 

formulations to assess the feasibility to use them to 

realize device for cell culture. After adjusting printing 

parameters, we optimized washing and sterilization 

protocol to improve cell viability [2]. 

Since, microfluidic devices enable to control cell culture 

environment and may be used for drug screening or 

other cell-based assay to improve reproducibility [3], we 

design a DLP printed microfluidic device mimicking a 

96-well plate, suitable for cell culture and cell-related 

assays. 

 

Methods 

Bisphenol A ethoxylate diacrylate (BEDA), 1,6-

hexanediol diacrylate (HDDA) and polyethylene glycol 

diacrylate (PEGDA) with 0,2% or 1% of a phospine 

oxide-based compound (BAPO) were printed using a 

PICO 2 DLP-3D printer (Asiga, Australia) with a LED 

light source (405 nm). Washing protocol consisted in 

incubation or sonication in selected solvent (Ethanol or 

acetone). The sterilization was performed 30 minutes of 

UV light before cell seeding. Cell viability was assessed 

using MTT assay [2]. The design of the microfluidic 

device was done using SolidWorks and the dimension 

recapitulated the well of a 96-well plate. 

  

Results 

The 3D printed samples were deeply washed, to remove 

un-reacted materials, following four specific protocols 

which may be divided into two main groups: incubation 

and sonication. For incubation, the samples were 

incubated for 2 h in ethanol or acetone; then then UV 

post-curing for 5 min. Sonication protocol consisted in 

sonication for 5 minutes in a solvent (ethanol or acetone) 

and then UV post-curing as described above. Finally, the 

samples were kept in the same solvent overnight. 

Among the protocols, incubation seems to be too mild 

to remove toxic product leading to cell death. On the 

other hand, sonication gave better result, but acetone 

strongly affect the optical properties of the samples and 

in some cases lead to the break of the material. Among 

the resins, BEDA is associated to lower cell 

proliferation. Although, HDDA showed the higher cell 

viability after but the loss of transparency after washing 

step made it impossible to use for imaging analysis. 

After testing all the formulations, PEGDA 0,2% BAPO 

sonicated in ethanol represents the best candidate to be 

used as main material for a 3D printed device for its 

printability, transparency and cell compatibility [3].  

Next, we designed a PEGDA based microfluidic plate 

that recapitulates 96-well plate dimensions (Figure 1). 

Fluidic test shows that the channel succeeds in filling all 

the wells when connected to a peristaltic pump and the 

precise design makes its suitable to be used in normal 

plate reader. Cells can be seeded in these wells and 

analyzed by optical and fluorescent imaging or by 

proliferation assays. 

 

 

 
 

Figure 1: This figure shows the CAD design of the 

microfluidic plate (left) and the 3D printed one (right).  

 

Discussion 

We produce biocompatible 3D printed polymer parts 

using a commercial DLP-3D printer. Our results 

underlined the importance of post printing processing, 

indeed, washing steps are essential in removing non-

reacted monomers and photoinitiators to reduce the 

toxicity of printed parts towards cells.  
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Abstract 

To date, most gynecological models available focus on 

pregnancy. Using imaging data from pelvic magnetic 

resonance (MR) images, we extracted the specific 

anatomy of the non-pregnant, post-menopausal uterine 

cavity and surrounding tissues for the creation of 3D 

anatomically correct and biomechanically 

representative solid models. These models aid in the 

visualization of the anatomical features in silico and can 

easily be translated into physical models and dedicated 

experimental setups for the evaluation of new 

technologies such as liquid biopsies, by means of rapid 

prototyping.  

 

Introduction 

Mechanical alterations of the female reproductive 

organs can lead to different pathological states [1]. The 

generation of anatomically accurate and 

biomechanically representative models is of great 

importance for the analyses and simulation of 

therapeutic or surgical interventions, as well as the study 

of the biomechanics of the onset of disease. Hydrogels 

(Polyvinyl alcohol (PVA), chitosan, alginate, etc.) and 

silicone rubbers have been used to mimic the 

mechanical properties of soft tissues, allowing for 

different model generation techniques [2]–[4]. 

 

Methods 

Anatomically correct 3D reconstructed structures of the 

female pelvic organs were obtained from MR images 

through user-guided segmentation and used to generate 

molds for additive manufacturing techniques.  

Sagittal and axial T2 weighed FRFSE MR images were 

loaded on slicer 4.10.1[5], and ITK SNAP 3.8.1[6], 

where semiautomatic segmentation tools, followed by 

user auditing and correction were used to identify the 

bladder, uterus, vagina and uterine cavity, as well as 

reference anatomic landmarks. Three dimensional solids 

were generated for each structure and exported as .STL 

files to Inventor 2019 [7] where 3D-printable molds 

were designed.  

Two main manufacturing processes have been 

identified: 1) 3D-printed molds for hydrogel casting and 

2) 3D-printed scaffold for direct hydrogel deposition 

through bioprinting.  

Thus far, PVA thermal cycling and mechanical 

characterization has been completed. Different hydrogel 

compositions and cross-linking techniques are being 

tested for further biomechanical compatibility and 

manufacturability of the generated models. 

Results  

Anatomically accurate solid models of the uterus and 

uterine cavity were extracted, molds were designed and 

casted on silicone rubber with a shore hardness of 00-

10, with a 100% modulus of elasticity of ~ 55kPa 

(Figure 1). The characterization of 10% and 15% w/w 

PVA solutions determined that to obtain similar 

properties in the linear region, 6 to 10 thermal cycles are 

required at a freeze rate of 0.333°C/min (to -20°C) and 

a thawing rate of 0.111°C/min. (to 10°C). 

 

 
Figure 1: 3D reconstruction of the pelvic organs. Top: 

Y. Sagittal, R. Axial, G. Coronal planes. P. 3D volume. 

Bottom, left to right: uterus and uterine cavity solids, 

casting moulds, and silicone rubber model.  

 

Discussion 

Automated segmentation of complex structures is not 

always achievable and requires user intervention. The 

use of hydrogels for biomechanically representative 

models is feasible, however, it represents manufacturing 

challenges particular to the cross-linking methods of the 

selected materials. These fine-tuned mock-ups are 

useful in the assessment of new technologies, training 

and surgical planning. 

  Further work is required to streamline the process from 

medical imaging to bio printed biomechanical models. 

If successful, these could potentially facilitate the 

generation of patient-specific, biomechanically 

compatible engineered tissues.   
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Abstract 

In vitro tissue modelling is a growing field which is 

currently being enhanced with new manufacturing 

techniques such as 3D bioprinting. This revolutionary 

technique enables the production of complex 

hierarchical structures while allowing high cell densities 

encapsulated in bioinks to be deposited in a controlled 

manner1. However, it has been shown that high shear 

stresses produced during the extrusion process can 

compromise cells’ ability to survive2 and grow3. 

Currently, the printing process is optimised by trial & 

error, which requires large quantities of cells and 

materials, and time. A more efficient process of printing 

optimisation, e.g. towards maximum cell survival post 

printing, is much needed for the further advancement of 

3D bioprinting. Computational fluid dynamics (CFD) 

modelling used  to simulate the extrusion process of 

bioinks under different extrusion pressures, nozzle and 

needle diameters, is expected to play an important role 

in the optimisation of the printing process. 

 

The aim of this work is to develop a CFD model to 

establish a quantitative understanding of the association 

between the extrusion pressure, choice of bioink 

material, nozzle or needle size, and shear stress within 

the nozzle/needle.  

 

The CFD model was developed using ANSYS Fluent 

software. The geometrical model of nozzle/needle and 

the air bodies combined, were made in a 2D 

axisymmetric manner and subsequently meshed using 

quadrilateral elements. After mesh sensitivity test, the 

simulations were conducted using different bioinks – 

mixtures of xanthan gum and gelatine, and gelMA 5% – 

to assess the optimum printing conditions for each 

material. The materials were characterised rheologically 

to find their viscosity and fitted into the Herschel-

Bulkley model, when non-Newtonian, as inputs for the 

CFD model. The shear stresses generated were analysed 

in three different nozzle sizes and three needle sizes 

(22G–410 µm, 25G–250 µm and 27G–200 µm). The 

results showed the correlation between smaller nozzle 

sizes and higher shear stresses generated for the same 

material and extrusion pressure, which was expected. 

Additionally, a comparison of the maximum shear 

stresses showed that the xanthan gum-gelatine mixtures 

generated lower shear stresses (140 Pa) than gelMA 

(845 Pa) when extruded with the same nozzle diameter 

and extrusion pressure. Additionally, the flow rate was 

assessed and compared to experimental gravitational 

measurements to validate the model. By examining the 

flow rate and the experimental results, a further 

correlation between the maximum pressure and 

maximum printing velocity that can be used without 

losing filament continuity was found. Although the 

simulations and experimental validation tests were 

conducted under acellular condition, the results provide 

a quantitative indication which can narrow down the 

number of possible printing parameter combinations 

towards a low potential cell damage and high printing 

output.   

 

Ongoing work will be aimed at establishing the potential 

association between the predicted shear stress and the 

cell-specific tolerance of shear stress that causes cell 

damage in experimental printing, which will make this 

model a strong tool to design 3D bioprinting processes.  
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Introduction 

In recent years, Additive Manufacturing (AM), mainly 

known as 3D printing has widely spread and developed 

within the engineering landscape. The diffusion of this 

technology has also affected the biomedical context, and 

in particular the production of patient-specific 

anatomical models, which can be used for a lot of 

purposes, including surgical training as well as in vitro 

experiments. For such applications, the model should be 

able to return a sensory feedback to the surgeon as much 

as possible in line with the operative reality and, 

moreover, it should be possible to accurately predict its 

mechanical response. 

Highly deformable 3D-printed photopolymers are well 

suited to simulate the mechanics of biological tissues. In 

the literature, they are commonly described through a 

linear elastic model, which is an excessive 

approximation for soft rubber-like materials known to 

have a not negligible viscoelastic behaviour.  

The aim of this work is the experimental evaluation of 

the parameters of a constitutive model that can 

effectively describe the behaviour of 10 specific 

photopolymers Agilus30™, VeroCyan™ - Stratasys©, 

and their 8 possible mixtures S30-S95 (where the 

number refers to the Shore A of the material. Stratasys© 

Material Jetting 3D printers can simultaneously deploy 

all the 10 materials during the same print: this means 

that they can be combined in a single multi-material 

anatomical model. 

 

Methods 

A generalized Maxwell model, in which the shear 

relaxation modulus is expressed by means of a Prony 

series was selected, being available in the majority of 

Finite Element (FE) commercial software. It is 

formulated as follows: 

𝐺(𝑡)  =  𝐺0 + ∑ 𝐺𝑖𝑒
−𝑡
𝜏𝑖

𝑁

𝑖=1

 (1) 

where 𝐺0 is the shear relaxation modulus at equilibrium, 

N is the number of terms, 𝐺𝑖 is the shear relaxation 

modulus of the 𝑖𝑡ℎ Maxwell element and 𝜏𝑖 its relaxation 

time. 

The aim of the work is to determine through 

experimental tests 𝐺(𝑡) and subsequently theoretically 

derive the bulk relaxation modulus 𝐾(𝑡). For the 

determination of the parameters involved in (1), the 

shear frequency response is evaluated through a 

Discovery HR2 rheometer (TA instruments) in the range 

1-100 Hz, applying a sinusoidal strain history. 

Frequency responses were evaluated at different 

temperatures. 

For each material, the transition temperature 𝑇𝑔 was 

computed [21] and all the frequency responses obtained 

at different temperatures were shifted to compute the 

master curve, by means of the Williams-Landel-Ferry 

(WLF) approach. WLF constants were retrieved using 

the approach of Andreozzi et al. [22], while a manual 

shift of the curves was implemented following the 

Equivalent slope method [23]. The Krein Nudelman + 

Honerkamp Weese (KN+HW) method [24] was selected 

to get the values 𝐺0, 𝐺𝑖 and 𝜏𝑖 in (1) without imposing a 

priori the number of Maxwell elements N.  

 

Results 

Table 1 reports the values 𝐺0 and 𝐺𝑖, while Table 2 

reports the relaxation times 𝜏𝑖. The procedure identifies 

5 𝜏𝑖 for all materials except for S85, for which 4 are 

found. For the sake of brevity, values for materials S30, 

and S40-S60 are not reported, being close to S35 values. 

 

Mat. G0 G1 G2 G3 G4 G5 
Agilus30 0,126 0,030 0,073 0,170 0,444 3,154 

S35 0,136 0,038 0,098 0,222 0,639 2,637 

S70 0,156 0,052 0,125 0,293 0,871 4,242 

S85 0,229 0,118 0,300 0,632 1.630  
S95 0,244 0,149 0,323 0,612 1,219 1,828 

VeroC. 0,770 0,348 0,882 1,816 2,578 2,930 

Table 1: Shear moduli 𝐺0 and 𝐺𝑖 in MPa.  

 

Mat. τ1 τ2 τ3 τ4 τ5 
Agilus30 0,503 0,049 0,007 0,001 0,000 

S35 0,406 0,038 0,006 0,001 0,000 

S70 0,459 0,040 0,006 0,001 0,000 

S85 0,312 0,027 0,004 0,001  
S95 0,711 0,052 0,007 0,001 0,000 

VeroC. 1,422 0,163 0,034 0,008 0,001 

Table 2: Relaxation times 𝜏𝑖 in sec.  

 

Discussion 

This work provides a valuable contribution to the 

understanding of the mechanics of several 3D-printed 

photopolymers and a methodology to obtain the 

required parameters for the use of the selected 

constitutive model within the most common commercial 

FE software. Future works will explore the possibility 

of including hyperelasticity in the model, to account also 

for nonlinear effects. 
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Introduction 
Multicomponent bioinks have emerged as an optimal 
solution to overcome the drawbacks of single-hydrogel 
compositions, such as the limited printability of natural 
polymers or the lack of cell-specific activity of synthetic 
ones, thus integrating the advantages of each component 
(e.g., different crosslinking mechanisms) and widening 
the biofabrication window [1][2][3]. The present study 
reports an innovative formulation consisting of Pluronic 
F127 (PF127) and gelatin methacrylate (GelMA), which 
integrates the advantages of both hydrogels, maximizing 
the ink printability and biocompatibility to fabricate 3D 
constructs as skin tissue models.  
 
Methods 
A GelMA-PF127 aqueous system was prepared and 
characterized in term of its temperature-dependent 
rheological properties. 
Squared multi-layered scaffolds laden with human 
dermal fibroblasts were obtained by micro-extrusion 
bioprinting. After printing, constructs were exposed to 
365 nm UV radiation (using Irgacure 2959 as a 
photoinitiator) to induce GelMA polymerization. 
Dissolution of Pluronic component from crosslinked 
constructs was performed by washing steps (Figure 1).  
At selected time points (up to day 14), constructs were 
analyzed for cell viability (MTT assay) and cell 
distribution within the hydrogel (by labelling actin 
filaments). 
 

 
Figure 1: Schematic illustration of the printing process 
of GelMA-PF127 hydrogel with the relative parameters. 
 
Results 
Due to its thermosensitive properties (Figure 2-a) and 
shear-thinning behaviour (Figure 2-b), the ink was 
suitable for bioprinting at physiological conditions, 
showing excellent structural integrity and shape fidelity 
after fabrication (Figure 2-c). 
Encapsulated cells remained viable for 2 weeks after 
printing (Figure 2-d) and cell proliferation was reported. 

A remarkable cell alignment along the fiber deposition 
direction was observed already after 4 days in culture 
(Figure 2-e).  
 
Discussion 
Due to the intrinsic bioactive properties of GelMA and 
the mesoporosity provided by the elution of PF127 
micelles [4], the bioink was used for the biofabrication 
of fibroblast-laden constructs with the aim to 
recapitulate the dermis compartment of the human skin. 
The bioprinted constructs showed high levels of cell 
viability and proliferation in long-term cultures, thus 
representing a technological platform for the future 
development of a construct recapitulating the 
physiological complexity of the entire dermo-epidermal 
layers. 
 

 
Figure 2: (a) Storage and loss moduli as a function of 
temperature showing the sol-gel transition; (b) shear 
thinning behaviour of the ink; (c) 3D printed constructs 
(scale bar: 1 mm); (d) long-term cell viability of human 
dermal fibroblasts up to 14 days post printing; (e) cell 
distribution over the selected time interval. 
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Introduction 

The adoption of 3D models is of great interest in 

different medical fields [1]. Complex heart diseases 

(CHD) represent an ideal field to assess the medical 

effectiveness of 3D models, considering the level of 

complexity that affects a lot of surgical procedures. 

Moreover, the anomalous anatomical arrangement of 

CHDs, requiring a personalized approach, would benefit 

from 3D models [2-3]. Nevertheless, the effectiveness 

of these strategies applied in real clinical workflow has 

not been evaluated yet. The aim of this work is the 

comparison in terms of accuracy and added diagnostic 

value provided by 3D printed and virtual models in the 

planning of cardiac surgery. 

 

Methods 

CT and MRI volumetric datasets of about 60 patients 

affected by CHD scheduled for surgical repair were 

segmented to obtain 3D models of cardiac structures 

(Fig 1a). Three different 3D printing techniques were 

used: the fused deposition modelling (FDM), the 

stereolithography (SLA) and the selective laser sintering 

technique (SLS). TPU Elasto85 filament (3ntr), Elastic 

50A resin (Formlabs) and Flexa Bright powder (Sinterit) 

were adopted in the FDM, SLA and SLS approaches 

respectively. A 3D virtual web platform was developed 

in JavaScript linked to clinical records. This application 

allows scene rotation, virtual cutting and spatial 

measurements. The enrolled clinical cases were 

evaluated by a multidisciplinary heart team, following 

two steps: first, the clinical case was discussed by using 

only the traditional imaging dataset, then the virtual and 

3D printed models were introduced to plan suitable 

procedures and to assess the added value provide. 

 

Results 

For the analysed cases, the adoption of the two 

techniques reported a significant improvement in 

comparison with standard clinical images alone. The 

main advantages reside in the possibility to manage the 

3D geometry to plan the surgical or interventional 

procedure and to facilitate communication within the 

heart team’s members.  Table 1 reports the 3D printed 

models scores associated to technical aspect of the post 

curing time (PCtime), printable model size (MS), clinical 

feedbacks in terms of surface finish (SF) and 

applicability of models to simulate procedure in a 

surgical room (cch) or via catheterization (cathlab).   

 

 PCtime MS SF SA 

FDM ** *** * cch 

SLA * * *** cathlab 

SLS *** ** *** cch/cathlab 

Table 1: Associated scores for the, PCtime, MS, SF and 

the simulation approach (SA). 

 

 
Figure 1: Reconstructed 3D heart model (a); example of 

surgical planning on 3D model printed with SLS (b). 

 

Table 2 reports a comparison between 3D printing and 

virtual models in terms of perceived effectiveness by 

each medical team.  

 

 cch <10 cch >10 cathlab 

3D *** ** *** 

virtual ** *** ** 

Table 2: Resulting scores for the 3D printed models and 

virtual models assigned by cch members with more or 

less than 10 years of expertise and cathlab. 

 

Discussion 

The 3D model adoption to test the feasibility of the 

determined surgical technique gave a positive feedback 

from clinicians. The 3D printing resulted as the most 

appreciated approach in terms of perceived usefulness. 

The SLS was the best among the 3D printing techniques. 

However, it is worth to stress out that the virtual 

approach is cheaper since it is not associated to printing 

costs and the 3D model can be edited several times in a 

reversible manner. 
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Introduction 

To understand control strategies implemented by any 

system, it is necessary to characterize how the system 

responds to external perturbations. By measuring global, 

joint mechanics and motor responses to a range of 

perturbations, we can learn about the control strategies 

implemented by small birds to cope with perturbation 

during bipedal locomotion.  

 

Methods 

To better understanding of the neuromechanics of avian 

bipedal uneven locomotion, 10 quails moved on a 

walking-track at their preferred speeds. Uneven 

locomotion was analyzed by combining X-ray 

fluoroscopy (500 frames/sec) with 3D ground reaction 

forces (1 kHz), and electromyographic (EMG, 2 kHz) 

analysis (see fig. 1). Uneven experiments were divided 

into steps perturbations and sudden drops perturbations 

(with and without camouflage). Three different 

perturbation heights (1 cm, 2.5 cm, and 5 cm) were 

tested. The complete experiment setup was conducted 

with and without EMG measurement.  

To measure muscle 

activation, it was 

necessary to implant 

electrodes (iridium-

platinum alloy) into the 

muscles. This kind of 

surgery was never made 

before in such small birds 

like quail. We collected 

ca. 500 videos 

encompassing steps and 

drops. The time 

necessary to manually 

label landmarks and 

center of mass (CoM) at 

500 Hz is prohibitive. 

Consequently, we 

developed semi-

automated labeling 

method for the 

anatomical landmarks [1] 

and automated method to 

estimate 3D-potion of the 

CoM [2]. Our landmarks 

localization technique 

combines deep feature 

representation of the 

input image, landmark 

regression task and 3D reconstruction. Deep features are 

learned representations of images extracted from a 

Convolutional Neural Network (CNN). Landmarks 

regression are trained linear models.  

 

 
Figure 2: Semi-automated labelling of anatomic 

landmarks based on biplanar fluoroscopy during 

uneven locomotion of a quail. 

 

Ongoing work 

We now combine 3D-kinematics with 3D-ground 

reaction forces to analyze global and joint dynamics. 

Numerical models [3] are used to test stabilization 

strategies. We expect to start analyzing EMG soon.  

By measuring motor responses to a range of 

perturbations, we expect to define the functional 

mapping between deviations in limb state (i.e., the 

position, velocity, acceleration of joints or muscles) and 

the resulting motor output (i.e., muscle activations). 

This functional mapping defines the control strategy. 
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Introduction 
Ocean acidification is a threat to deep-sea coral reefs and 
could lead to dramatic and rapid loss of the habitats they 
make. Increases in porosity in structurally critical parts 
of the coral reef framework will lead to structural weak-
ening and physical habitat collapse on an ecosystem 
scale, reducing the potential for biodiversity support [1]. 
In situ evidence highlights that cold-water coral (CWC) 
can survive beneath the aragonite saturation horizon, but 
in a fundamentally different way to what is currently 
considered a biogenic cold-water coral reef, due to a loss 
of the majority of reef habitat [1]. The weakening mech-
anism has a striking similarity with osteoporosis [2] and 
similar ‘fracture risk’ analyses techniques could help to 
investigate ‘tipping points’ in CWC reefs. Therefore, 
this study aims to develop a multiscale constitutive 
model to investigate the consequences of ocean acidifi-
cation on CWC stiffness and strength. 
Materials and Methods 
CWC skeletons are multiscale materials whose building 
block is the aragonite (CaCO3) crystallite. Crystallites 
form needles (~5 µm) conglomerated around rapid ac-
cretion deposits and in thickening bands making up the 
skeletal wall [1]. We used molecular dynamics simula-
tions to approximate crystal stiffness and strength [3, 4]. 
Unit cell dimensions are a = 4.961 Å, b = 7.967 Å and c 
= 5.740 Å with 4 calcium, 4 carbon and 12 oxygen at-
oms. Periodic boundary conditions were used on rele-
vant elementary volumes of 24 unit cells in each direc-
tion. Time-step was set to 0.001 ps and monotonic load-
ing was applied at a strain rate of 0.01 1/s until after ul-
timate strength was reached. Three tension and three 
shear tests were simulated. Computed elasticity was ver-
ified against experimentally identified stiffnesses [3]. 
We developed a three-scale micromechanical model to 
scale up stiffness and strength and implemented it in 
Abaqus (v6.16). The skeletal wall was modelled as a 
polycrystalline material with randomly oriented arago-
nite needles [5] and dissolution porosity was included 
via a Mori-Tanaka scheme [6]. We used a Mohr-Cou-
lomb strength criterion [5] for the aragonite crystals to 
identify a porosity dependent strength criterion [7] at the 
skeletal length scale to incorporate strength loss due to 
ocean acidification. Cell wall elasticity was compared to 
quasi-static nanoindentation tests (1 µm depth) of CWC 
material unaffected by ocean acidification. 
Results 
SEM and EBSD images confirmed that crystal arrange-
ment can be assumed as random. Molecular dynamics 
derived aragonite stiffness compared well with the liter-
ature (Table 1) so that strength values (3.93-5.33 GPa) 
are considered usable for our micromechanical model. 

 in GPa C11 C22 C33 C44 C55 C66 
Exp 171.1 110.1 85.0 41.3 25.6 42.7 

Comp 164.4 112.0 71.3 40.1 26.6 43.8 
MD 156.1 96.0 66.5 34.1 24.6 38.7 

Table 1: Normal and shear components of the aragonite 
stiffness tensor. Exp and Comp are literature values [3] 
and MD denotes our molecular dynamics results. 
Polycrystalline stiffness (no dissolution) was compara-
ble to nanoindentation results. Significantly increasing 
porosity due to ocean acidification (Figure 1a) has a det-
rimental effect on macroscopic stiffness (Fig 1b) while 
the underlying material properties of the polycrystal are 
not significantly affected (p=0.08). Strength of the skel-
etal wall follows a similar trend (Fig 1c). 

 
Figure 1: Porosity ρ significantly increased with in-
creasing aragonite concentration (a) for exposed CWC 
skeletons in 12 months long experiments simulating fu-
ture oceanic conditions [1]. Porosities reached up to 
~40% so that stiffness (b) and yield strength (c) of the 
skeletal wall were significantly decreased. 
Discussion 
We developed a multiscale model that allows us to in-
vestigate the effect of ocean acidification on exposed 
CWC structures. Aragonite concentration dependence 
of porosity (Fig 1a) allows us to use an in situ biochem-
ical marker as an independent variable. The shift from a 
habitat of high 3-dimensional complexity provided by 
both live and dead coral framework, to a habitat re-
stricted primarily to live coral colonies with lower 3-di-
mensional complexity represents the main threat to fu-
ture CWC reefs and the biodiversity they support. The 
presented model may help to determine critical exposure 
times and may allow ‘tipping points’ to be quantified for 
future management of these vulnerable ecosystems.  
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Introduction 
The cat is the only animal species that spontaneously 
develops allergic asthma with all the major features of 
the human disease, and serves as an important pre-
clinical model. Inhaled medications allow topical 
treatment of affected large airways while decreasing 
systemic side effects. While the intent of inhaled 
medications is to reach the lower airways, substantial 
amounts of drug are deposited in the upper airways 
leading to drug waste and undesirable local high 
dosages. Knowledge of inhaled drug deposition has 
relevance both for pet cats and humans with asthma. 
Computational fluid dynamics (CFD) is used in 
humans for non-invasively studying aerosol deposition. 
Little is known in animals, and only few studies have 
been performed in the rabbit [1], rat and monkey [2]. In 
this study, we analyze particle transport and deposition 
in the airways of a cat. Results will help improve drug 
delivery strategies and benefit pet cat health. 
 
Materials and Methods 
One adult client-owned healthy cat was enrolled in this 
study. The cat required sedation for a computed 
tomography scan for reasons unrelated to this study. 
The medical images were imported into the geometry 
reconstruction software Mimics (Materialise Software). 
A manual reconstruction of the geometry of the upper 
airway (nose, nasopharynx, larynx) and trachea was 
performed. 
 

 

     
 
 

Figure 1: Geometry baseline models illustrating the metered 
dose inhalant, spacer of 10 cm, and spherical (top) or 
conical (bottom) masks. 
 
The CFD analysis was performed with the software 
Ansys CFX (Ansys Inc.) after the imposition of an 
inspiratory flow of 3.7 L/min [3]. The drug transport 
and deposition consider particles of aerosol with size of 
10 µm and density of 1000 kg/m3 [4]. Six different 
combination device models’ simulations were done: 
two masks with a spherical and a conical shape and 
two spacers of 10 and 20 cm respectively were used for 
inhalation (see Figure 1). Particles released from the 
simulated inhaler traveled along the airways until they 
impacted the walls or exited from the model outlets.  

 
Results 
The CFD simulations of the cat inspiration and the 
obtained drug transport and deposition show that a 
consistent number of particles deposits in the masks, in 
the spacers and/or in the upper airways, especially in 
the nasal regions (Figure 2). This insinuates drug waste 
and it suggests that prolonged treatment with repeated 
inspiratory efforts would be needed for adequate drug 
concentrations to reach the lower airways. 
 

 
Figure 2: Regional particle deposition (plotted in % on the y-
axis) within the cat airways (specified on the x-axis) and the 
different devices. Outflow represents regions downstream of 
the trachea, the target of drug deposition. 
 
Discussion 
CFD is used to compute the aerosol particle deposition 
and transport valuable in a number of human 
respiratory diseases. Drug waste has been reported in 
humans even in the presence of spacers that should 
improve the delivery [4]. A non-optimal drug 
distribution is also revealed in cats in this study. Only 
small percentages of particles reach the regions 
downstream of the trachea even in the presence of 
spacers. Because cats serve as an animal model for 
human asthma in particular for investigations of novel 
treatments and pet cats spontaneously develop asthma, 
thus, application of CFD in the feline species has 
relevance for bidirectional improvements in cat and 
human health.  
 
References 
1. J. Xi et al, Anat Rec, 299:853-868, 2016. 
2. R. A. Corley et al, Toxicol Sci, 128(2):500-516, 2012. 
3. P. Pang et al, J Exp Biol, 219:1866-1874, 2016. 
4. C. Kleinstreuer et al, J Aer Med, 20(3):294-309, 2007.  
 
Acknowledgements 
Dr. M. Malvè and Dr. R. Fernández-Parra are supported by 
grant DPI2017-83259-R (AEI/FEDER, UE) from the Spanish 
Ministry of Economy, Industry and Competitiveness. 

645
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Introduction
The domestic dog is the only species with more than
300 breeds. These have different body sizes (chihuahua
– great  dane)  and variable body types (sighthound –
bulldog).  Thus, it  is  possible to study size-dependent
effects  without  major  morphological  differences  in
musculature and innervation. Fischer et al. [1] showed
that the hindlimb kinematics differ in relation to body
shape  and  leg  posture.  The  French  bulldog,  having
more  abducted  hindlimbs,  exhibited  significant
differences  in  terms  of  trajectories  (abduction/
adduction)  and long axis  rotation of  the  femur.  This
unusual leg kinematics can yield into pathologies, due
to the irregular loading of the joints.
To better understanding of if the relationship between
joint pathogenesis and joint dynamics is necessary to
bring light in how the interplay between breed related
joint’s passive properties,  gait-typical  kinematics  and
forces, and bone density influences bone stress. In the
present study, we started the analysis of this interplay
on the knee of a Beagle.

Material & Methods
The knee model was built using computed tomography
(CT)  data  of  an  adult  Beagle  (13.8 kg  [2]).  The
resulting  CT  data  set  consisted  of  3370  (spacing
0.33 mm) sections with a resolution of 512×512 pixels
(spacing 0.279×0.279 mm). The femur, tibia and soft
tissue were reconstructed from this data set with Amira
(Thermo Scientific Amira Software; Fig. 1). 

Figure 1: Three-dimensional  knee models considering
the knee bones and soft tissue (left: red; right: green).
The reconstruction was created with Amira.

In  the second step,  a  FE-model  with a  resolution of
1x1x1 mm  hexahedrons  was  created  from  the
reconstruction. The soft tissue was implemented in two
different  model  variants.  The  first  one  included  a
homogeneous  distribution  of  the  material  properties.
The  second  considered  the  musculature,  ligaments,
skin  and  connective  tissue.  For  the  simulation,  the

femur was fixed and a load was applied to the tibia.
The load was limited to extension, flexion, adduction
and abduction in the preliminary tests. The FEBio and
the Postview software tools from  the  MRL and MBL
[3] were used for the simulation and evaluation.

Results & Discussion
As expected, the regions on the joint surfaces showed
the  highest  stress,  where  the  bone  density  was  also
highest. The simple (homogeneous soft tissue) and the
complex model displayed similar stress-distributions. It
has  to  be  pointed  out  that  there  was  no  additional
control  in the joints or further  constraints.  The force
and the geometry constraints of the surrounding tissue
stabilized the motion (Fig. 2).

Figure  2: Inter-articular view of  the knee simulation
(flexion)  of  the  simple  (a)  and  complex  model  (b)
without  the  connective  tissue.  As  well  as  the  bone
density  measurement  by  Riegert  [4]  (c)  and  our  CT
data (d).

Based on our the results, it can be hypothesized that for
the different breeds the specific geometry of the bones
and the distribution of the soft tissue constraint motion
and  forces  transmission.  This  body  plan  might  face
important  problems  for  highly  unusual  joint
kinematics,  increasing  the  risk  of  emergence  of
degenerative  diseases.  This  hypothesis  needs  more
investigation.
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Introduction
Dogs are an interesting object of investigation due to
their different body sizes (chihuahua – great dane) and
their  variable body type (sighthound – bulldog).  The
domestic dog is the only species with more than 300
breeds.  Thus,  it  is  possible  to  study  size-dependent
effects  without  major  morphological  differences  in
musculature and innervation.

Material & Methods
For this purpose, we developed a dog model, which has
84 DoFs and 134 (67 per side) muscles  (Fig. 1). Our
model  includes  the  majority  of  fore-  and  hindlimb
muscles and the most important epaxial muscles used
for locomotion.

Figure  1:  Three-dimensional  dog  model  considering
the musculature (red) and the specific joints (cyan) as
well as the local segments (bones). The local axes are
aligned  laterally  (red),  longitudinally  (green)  and
transversely (yellow) to the bone.

By using static  optimization in the software  package
"OpenSim"  we  estimated  muscle  activation  patterns
and forces in a dog at walk [1, 2]. For this purpose, we
used  3D-limb kinematics  and  ground reaction  forces
recorded experimentally [3, 4].
The muscle  activation's estimated by the model were
further analyzed using a hierarchical cluster analysis (R
–  Ward2  algorithm) to  identify  similar  activation
patterns among the muscles. This method permitted us
to find muscle groups that showed a similar pattern of
innervation. By integrating literature data [5, 6] into the
cluster  analysis,  we  ensured  a  more  objective
comparison between simulation results and published
data.

Results & Discussion
For  most  muscles,  our  simulations  delivered
comparable results to the literature.  Additionally, our
analysis allowed us to detect inconsistencies in the data
and to describe previously unmeasured muscles (Fig. 2
[7]).  Apart  from  numerical  errors  and  optimization
goals,  inconsistencies  can  be  caused  by the  fact  that
EMG studies are largely based only on surface EMG’s
and  can  therefore  only  provide  a  diffuse  and  local
representation of muscle activation’s.

Figure 2:  Muscle activation pattern for 43 muscles of
the  dog  forelimb.  Blue  indicates  no  activation  and
yellow ~30% muscle activation. The muscle names are
colored according to their hierarchical clustering.
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Introduction 
As with children falling in playgrounds [1-5] and 
trampolines [6], long-bone and neck [7] fractures can 
occur in racing greyhounds caused usually by collisions 
and falls [8,9]. The number of injuries occurring on the 
first turn of an ovoid track is largely due to the 
congestion. The hypothesis discussed herein is that 
reducing the congestion will result in a decrease in the 
injury rate in greyhound racing. The variable explored in 
this study is the number of greyhounds in a race. Australia 
has races with 8 starters, whereas in England and Ireland 
races have 6 starters. 
 
Methods 
Over a two-year period from June 2018 to July 2020, race 
injury data were recorded from all 13 greyhound tracks in 
Victoria, Australia. Even though races are usually 
conducted with 8 greyhounds, there were races with 
fewer greyhounds due to low numbers of dogs being 
nominated and/or one or more dog being scratched. The 
injury rates were recorded and compared for 6 and 8 dog 
races on the same track and varying race distances. The 
hypothesis was having more space between greyhounds 
during a race would reduce the congestion, especially 
while the greyhounds negotiate their way around the first 
turn, and this reduced congestion would result in fewer 
serious injuries. All race injuries were assessed by 
professional on-track veterinary surgeons. The injuries 
were categorised by the stand-down (or incapacitation) 
period given to the greyhound, ranging from 0 - 90 days. 
Major 1 were greyhounds given a stand-down of between 
28 and 42 days, Major 2 were greyhounds given more 
than 42 days stand-down and Catastrophic injuries were 
fatal (see Figure 1). 
 
Results and Discussion 
In total 3,445 races with 6 starters, examining 20,670 
greyhounds and 16,051 races with 8 starters, examining 
128,408 greyhounds were observed. All injury data was 
normalised per 1,000 starters for each venue and racing 
distance. Figure 1 shows the normalised number of 
injured greyhounds per 1,000 starters for all 6 and 8 dog 
races for Victoria, Australia. Figure 1 shows that there 
were significantly lower number of injured greyhounds 
in 8 dog races compared to races with 6 greyhounds. The 
results showed that 8 dog races have a statistically 
significant lower number of greyhounds with Major 
injuries compared to 6 dog races. The 6 dog races 
recorded 394 Major 2 injuries compared to only 246 
Major 2 injuries in 8 dog races. However, both 6 and 8 
dog races showed similar numbers of Catastrophic 
injuries on a normalised basis. 

 

Figure 1: Comparison of normalised injury rates for all 6 and 
8 dog races from June 2018 to July 2020 in Victoria, Australia. 
 
Conclusions and Recommendations 
The data showed that having 8 dogs per race resulted in 
a lower number of greyhounds sustaining Major injuries 
than having 6 dog races. However, having either 6 or 8 
dog races did not significantly affect the number of 
fatalities observed. These results are counter-intuitive, as 
it was expected that having fewer greyhounds in a race 
would reduce congestion and result in a lower number 
of injured greyhounds. It is recommended that more 
research be undertaken to understand why there are more 
Major injuries in 6 dog races compared to 8 dog races. 
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Introduction 

Past investigations showed that biomechanical forces 

can influence cardiovascular development and cause 

congenital heart malformations, but the mechanism is 

unclear. We investigate the role of abnormal fluid 

mechanics in causing Hypoplastic Left Heart Syndrome 

(HLHS), using the chick embryonic model of HLHS. 

This model is achieved via left atrial ligated (LAL) on 

the HH21 chick embryo, which disrupts ventricular 

inflow, and causes a hypoplastic left heart by HH28 [1].  

Methods 

In vivo 4D high-frequency ultrasound imaging was 

performed on chick embryonic hearts (5 normal, 4 

LAL). Temporal ensemble averaging was performed to 

improve blood-tissue contrast. Cardiac motions were 

tracked with a validated algorithm [2]. Image-based 

dynamic mesh computational fluid dynamics (CFD) 

simulations were performed on whole embryonic heart, 

as per previously published methods [3]. 

At HH30 (E6.5), the LV free wall were extracted 

from 4 normal and 4 LAL embryos for single-cell RNA-

sequencing. 392 cells were sequenced (130 endothelial, 

171 myocytes, 91 others), approximately 50%-50% 

between Normal and LAL groups. The Louvain method 

was used to cluster the 2D UMAP profiles of the 392 

cells. The subsequent cell annotation was performed by 

combining Seurat’s marker analysis, gene ontology and 

gene set enrichment analysis. 

Results and Discussion 

LAL reduced atrial size and stroke volume. At E4.5, 

the ventricle apex became more pointed, and a medial 

shift in the atrioventricular junction is observed. By 

E5.5, the left ventricle (LV) size and stroke volume were 

smaller than controls, even before full ventricular 

septation, but right ventricle (RV) size and stroke 

volume compensated and were above controls.  

Reduced atrial function led to weak inflow into the 

LV, and reduced velocities in the LV. Velocity fields are 

shown in figure 1A. The LV geometric changes led to 

regions near the LV free wall and apex to be further 

away from the streams of flow in the LV, leading to 

sluggish flow at the LV free wall, where fluid particles 

bobbed around with contraction motion, but are only 

washed towards the outlet slowly. This led to weak and 

oscillatory wall shear stresses (WSS) on the LV, which 

could be linked to the hypoplastic LV at E6.5. Particle 

tracking demonstrated high particle retention in the LV 

free wall regions (Figure 1B). 

RNA-seq showed that differential expression of 

several mechanosensing-related genes, including 

VEGFR2 and glypicans in the endothelial cells, and 

focal adhesion genes, Cadherins and NOTCH1 in 

myocardial cells. Expression levels for calcium 

signaling genes (PI3K, Caveolin, SERCA) and myosin 

contractility genes (CALM, MLCK, MLCP) were 

altered. Many ECM remodeling genes (9 types of 

collagen, laminin, 3 types of MMP, and TIMP3) were 

upregulated, suggesting myocardial fibroelastosis, 

which agreed with previous findings. Endothelial-

myocardial signaling gene expressions (TGF-b, BMP, 

FGF, and PDGF) were also altered. 

 
Figure 2: (A-B) CFD results: (A) velocity field, (B) 

particle tracking analysis, showing high particle 

retention in LAL LV due to weak and oscillatory flow 

near the LV. (C) RNAseq provided clues to possible 

mechanobiological pathways leading to HLHS in the 

LAL model. 

Conclusions 

We discovered that hypoplastic LV can occur in the 

LAL chick embryonic model of HLHS even before 

septation is complete, and that this is likely related to 

WSS becoming weak and oscillatory at the LV free wall, 

due to compromised atrial function, and ligation induced 

alteration in cardiac geometry. We also discovered 

potential mechanobiological pathways for HLHS. 

Acknowledgements 

Funding by Singapore Ministry of Education Grant 

number MOE-T2-1-003, and Imperial College Startup. 

References 

1. Tobita, K., et al. Am J Physiol Heart 

Circ.(2002),282, H2386-2396 

2. Wiputra, H., et al. Sci Rep. 10, 18510 (2020) 
3. Ho, S., et al. Sci. Rep., (2019), 9, 18072 

649



INFLUENCE OF PATIENT BREATHING AND COORDINATION ON
INHALED DRUG DEPOSITION IN IMAGE-BASED MODELS

Josh Williams (1), Steve Cunningham (2), Ali Ozel* (1), Uwe Wolfram* (1)

 1. School of Engineering and Physical Sciences, Heriot-Watt University, Edinburgh, UK; 2. Centre for
Inflammation Research, University of Edinburgh, Edinburgh, UK. * Authors share last authorship

Introduction
Respiratory  patients  often  suffer  from  poor  inhaler
technique,  which  hinders  treatment  effectiveness  and
disease  management.  Patient  breathing  speed  and
coordination  with  inhaler  actuation  is  particularly
problematic for children [1]. Delayed inhaler actuation
has been modelled in a simple mouth-throat geometry
with  constant  air  inflow  [2].  Understanding  the
deposition change with delayed or  early  actuation in
transient breathing will give a better understanding of
which  patients  may  require  breath-actuated  inhalers.
Therefore,  we  aimed  to  evaluate  drug  deposition
change  due  to  (i)  airway  structure  and  (ii)  rapid  vs
normal patient breathing. We then evaluated deposition
change due to device coordination in a child patient, by
adjusting when drugs were released during breathing.  

Materials and Methods
We  compare  drug  deposition  in  the  airways  of  a
healthy male, a female lung cancer and a child cystic
fibrosis patient [3]. Deposition of 10 and 4 μm particlesm particles
was compared  in  each  patient  to  evaluate the differ-
ences  due  to  patient  anatomy.  We  used  airways
extracted from clinical computed tomography scans for
simulations (Fig.  1a).  We used a computational fluid
dynamics-based  solver  (MPPICFoam)  coupled  with
Lagrangian  particle  tracking  in  OpenFOAM  [4],
allowing us  to  track individual particles  and account
for  effects  of  fluid-particle  momentum  transfer.  We
validated the gas velocity field against in vitro data [5].
Due to computational  limitations,  we modelled a 0.1
μm particlesg dose (200,000 particles at 10 μm particlesm diameter, 1000×
lower than a real dose). The implications of modelling
realistic dosages on predicted drug deposition will be
investigated in a future study.

Results
We show upper airway deposition ranged 50-95% of
the total dose across patients for 10 μm particlesm particles with
rapid breathing. Both diseased patients had 30% upper
airway  deposition  with  4  μm particlesm  particles  during  rapid
breathing,  and  the  healthy  patient  had  20%.  During
rapid  breathing,  all  patients  had  deposition  hotspots
over 100× the mean concentration, mainly in the throat
(Fig. 1a). For 10 μm particlesm particles during normal breathing,
40%  of  the  total  dose  reaches  the  juvenile  cystic
fibrosis patient’s deep lung when released at the start
of inhalation (Fig. 1b, ii). With a delay of 0.5 s (Fig.
1b, iii), the deep lung receives 18%. Conversely, when
released 0.5 s before inhalation begins, the deep lung
receives 35% of the dose (Fig. 1b, i). At a delay of 1.8
s only 25% of the dose deposits. As inhalation is nearly

finished, most of the drug is still floating as the patient
transitions to exhalation (which was not modelled). In
that case, 75% of the drug is exhaled and is wasted.

Fig. 1: Deposition in a cystic fibrosis patient for 10
μm particles and normal breathing. Panels: (a)m  particles  and  normal  breathing.  Panels:  (a)
Deposition  concentration  normalised  to  a  mean  of
one.  (b)  Drug  delivery  change  with  inhaler
coordination, where negative time is early,  positive
time is delayed, and t = 0 s is perfect coordination.

Discussion
Our  results  show  10  μm particlesm  particles  were  sensitive  to
patient airway shape and breathing profile (figure not
shown).  With  more  ideal  conditions  (small  particles,
healthy breathing), upper airway deposition varied less
across the three patients (range only 10%, compared to
45%  in  rapid  breathing  and  10  um  particles).  The
change in deposition caused by delayed actuation (Fig.
1b) is due to the acceleration and deceleration of the
flow creating flow structures that do not appear with
constant  inlet  conditions  [6].  Our  models  show
deposition is influenced  most by coordination during
acceleration and deceleration stages of inhalation.
Our models were limited by not including ventilation
variation across different lung lobes.  We believe that
our results pave the way to integrate such models into
patient care to improve and maintain good technique.
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Introduction 
The brain and the spinal cord are surrounded by the 
cerebrospinal fluid (CSF). This clear, water-like liquid 
provides protection against impacts and shocks and 
plays a crucial role in the maintenance of homeostasis in 
the central nervous system [1]. Disturbances in its 
normal production, absorption and/or movement 
modifies the neuro-biomechanical environment through 
changes in CSF and brain tissue pressures. This can lead 
to severe neurological complications as observed in 
patients with Chiari malformation, hydrocephalus and 
dementia [2]. However, the mechanisms underlying 
these disorders are not well understood, neither are the 
CSF dynamics under normal physiological 
circumstances. The aim of this study is to investigate, 
through computational fluid dynamics (CFD) modeling, 
the physiological processes affecting the dynamical 
behavior of the CSF by incorporating them as boundary 
conditions. Adequate boundary values were retrieved 
from clinical literature (Sakka et al. [3]) and numerical 
and magnetic resonance imaging (MRI) studies 
performed by Sweetman et al. [4], Khani et al. [5] and 
Matsumae et al. [6].   
 
Methods  
A three-dimensional model of the ventricular CSF space 
was constructed (figure 1). The geometry was obtained 
via segmentation of clinical T2 MRI images from Ghent 
University hospital, taken from a middle-aged female, 
using Mimics (Materialise, Leuven, Belgium). 

 
Figure 1: Geometry of (1) the lateral ventricles, (2) the 
cerebral aqueduct and (3) the choroid plexus.  
 
An unstructured computational mesh was generated in 
ICEM (Ansys, Canonsburg, USA), with the final 
number of elements (650971) determined in a mesh 
sensitivity study. The CFD analysis was performed 
within the numerical software Fluent 2019 R3 (Ansys, 
Canonsburg, USA). The CSF was modeled as an 
incompressible Newtonian fluid with properties similar 
to water at body temperature (density 998.2 kg/m³ and 
dynamic viscosity of 0.8 mPa.s). Further, the flow was 
considered laminar because of low Reynolds numbers. 
Problem-specific boundary conditions are as follows. 
First, CSF production by the choroid plexuses, which 

are specialized cell structures in the cerebral ventricles, 
was implemented as a continuous bulk flow of 0.4 
ml/min. Secondly, the arterial pulse causes the cerebral 
arteries to expand during systole, leading to periodic 
brain tissue displacement that induces pulsatility in the 
CSF flow. This effect was taken into account by 
inclusion of a pulsatile flow at the ventricular walls 
based on boundary conditions applied by Sweetman et 
al. [4]. Finally, the fluid leaves the ventricular space 
through the cerebral aqueduct, to normally flow via the 
fourth ventricle into the spinal and cranial subarachnoid 
space.  At this outlet, the effects of pressure build-up and 
damping within the CSF space were implemented by 
imposing windkessel model boundary conditions to 
produce a realistic pressure distribution. 
 
Results and discussion  
The maximal velocities and flow rate through the center 
of the aqueduct were selected as a reference and 
compared to phase-contrast MRI measurements 
reported by Sweetman et al. [4] and Matsumae et al.  [6]. 
Adequate finetuning of the boundary conditions allowed 
to simulate velocities and pressures within the 
physiological range (20 mm/s and 550 Pa above venous 
pressure respectively) as depicted in figure 2.  

 
Figure 2: Velocity (left) and pressure (right) magnitude 
in the cerebral aqueduct simulated for one cardiac 
cycle. 
 
These boundary conditions can be implemented into 
future models, hereby requiring appropriate validation, 
for investigation of the normal CSF circulation as well 
as for research of CSF-related neurological disorders. 
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Introduction  

Hepatocellular carcinoma (HCC) is one of the leading 

causes of cancer mortality worldwide [1]. During 

transarterial radio- (TARE) and chemoembolization 

(TACE) for the treatment of unresectable HCC, 

damaging microparticles are injected in the hepatic 

arteries to selectively destroy tumor tissue [1]. Since the 

impact of clinically variable parameters (e.g. injection 

location, particle size and density, etc.) on the target 

specificity of the procedure is currently unclear, 

computational fluid dynamics (CFD) may be used to 

investigate this impact [2]. While transient simulations 

are typically run for these purposes, their high 

computational complexity and cost may limit eventual 

clinical applicability. In this study, it is investigated 

whether computationally less complex steady-state (SS) 

alternatives can offer a time-efficient alternative. 

 

Methods 

The hepatic arterial geometry was obtained by 

combined vascular corrosion casting and micro-CT 

imaging of an explanted human cirrhotic liver [3]. The 

arteries were segmented and 3D reconstructed using 

Mimics and 3-matic (Materialise, Leuven, Belgium). A 

volume mesh containing 9∙106 tetrahedral elements and 

three prism boundary layers was created in ICEM CFD 

(Ansys Inc., Canonsburg, USA). Blood flow was 

modelled using a shear-thinning fluid (Quemada 

viscosity model) and a density of 1060 kg/m³. The 

dispersion of microparticles (diameter: 40 µm, density: 

1600 kg/m³; mimicking SIR-Spheres (Sirtex, Australia)) 

inside the bloodstream was calculated using the Discrete 

Phase Model in Ansys Fluent (Ansys, USA). The 

outflow boundary conditions (BC) were set according to 

Aramburu’s perfusion methodology [4], corresponding 

with a moderate tumor (565 ml) in the 4th liver segment. 

A transient simulation of seven cardiac cycles was run, 

during which particles were released throughout the 

third cycle. For the inflow BC, a transient inflow 

waveform of 0.8s was specified (see Fig. 1). At four 

selected timepoints, separate steady-state simulations 

were run: t=0.01s (Sim. 1), t=0.09s (Sim.2), t=0.35s 

(Sim. 3), t=0.65s (Sim. 4). For each simulation, the % of 

particles exiting through each outlet of the domain 

(particle exit fraction, or PEF) was obtained. 

 

Results  

Inspecting the global particle distribution, Sim. 1 

(t=0.01s) provides the closest match with the transient 

PEF, with an average difference of 0.565% per outlet 

(max: 1.86%). Sim. 2 (t=0.09s, systolic rise) provides 

the worst prediction, with an average difference of 

0.824% (max: 5.91%). In Fig. 1, Particle Release Maps 

(PRMs) for Sim.1-4 are given. PRMs are visualizations 

of the injection plane, showing where particles should 

be injected cross-sectionally to reach the tumor (green 

outlets). The PRMs in Fig. 1 were generated by 

comparing each SS PRM with the transient PRM 

generated at the corresponding timepoint. Here, green 

zones indicate the tumor targeting zones as predicted in 

both simulations, red zones indicate the non-tumor 

targeting zones, while orange zones indicate a mismatch 

in prediction of particle fate between the two 

simulations (the % mismatch is given at each timepoint 

in Fig. 1, which is minimal for Sim.2 (34.2%)).     

 
Figure 1: Comparing tumor targeting zones (green) and 

non-tumor zones (red) between SS and transient results 

at specific timepoints (t=0.01s, 0.09s, 0.35s, 0.65s).  

Orange zones indicate a mismatch in prediction.   

Discussion 

While SS simulations at selected timepoints can provide 

a relatively accurate prediction of global particle 

distribution throughout the liver network (e.g. Sim. 1, 

t=0.01s), the large orange zones in Fig. 1 show that there 

are considerable discrepancies between the tumor 

targeting zones in the PRMs of the SS and transient 

simulations. Next, the accuracy of the global SS 

prediction should be verified for varying injection 

conditions and particle characteristics.     
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Introduction 
The microcirculation delivers oxygen and nutrients to 
the tissue. For this important role, the microvasculature 
has been studied with different methods. To this aim, we 
present here a sophisticated mathematical tool, based on 
a mesoscale model. Such models represent an important 
tool to investigate microcirculation because a brute 
force computational approach is not yet viable in this 
case. Indeed, microcirculation represents a significant 
challenge because of the intrinsic complexity of this 
problem. Additionally, several non-linear effects are 
required to properly model phenomena involved in 
microcirculation, especially when describing oxygen 
delivery. We present also an application case in the 
context of radiotherapy. Even if the complexity of the 
micro-environment (ME) and the oxygen presence have 
certainly an effect on the treatment outcome, the 
mechanism of these phenomena is still not completely 
understood. 
 
Methods 
The advanced mathematical model describing a 
microvascular network embedded in the surrounding 
environment has been detailed and improved in 
subsequent works [1-4], including the following 
features: (i) interaction between the microvascular 
network and the surrounding environment due to 
capillary wall leakiness; (ii) handling of complex 
network geometry; (iii) heterogeneous vascular radius; 
(iv) description of vessel curvature; (v) rheological 
effects of red blood cells; (vi) the heterogeneous 
distribution of red blood cells when flowing through 
bifurcations; (vii) possible inclusion of lymphatic 
absorption.  
We present here the modeling of oxygen transport in the 
ME (i.e. oxygen delivery to tissue) with non-linear 
oxygen consumption (Michaelis-Menten kinetics). 
Also, the key role of RBC in oxygen transport has been 
considered, modeling the transport enhancement due to 
the presence of hemoglobin. We used the model to 
obtain the oxygen concentration in tissues considering 
different artificially generated networks. Then, based on 
that results, we have applied the well-known linear-
quadratic model with oxygen enhancing ratio (OER) to 
describe radiation damage. 
 
Results 
Simulations allow us to describe the fluid flow through 
the microvasculature, the interstitium, and the 
microvascular wall. Leveraging on that results, we have  

Figure 1: oxygen concentration within the vasculature 
and the interstitial space. 
 
described the oxygen transport through the network and 
its delivery to the tissue (Figure 1). Then by assuming a 
uniform radiotherapy dose over the domain considered, 
we have computed the cell survival ratio in different 
cases, based on the oxygenation of the tissue. Results 
show how the oxygen delivery by microvasculature 
determines the heterogeneous oxygen distribution in the 
tissue leading to heterogeneous cell survival. 
 
Discussion 
The model enables the spatial description of the 
microenvironment explicitly accounting for the 
microvasculature, allowing the analysis of radiotherapy 
effects accounting for the spatial distribution of solutes, 
cells, and gasses. Therefore, differences in treatment 
outcomes related to microvascular network morphology 
can be directly investigated. This represents a step 
towards the mechanistic description of radiation damage 
to tissues (considering both tumor and healthy tissue) 
which explicitly includes ME features.  
The model can be applied to compare different treatment 
options, considering also combined treatments, enabling 
the analysis of drug concentrations, metabolization 
rates, and eventually cell surviving fractions. 
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Introduction 

The lymphatic system transports the excess fluid from 

the interstitium and ultimately returns it to the venous 

circulation against an adverse pressure gradient and 

gravitational force. The spontaneous contractions of the 

lymphangions, which are the building blocks of 

collecting vessels, and unidirectional valves play key 

roles in lymphatic propulsion [1]. Currently, higher 

dimensional models of lymph transport are scarce. On 

the other hand, the morphology of the lymphatic system 

has proven to be very difficult to capture. In this study, 

we  model lymph propulsion in a 3D reconstruction of a 

collecting lymphatic vessel with contracting 

lymphangions originating from the hind limb of a 

mouse. A parametric study was also performed to better 

understand the factors impacting lymph propulsion. 

 

Methods 

Ex-vivo animal experiments were performed to collect 

morphological data from collecting lymphatic vessels as 

approved by the Ethical Committee of Ghent University 

Hospital. 18 C57BL/6 mice were sacrificed in total. The 

mice were imaged by high resolution µ-CT scans after 

interstitial contrast injection. The images, with a 

resolution of 40 µm, were then segmented using Mimics 

(®Materialise, Leuven, Belgium) to be incorporated as 

the simulation morphology. The 3D computational 

model was further developed and computed using 

COMSOL Multiphysics® to study the behavior of flow 

within the collecting vessel, the deforming vessel wall, 

and the poroelastic interstitium (Figure 1a). Four 

unidirectional valves were modelled as porous media 

with the permeability changing in function of the 

transvalvular pressures. The vessel wall was assumed 

linear elastic. The total length of the  vessel was 1.83 

mm with diameters ranging between 50-130 µm. 

Lymphangions’ contractions were implemented as 

boundary loads. The pressure boundaries at the inlet and 

outlet of the collecting vessel were both set to zero. The 

studied parameters included the elastic modulus of the 

interstitium, the elastic modulus of the lymphatic 

collecting vessel wall, the magnitude of the 

lymphangions’ contraction load, the refractory period in 

between contraction cycles, the adverse pressure at the 

outlet, the load applied at the interstitial boundaries, and 

the maximum permeability of the secondary valves. 

 

Results 

The deformations of the collecting vessel wall as a result 

of lymphangion contractions is shown in Figure 1b. 

Figure 1c shows a representative pressure-volume (P-V) 

loop of lymphangion 1, as well as the definition of some 

significant points throughout its contraction cycle. 

 
 

Figure 1: The different domains and boundary 

conditions of the model, (a), the deformation contours of 

the vessel wall, (b), and  the P-V  loop of lymphangion 

1, (c). 

 

When increasing two of the studied parameters, namely 

the maximum valve permeability and the elastic 

modulus of the interstitium, the P-V loops were shown 

to shorten, with intralymphatic pressures variations 

decreasing, and shrink, due to less wall deformations, 

respectively (Figure 2).  

 
Figure 2: The effect of changing maximum valve 

permeability (left) and elastic modulus of the 

interstitium (right) on the P-V loops. 

 

Discussion 

Amongst the evaluated parameters, the maximum valve 

permeability and the elastic modulus of the interstitium 

proved to have the most impact on the accumulated 

volume propelled by the collecting vessel. Very high 

values of valve permeability as well as increased 

interstitial elastic modulus drastically reduced the 

conveyed volume. Our results showed how specific 

parameters could affect lymph propulsion. 
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Introduction 

Double-J ureteral stents are commonly used in 

urological practice to maintain and reinstate drainage of 

urine in presence of obstructions. One of the paramount 

drawbacks of long-term indwelling stents is the 

encrustation, which leads to further complications and 

significantly impacts patients’ quality of life. Previous 

studies have suggested that the encrustation process is 

strongly influenced by the local fluid mechanical 

characteristics [1] but results from in-vitro fluid 

mechanical models are limited [2]. This study presents 

the first quantitative investigation of stent encrustations 

in a physiologically realistic model with commercially 

available stents. 

 

Methods 

An in-vitro model was designed to mimic the 

physiological geometries of the upper urinary tract. The 

flow is driven by a peristaltic pump into a silicone ureter 

model with two conical ends representing the 

ureteropelvic junction (UPJ) and ureterovesical junction 

(UVJ), respectively (figure 1a, b). The tested stent 

features side holes over its entire length, which are 1mm 

diameter openings on the wall, connecting the lumen of 

the stent to the extraluminal space. These holes are 

designed to facilitate urine passage in case of 

obstruction. 

 
Figure 1 (a) Illustration of a stented ureter, (b) side view 

of the ureter model, and (c) typical stent geometry with 

side holes over its entire length. 

 

Quantitative measurements were taken using a 

microscopic Particle Image Velocimetry (µPIV) setup 

with neutrally buoyant fluorescent particles of 20μm 

diameter. A high-speed camera (Photron FASTCAM 

Mini AX100) equipped with a long-distance microscope 

(Infinity K2) was used to capture the images. To ensure 

accurate results, velocity profiles within the ureter 

model without stent were examined against the 

theoretical solution of Poiseuille flow. A stent was then 

inserted without further obstruction, and the flow above 

the side hole was measured. Various measurement 

locations along the ureter at different flow rates were 

tested. 

 

Results 

Velocity profiles without inserted stent agree well with 

the Poiseuille flow. The contour of mean streamwise 

velocity and streamlines for one stented case are given 

in figure 2(b). 

 
Figure 2 (a) Partial side view of the inserted stent, white 

arrows mark the edge of the side hole. (b) The 

streamwise velocity (color) and streamlines (white 

linnes). Colorbar shows velocity scale in mm/s. 

 

Discussion 

The streamlines are deformed towards the side hole 

(figure 2b), where a local region of low streamwise 

velocity is observed. Such transverse flow promotes the 

interaction between suspended microparticles and side 

holes, suggesting a faster growth rate of encrustations in 

these regions. Further measurements at different 

locations along the ureter will allow for critical 

comparison to clinical evidence of stent encrustations. 
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Introduction 

The tumour microenvironment is abnormal and is 

reported to be hypoxic. One of the abnormalities in 

tumours is vessel compression, resulting from high solid 

stress in tumours [1]. Studies have shown that 

compressed blood vessels take an elliptical cross-section 

[2]. Experimentalists have shown in animal models that 

vessel decompression reduces tissue hypoxia, oxygen 

heterogeneity and increases the survival rate of animal 

models [3]. However, the mechanistic link between 

vessel decompression and changes in tissue oxygenation 

is unclear. We hypothesise that vessel compression 

leads to an altered partitioning of red blood cells (RBC) 

at vascular bifurcations due to the change in vessel 

shape, and that this effect compounds in networks and 

leads to tissue oxygenation heterogeneity. 

 

Methods 

We model blood as a suspension of deformable particles 

in a plasma phase [4]. The RBC membrane is modeled 

as hyperelastic, isotropic and homogeneous with a 

membrane energy model. The plasma is modeled as a 

continuous and Newtonian fluid, the non-Newtonian 

properties of blood arising from the deformable particles 

[4]. 

We solve the models in HemeLB, an open-source 

software (https://github.com/hemelb-codes/hemelb 
). The RBC model is solved with the finite element 

method. The fluid model is solved with the lattice 

Boltzmann method. The fluid structure interaction is 

solved through the immersed boundary method [4]. 

We use idealised geometries to investigate the effect of 

a compression on the downstream bifurcation, see 

Figure 1. 

 
Figure 1: Snapshots of two geometries used. (a) is the 

control geometry, without a compression. (b) is the long 

compression, no recovery geometry. 

 

Results 

At 10% haematocrit, our simulations show that vessel 

compression alters the partitioning of RBCs at a 

downstream vascular bifurcation. Figure 2 shows the 

comparison of the control geometry (Figure 1a) with the 

long compression, no recovery geometry (Figure 1b). 

Figure 2 also shows that in the presence of a 

compression, the higher flowing child branch is quasi-

depleted of RBCs, whereas in the control geometry there 

is only a slight reduction in haematocrit of the child 

branch.  

 
Figure 2: Phase separation in child branches at 10% 

haematocrit. Black/grey bars show higher/lower 

flowing child branch respectively. Solid lines are 

control haematocrits, the dotted line illustrates the 

parent branch haematocrit. 

 

We find that the abnormal RBC partitioning due to 

vessel compression is less pronounced at higher 

haematocrit values, and is in fact negligeable at 30% 

haematocrit. 

We investigate the mechanism leading to the altered 

partitioning of RBCs due to a compression. We report 

that it is due to cross-streamline migration of RBCs 

towards more central streamlines, leading to a 

narrowing of the cross-sectional distribution of RBCs in 

vessels. This effect is caused by the increased shear rate 

and shear rate gradient in the compression. The 

narrower RBC cross-sectional distribution leads to a 

more biased partitioning of RBCs towards the higher 

flowing branch. 

 

Discussion 

In summary, our simulations show that vessel 

compression biases the partitioning of RBCs to the 

higher flowing child branch. Our findings show a 

mechanism whereby vessel compression may lead to 

tumour tissue hypoxia and provide a mechanistic 

explanation as to why decompressing vessels improves 

tumour tissue oxygenation. 
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Introduction 
The COVID-19 pandemic resulted in increased demand 
for critical care ventilators, leading to unprecedented 
strain on the global ventilator market. In order to meet 
the growing demand, new approaches to ventilation 
were required.  
 
Critical care ventilators typically provide a supported 
breathing mode that can sense when the patient is 
attempting to breathe and then assist that breath. This 
allows for a gradual decrease in the level of respiratory 
support a patient receives, aiding their recovery towards 
breathing independently. To facilitate the testing and 
optimisation of a spontaneous breathing mode, a patient 
breathing simulator was developed. This novel 
simulator can be used to test how patient effort effects 
the level of support and the response time of the 
ventilator, as well as its robustness to patient coughing. 
 
Methods 
The patient breathing simulator mimics breathing effort 
by adding and subtracting up to 300ml of air from a test 
lung; this is achieved through two mechanically coupled 
pneumatic cylinders. The first cylinder, the driving 
cylinder, is connected to a compressed gas supply, while 
the second cylinder, the driven cylinder, is connected to 
the test lung. Solenoid valves are used to mediate these 
connections (Figure 1), allowing the driving cylinder to 
be advanced either forwards or backwards. This changes 
the volume of the driven cylinder, which is connected to 
the test lung with the opening of the output valve.  
 
To simulate a patient inhalation, a set volume of air is 
removed from the test lung at a controlled rate. The 
resulting drop in pressure is dependent upon the 
compliance of the test lung. The ventilator then detects 
this drop in pressure or the resulting flow and delivers a 
breath. During exhalation, the cylinder is advanced to its 
original position, replacing the volume in the test lung, 
increasing flow out of the lung. A displacement sensor 
measures the volume added or subtracted. The valve 
timings can be adjusted to vary the work, or breathing 
effort, achieved by the simulator. Rapid actuation of the 
system, with a small set volume of air, can be used to 
simulate coughs. This system was used to test the 
spontaneous mode of a proposed ventilator design.   
  

 
Figure 1: An overview of the patient breathing 
simulator: I) driving cylinder; II) driven cylinder; III) 
displacement sensor; IV) return actuator valve; V) hold 
actuator valve; VI) forward actuator valve; VII) output 
valve.  
 
Results 
The breathing simulator supported the development of a 
spontaneous mode. The robustness of triggering, the 
response time and other clinically relevant parameters 
were assessed to optimise the control algorithms. As the 
patient simulator breathing effort increased, the work 
done by the ventilator fell, validating the design 
approach to spontaneous ventilation. 
 
Discussion 
The motivation to meet exceptional ventilator demand 
creates the opportunity for a re-examination of the 
fundamental approaches to ventilator design. New tools 
have been developed to artificially simulate the 
mechanics of breathing and aid the development of 
novel methods for supported-breathing ventilation.  
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Introduction 
Application of the impedance pump principle to the 
urethra has been proposed as a novel non-invasive 
approach to aid bladder emptying in urinary retention 
patients [1]. External cyclic compression of the urethra 
results in wave propagation and wave interactions, 
which can lead to a directed net flow. Hence, urine is 
actively pumped out of the bladder, while contact with 
urine is avoided. To systematically study the pumping 
effect and the wave propagation, an in-vitro platform 
that mimics the lower urinary tract (LUT) was 
developed.  
 
Methods 
The platform consists of a Polydimethylsiloxane 
(PDMS) part which models the penis (including corpus 
cavernosum and urethra) and is connected to a reservoir 
that mimics the bladder. Since we focus on wave 
propagation, the mechanical and geometrical properties 
of the model are crucial. Formulations formed by 
blending SYLGARDTM type 527 and 184 (Dow 
Chemical, USA) can cover a wide range of physio-
logical elastic moduli spanning from 5 kPa to 1.7 MPa 
[2]. Based on literature data [3], a Young’s modulus of 
20 kPa was targeted for the model. A weight ratio of 
20:1 of SYLGARDTM 527:184 was used as suggested in 
[2]. The PDMS was casted into a mold and cured for 24h 
at 60 °C. The geometry of the mold was designed based 
on mean anatomical dimensions. The mechanical 
properties of the model were measured with the 
MyotonPRO digital palpation device (Myoton AS, 
Estonia), which is designed for soft tissue assessment. 
The model was connected to a reservoir and a 2F 
pressure catheter (SPR-320, Millar, USA) was 
introduced from the open urethra outlet. A mechanical 
stimulator was actuated to achieve cyclic compression 
of the urethra part of the model. 

 
Figure 1: Front view (left) and side view (right) of the 
model, stimulator and pressure sensor (units are in mm). 
 
Results    
The mechanical properties of the model, measured with 
the MyotonPRO device, are within the physiological 
range (considering linear fitting for soft tissues [4]). 

Upon cyclic compression of the urethra, pressure waves 
are generated, which are eventually reflected at the 
urethra outlet and the bladder interface. The recorded 
pressure is a superposition of these waves. The pressure 
waveform changes depending on the stimulator 
position, frequency and duty cycle of the compression. 
Net flow up to 0.9 ml/s was achieved using impedance 
pumping. 
 

 
Figure 2: Typical pressure recording (black) during 
cyclic urethra compression. Position of the stimulator = 
38 mm from bladder, frequency = 8 Hz, duty cycle = 
50%.  
 
Discussion 
So far, wave-propagation theory mainly has been 
investigated on thin-walled axis-symmetric tubes only. 
The proposed platform allows for a realistic systematic 
investigation of the wave propagation and impedance 
pumping principle on the LUT. 
The MyotonPRO device provides an alternative to 
conventional methods for assessing mechanical tissue 
properties (e.g. tensile test).  This measurement 
approach appears particularly suitable for our purpose as 
i) it is very close to our application (stimulator 
compressing soft tissue) and ii) it allows assessments on 
living subjects. We anticipate that a clinical study will 
be conducted (using the MyotonPRO) to collect data on 
penile mechanical properties  
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Introduction 

When referring to corporal stability, the first thing to 

point out is that its importance lies in the functionality 

that it provides and represents for the human body at 

daily performance, since this is defined as the ability to 

control the position and movement of the body. 

Therefore, it is essential to focus on the factors that 

could affect the level corporal stability permanence of a 

person, as are breathing and posture. 

The aim of this study is to propose a protocol for the 

measurement and establishment of quantitative 

relationships between different parameters of breathing, 

posture, and stability, through non-invasive methods 

such as optoelectronic plethysmography (OEP), 

Stabilometry and the application of statistical analysis. 

 

Methods 

The proposed protocol collect: for breathing the 

volumes of the thoracic area and their changes over time 

when performing the cycle of breathing [1]; for posture, 

angles between notable points of the upper body such as 

craniovertebral angle, sagittal shoulder – C7, and 

sagittal head tilt [2][3], and for stability, the COP and 

related time and frequency estimators [4]. For the 

measurement of parameters of breathing and posture 

were used 8 BTS Smart-DX 700 cameras, 1.5 Mpixels 

250 fps, and 102 markers located on the body of the 

volunteers for OEP protocol [1] and posture. In the case 

of the stability parameters, 1 BTS P-6000 force plates 

are used, sampling 500 Hz. 

For data collection three conditions of respiration were 

defined, these are: control, the standard position of the 

subject; tense, the subject exerts a muscular contraction 

without any type of joint movement; and relaxed, the 

subject takes a deep diaphragmatic breath. Similarly, 2 

states referring to the eyes are defined, these are open 

and closed. Thus 6 combinations of states are obtained 

for the conditions to be evaluated with the protocol. The 

protocol was tested over 10 adult healthy volunteers. 

Multifactorial ANOVA analysis for repeated measures 

was applied to study the effect of the two factors (kind 

of respiration and state of the eyes) over the dependent 

variables.  

 

Results 

The complete development of the proposed protocol has 

applied on the respiration and stability data. Figure 1 

show comparison between the results obtained for the 

trace length [mm] of the COP [4] under 4 combinations 

of factors and two ways of breathing (Abdominal and  

Pulmonary). N is the control condition, R relaxation 

condition, O eyes open, and C eyes closed. 

 

 
Figure 1: Differences between subjects with abdominal 

and pulmonary breathing along the four different 

conditions for trace length. Factors: N 

(normal/control), R (relaxed), O (eyes open), C (eyes 

closed). 

 

Discussion 

The results suggest that only a minority of the 

population is able to perform abdominal breathing. This 

is itself a troubling result since abdominal breathing is a 

basic vital activity. Subjects capable of deep abdominal 

breathing seems more stable but the stability is reduced 

when it is explicitly asked to perform deep abdominal 

breathing. Results must be confirmed over a larger 

cohort of volunteers. Equations may be included in the 

abstract, using either the “Equation” style or by using 

the Word equation editor. The text fonts in the equation 

should be Times New Roman and Symbol, 10 point. 

Equations should be indented one tab stop from the left. 

Equations may be sequentially numbered. 
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Introduction will address this problem by blocking different sections 

of the lung case model and testing it with IOS. 
A key factor in devising the treatment plan for patients 

with obstructive airways disease is being able to 

measure their lung functions accurately. Impulse 

oscillometry (IOS) is a new technique that use impulse 

acoustics to measure the levels of obstruction in the 

human respiratory tract (Fig. 1). It does not require 

patient cooperation, which makes it well suited for 

children, seniors, or patients with respiratory distress 

[1]. In this project, we will study the sensitivity of the 

IOS in detecting airway obstructions in an anatomically 

realistic lung cast model. 

 

Figures 
 

  
Figure 1: Impulse oscillometry (IOS) in operation to 

measure obstruction in the human respiratory tract. Methods 

A lung model with 11 generations of bifurcation and 

1240 outlets was developed following Hiroko Kitaoko 

 

 

[2] and was manufactured using 3-D printing techniques 

(Fig. 2). This hollow lung cast was put in 5-later 

container that is equivalent to the human total lung 

capacity (TLC) of an adult. Impulse sound singles of 5- 

20 Hz generated by the IOS were released into the lung 

cast, while tidal breathing was simulated using a gas 

pump. The reflected signals were collected by IOS and 

translate into airway-obstruction-related parameters 

such as resistance and resonance frequency. To study 

the airway obstruction effects, the outlets of the lung 

cast model was covered using playdoh by 0%, 10% and 

20%. For each blockage, 400 tests were performed in 

order to develop a database. Machine learning was then 

used to learn the common features of the parameters 

from different blockages. New test samples were used 

to test the prediction accuracy of the machine-learned 

model [3]. 

Figure 2: Lung casts with different blockages. 

 

 Figure 3: Results: (a) IOS measurements with different 

blockages, (b) Classification method, (c) classification 

result. 

Results 

Statistically significant differences were found in the 

measurements with different airway blockages, 

indicating that the IOS is sensitive enough to detect the 

airway obstructions with a difference of 5% blockage. 

The prediction accuracy of the classifier (i.e., the 

machine-learned model) is around 70%. 
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Introduction 

The mechanical and biological properties of degradable 

magnesium(Mg)-based materials make them attractive 

candidates for orthopaedic applications [1]. However, 

the influence of their degradation behaviour on the 

mechanical integrity of Mg scaffolds have not been fully 

investigated. The aim of the present study is to employ 

high-resolution X-ray computed tomography (XCT), 

coupled with in situ mechanics and digital volume 

correlation (DVC) to evaluate the influence of in vitro 

degradation on the Mg scaffolds mechanical behaviour. 

 

Methods 

Cylindrical Mg-based scaffolds (Ø6mm x H10mm; 

N=6) were dynamically corroded in Hank’s balanced 

solution (0.3 mL/min, 37°C and 5% CO2) for 2, 8 and 

14 days. After each incubation time, the scaffolds were 

embedded in endcaps and mechanically tested in situ 

under compression (CT500, Deben). At different 

compression stages (1%, 3%, 6% and 10%), XCT 

tomograms were recorded (27µm voxel size, XT H 225, 

Nikon). 3D full-field strain was calculated by digital 

volume correlation (DaVis10, LaVision), using a 

multipass scheme (110 to 20) and 0% overlap (SDER 

always <200µԑ [2]). 

 

Results 

The volume of material loss increased with the corrosion 

time (8%, 10% and 15% of the total volume at 2, 8 and 

14 days, respectively). Accumulation of corrosion 

products was clearly visible after 8 days and more 

pronounced after 14 days (Fig 1). The mechanical 

curves trend was relatively similar while the yield stress 

slightly increased at 14 days (1.60MPa to 2.13MPa at 0 

and 14 days, respectively). The maximum strain 

accumulated was higher after corrosion (Fig 2), 

however, a slight decrease was observed at 14 days. In 

addition, while the third principal strain distribution was 

homogeneously distributed over the structure before 

corrosion, it was then localized around specific areas 

mostly affected by corrosion. The pore diameter was 

reduced with the corrosion time (387µm to 335µm at 0 

and 14 days, respectively). 

 

Discussion 

The corrosion rate (0.42 and 0.37mm.year-1 at 8 and 14 

days) was found to be in the range of those reported in 

vivo [3]. The corrosion induced mass loss that seemed to 

be correlated with the third principal strain distribution 

where higher strain was found in higher mass loss areas 

(Fig 2). However, no global failure was observed, and 

the mass loss appeared to be partially counterbalanced 

by the accumulation of corrosion products trapped in the 

inner pores at 14 days (Fig 1) which strengthened the 

global structure [4]. Additionally, hard callus tends to 

form after 14 days which will further contribute to 

maintain the mechanical integrity of the injured site [5]. 

 

Figures 

 
Figure 1: 2D XCT images of the Mg-based scaffolds 

after corrosion. 

 

 
Figure 2: Full-field third principal strain distribution 

(Ep3) at 10% compression (top) and their 

corresponding 3D scaffolds where the red parts 

indicated the corroded volume (bottom). 
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Introduction 

One of the most commonly used in biomedical 

implants alloys, due to its great strength, is Ti6Al4V 

alloy. However, its prolonged use is dangerous for the 

human body due to toxic effect of the aluminum and 

vanadium ions released into it [1]. Commercially pure 

(CP) titanium does not have this disadvantage but it 

has lower strength than TiAl64V alloy, therefore it is 

required to improve its properties by grain refinement 

[2]. Due to nature of titanium deformation mechanism, 

plastic deformation in elevated temperature was chosen 

as a method of grain fragmentation [3].  

Additionally, to further improve control over plastic 

deformation process, constitutive equations were 

employed.  

 

Methods 

CP titanium samples were compressed at elevated 

temperatures (775 K÷875 K) at different strain rates 

(𝜀 = 10−2 ÷ 101) to a constant strain ε = 0.6 on  

a Gleeble thermomechanical simulator. The data from 

the experiments allowed for plotting stress-strain 

graphs. The hardness of the samples before and after 

deformation was measured. 

Titanium microstructure was observed with a scanning 

electron microscope (SEM) and scanning transmission 

electron microscope (STEM) in order to assess the 

changes in grain size and to determine the deformation 

mechanisms. The electron backscatter diffraction 

(EBSD) tests were performed to reveal grain size 

distribution.  

Arhhenius constitutive equation was chosen to describe 

the process.  

 

Results 

For the compression in the temperature 775 K 

maximum stresses were 250-350 MPa, while at 875 K 

this value was 150-250 MPa.  

 

The Arhenius equation was used for representing the 

elevated temperature flow behaviour of the material.  

 

 F σ =  

σn1  ,                for        𝛼𝜎 < 0.8,
exp βσ ,       for        𝛼𝜎 > 1.2,
 sinh ασ  n ,                𝑓𝑜𝑟 𝑎𝑙𝑙 𝜎,

  

 
 

Figure 1: Stress-strain and Arrhenius model graph for 

the titanium sample a) compressed at temperature T = 

775 K, b) T = 875 K 

  

Using experimental data and aforementioned equation, 

flow stress values have been calculated and compared 

to the experimental results (Fig. 1). The comparison 

indicates that the model predicts material behavior 

correctly only in the plastic domain.  

The microstructure analysis indicates that grain was 

fragmented mostly as a result of twinning mechanism. 

Initial grain size was 2–8 μm, while after deformation 

in 875K, those values were below 2 μm (Fig. 2). 

 

 
Figure 2: Histogram of the frequency of equivalent 

grains diameter of initial state size of 2–8 μm (blue) 

and sample deformed with the maximum frequency size 

in the range below 2 μm (orange). 

 

Discussion 

The applied method of the CP titanium plastic 

deformation allowed for controlled grain 

fragmentation. Hardness after the deformation 

increased averagely by 120 HV0.1, which implies an 

increase of the material strength. Grain fragmentation 

was confirmed by microstructure observations and 

EBSD analysis. 
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Introduction 

Cartilage defects occur frequently and can lead to 

osteoarthritis. Hydrogels are a promising regenerative 

strategy for  treating such defects, using their ability of 

mimicking the native extracellular matrix [1]. However, 

such hydrogels are too soft to resist loadbearing in the 

joint [1]. To overcome this, it may be possible to use a 

hydrogel to mimic the natural load-bearing mechanism 

of healthy cartilage, whereby swelling from the 

proteoglycan-rich ground substance is restricted by the 

collagen network [2]. Such an implant is being 

developed in which the mechanical loadbearing function 

originates from the osmotic pressure generated by the 

swelling potential of a charged hydrogel, which is 

restricted from swelling by a textile spacer fabric. This 

This study aims to quantify the relationship between the 

swelling potential of the hydrogel and the compressive 

stiffness of the implant. 

 

Methods 

Solutions with different molecular weight ratios of poly 

2-hydroxyethyl methacrylate (pHEMA) and sodium 

methacrylate (NaMA)  (20:0, 19:1, 18:2, 17:3) were 

used to create either plain hydrogels (Ø8 x 3 mm) or 

HydroSpacers, which were obtained by injecting the 

hydrogel in a poly amide 6 (PA6) warp knitted spacer 

fabric (Ø8 x 3 mm)(n=6 per group). The hydrogels and 

HydroSpacers were polymerized in Teflon moulds using 

UV light (365 nm) for 3 hours. Subsequently, they were 

either placed in free swelling or in a custom-made Ø8 

mm confined compression set-up.  

After equilibration in 0.15 M or 0.015 M sodium 

chloride (NaCl) solution, samples were mechanically 

tested in stress relaxation with a step deformation of 

15% strain at a strain rate of 15% strain/sec and held till 

equilibrium was reached. Afterwards, samples were 

lyophilized to assess water and polymer content.  

The fixed charge density (fcd) of the samples was 

calculated by dividing the molar charge of NaMA, based 

on the polymer content and the molecular weight ratio’s, 

by the sample water content under each experimental 

condition. Using fcd and bathing solution, the osmotic 

pressure was determined. Significance was set at p<0.05 

for two-way ANOVA analysis. 

 

Results 

Hydrogels alone swelled up to 9-fold the initial weight, 

whereas HydroSpacers swelling was restricted to 1.2-

fold (Fig 1A). Regression analysis revealed a significant 

linear relationship between osmotic pressure and peak 

and equilibrium stresses in HydroSpacers (Fig 1B-C).   

 

Figure 1. Swelling ratio of free swelling pHEMA 

hydrogels and confined HydroSpacers (A). Linear 

regression of osmotic pressure (π) versus peak 

(B)(R2=0.48) and equilibrium stress (C)(R2=0.69) of 

HydroSpacers. 

 

Discussion 

Restricted swelling of pHEMA-NaMA hydrogels in 

warp knitted PA6 spacer fabrics lead to an internal 

osmotic pressure. This osmotic pressure correlated 

positively with the compressive stiffness of the 

HydroSpacers. This mechanism concurs with the load-

bearing mechanism of native cartilage [2].  

With the development and optimization of bulk 

materials and spacer fabric designs, mechanical 

properties may be steered towards that of healthy 

cartilage. Moreover, a regenerative cartilage construct 

might be feasible by using cell-seeded biodegradable 

hydrogels and spacer fabrics.  

In conclusion, this proof of principle demonstrates that 

by combining spacer fabrics and swelling hydrogels, 

load-bearing hydrogels can be developed.  
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Introduction 

Tissue engineering is a biomedical engineering 

discipline that emerged as an alternative to traditional 

autografts for bone regeneration using porous structures 

called scaffolds. Bioceramic scaffolds printed by 

additive manufacturing stand out for their 

biocompatibility, osteoconductivity and bioabsorbable 

properties [1]. In the literature, scaffolds tested in vivo 

in long-bone defects are usually of a generic design and 

stabilized by internal fixations [2,3]. The present work 

aims to numerically optimize the structure of externally 

stabilized patient-specific scaffolds by considering the 

mechanobiology of the bone defect. The mechanical 

integrity of the implant and the bone regeneration 

process are then monitored in vivo in an ovine model as 

a preliminary validation. 

 

Materials and Methods 

3D-printed hydroxyapatite scaffolds were structurally 

optimized to regenerate a sheep metatarsus defect 

stabilized by an external fixator. Three geometric 

variables define their orthogonal layer-wise log pile 

microarchitecture: the diameter of the rods (D), the 

center-to-center distance between adjacent rods of the 

same layer (s), and the vertical spacing between 

consecutive layers (h). Different combinations of these 

variables were selected to define 300 candidates as in 

silico models to perform the simulations. The 

optimization problem includes both biological 

parameters (porosity, pore size and specific surface 

area) and mechanical constraints [4] (maximum 

principal stress) to guarantee the cell adhesion and 

proliferation and the mechanical integrity, respectively. 

The selected structure was manufactured by robocasting 

and preliminarily tested in vivo in a sheep metatarsus. 

Surgery was performed to implant an external fixator 

with an axial stiffness of 593 N/mm. Two osteotomies 

were subsequently performed and the resulting 15 mm 

long fragment was replaced by the patient-specific 

scaffold. After seven days of the latency period, the 

ground reaction force (GRF) was monitored weekly 

using a load platform embedded in a wooden gate circuit 

to evaluate the bone regeneration. 

 

Results 

Geometric variables have a different impact on each 

objective (cost) function (Fig. 1). Assuming the same 

weight for all biological parameters, the compromise 

structure was defined by the following geometric 

values: D=264 μm, s=625 μm, and h=228 μm. Thereby, 

the biological parameters took the following values: 

59.3% of porosity, 5768.9 m−1 of specific surface area, 

and 360.8 μm of pore size. Regarding the in vivo 

experiment, the operated sheep progressively reduced 

its bearing capacity to a minimum of 0.2 GRF (% BW) 

at day 36 after surgery. After that day, the sheep 

progressively recovered healthier GRF values [5]. 
 
 

 
Figure 1: Evolution of the parameters analyzed in the 

optimization problem as a function of the variables D, s 

and h: (a) porosity; (b) pore size; (c) specific surface 

area; (d) maximum principal stress (MPS). 

 

Discussion 

The optimal implant shows a porosity and pore size 

values similar to other successful in vivo works in 

similar models [2,3]. The operated limb of our specimen 

seems to reduce its bearing capacity until bridging the 

bony fragments. This reduced mobility period does not 

appear in other bone regeneration processes, such as 

distraction osteogenesis, due to the early bone callus 

formation during the distraction phase [5]. 
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Introduction 
Tendons have a complex, multiscale nanofibrous 
structure [1]. Two key features for the mechanical 
properties of tendons are the transition point (i.e. end of 
the toe-region) and the inflection point (i.e. stress-strain 
curve shifts from strain-stiffening to strain-softening, 
the real starting point of tendon damage) [2]. 
Electrospinning allows us to replace these tissues [3] 
and by tuning the process parameters, it is possible to 
obtain bundles of nanofibers similar to those in tendon 
fascicles. The electrospun nylon6,6 has demonstrated a 
suitable structure and mechanics for this purpose [4]. In 
this study, we produced nylon6,6 bundles with varying 
nanofibrous anisotropy, characterizing their 
morphology and mechanical properties. In particular we 
focused in the strain range corresponding to the toe 
region up to the inflection point, mechanical features 
generally not considered in the scaffold’s 
characterization, but fundamental for the physiological 
range of motion and failure of tendons and the 
extracellular matrix (ECM) regeneration. 
 
Methods 
A solution of 15% (w/v) of nylon6,6 dissolved in 
TFA:AC = 50:50 (v/v) was used to electrospin mats of 
nanofibers on a drum collector rotating at different 
speed: 19.6 m s−1 (drum rotation = 2500 rpm); (B) 13.7 
m s−1 (1750 rpm); (C) 7.9 m s−1 (1000 rpm). The mats 
were wrapped up on the drum to obtain ring-shaped 
bundles (diameters = 400 - 600 µm) with a consolidated 
procedure [4]. The nanofibers were studied with SEM 
images (Fig. 1A-C) obtaining their diameters and 
orientation. The mechanical properties were 
investigated (n=12 for each category) with a monotonic 
tensile test to failure (Fig. 1D) with a strain-rate of 
0.33%/s. 

 
Figure 1: SEM images of nanofibers at: B) 1000 rpm, 
C)1750 rpm and D) 2500 rpm. 
The stress-strain curves were analysed to determine the 
inflection point (sI), (eI), the transition point (sT), (eT) 
and the slope in the linear region (EL). A MATLAB 
routine was developed for curve fitting and 
quantification of these parameters [2-5].  

Results & Discussion 
Increasing the drum speed, caused the nanofibers to 
obtain an increasing biomimetic morphology and 
orientation (Fig. 1). The nanofibers and bundles showed 
diameters similar to the ones of tendon fibrils and 
fascicles [1]. The mechanical behavior of the bundles 
went from ductile at low rpm (1000 and 1750) to elastic 
brittle at higher rpm (2500) (Fig. 2B). The mechanical 
properties of the bundles (Table 1) were in the same 
range as tendon fascicles [6]. The inflection properties, 
sI, eI and EL were lower than the yield properties sY, eY 

and E (considered the gold standard for the scaffold 
characterization). This study provides a method that 
highlights the fundamental role of the transition and 
inflection points in the mechanical performances of 
electrospun scaffolds for tendon tissue replacement and 
regeneration, focusing the attention to the actual 
physiological range of work of these tissues.  

 
Figure 2: A) Bundle mounted in the mechanical test 
setup; B) mechanical behavior of the bundles. 
 

 1000 rpm 1750 rpm 2500 rpm 
sT (MPa) 1.9±0.5 4.6±1.2 6.5±1.6 
sI (MPa) 3.8±0.8 10.3±2.2 17.4±3.9 
sY (MPa) 5.6±1.1 16.3±4.0 - 
sF (MPa) 13.7±2.3 21.5±2.4 23.9±6.0 
eT (%) 2.8±0.3 3.4±0.4 3.1±0.4 
eI (%) 4.5±0.2 5.4±0.4 5.4±0.5 
eY (%) 6.1±0.2 7.7±0.8 - 
eF (%) 6.1±0.2 13.8±3.7 6.7±0.7 
EL (MPa) 110±23 275±49 445±78 
E (MPa) 113±25 288±47 486±94 

Table 1: Mechanical properties of bundles. 
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Introduction 

Voxel-based additive manufacturing (AM, also known 

as 3D printing) is an advanced digital fabrication 

method of composite structures, enabled by polyjet 

multi-material 3D printing [1]. Definition of these 

composite structures consists of a grid of volumetric 

pixels (voxels), which represent, in this case, the 

compliant and stiff phases of the entire composite 

(Figure 1a, b). Therefore, using this approach makes it 

possible to deposit each phase independently and 

arbitrarily in space and create complex heterogeneous 

3D composite structures. This approach also provides a 

powerful tool to implement intricate natural design 

paradigms (e.g., functional gradient [2,3], hierarchical 

organization [2,4]) in the design and fabrication of bio-

inspired architectured composites. 

The integration of computational models with the voxel-

based approach can potentially boost the search for 

optimized designs with superior and exceptional 

properties. The development of validated computational 

models can also enable further analysis of natural and 

bio-inspired materials' underlying mechanism. Towards 

this aim, we propose a framework to create voxel-based 

finite element models and present a study on bio-

inspired composites' fracture behaviour. 

Methods 

To test the framework, we considered two types of 

structural designs, namely, composites with uniform 

"brick-and-mortar" microstructures (BM) and brick-

and-mortar structures with a functional gradient (BMG). 

The single-edge notched specimens were additively 

manufactured (Objet350 Connex3 3D printer, 

Stratasys® Ltd.) with a voxel size of ~ 42 × 84 × 36 μm3 

and mechanically tested under tensile loading. The full-

field strain was measured using digital image correlation 

(DIC). 

We used the Extended Finite Element Method (XFEM) 

for the computational crack propagation simulations 

implemented in commercial software (Abaqus v.6.14). 

Every 2D computational model was generated based on 

a single 2D binary image (Figure 1a)  and using 2D 

plane strain quadratic elements (CPE8). We downscaled 

and averaged the hard volume fraction's image 

resolutions value to decrease the number of elements. 

We assigned the result to each element (Figure 1b). We 

obtained the monolithic material properties from 

experimental data of pure soft (Agilus30TM) and hard 

(VeroCyanTM) commercial polymers designed for the 

used 3D printing machine. 

Results and discussion 

The strain distributions obtained from our 

computational models (XFEM) were similar to those of 

DIC measurements (Figure 2 c,d). We captured these 

strain patterns at the maximum force point of every test 

and simulation. 

 
Figure 1: a) Example of a voxel-based binary image 

used to create single-edge notched composite 

specimens. b) Computational models were built from 2D 

elements with downscaled resolution. XFEM strain field 

comparison with DIC results for Brick-and-Mortar (c) 

and mix with gradient (d) specimens. 

We observed high strain localization in the crack front 

for both specimen types (Figure 2c,d). The shape of the 

strain localization, however, was significantly different. 

Specimens without gradient (BM) exhibited a more 

concentrated butterfly-like shape in front of the crack 

tip. Introducing gradient to these structures changed the 

deformation mode and increased plastic behaviour, 

resulting in higher toughness. We suggest future work 

in developing algorithms that create 3D voxel-based 

models that predict plastic behaviour and crack failure. 

Additionally, we suggest implementing optimization 

algorithms to find optimum deposition of soft-hard 

particles in such bio-inspired structures. 
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Introduction 

Hydrogels viscoelastic behaviour is strongly related to 

liquid molecules interaction with the solid network. 

Despite mathematical models have been used to 

simulate chemical and transport phenomena in gels, 

(e.g.  reaction, diffusion, and hindered convection), 

most of them lack of correlation with gel viscoelastic 

properties (e.g. relaxation time, τ) or do not provide 

experimental validations [1, 2]. 

Therefore, in this study, reaction-diffusion models were 

implemented to investigate how the presence of 

different dextran concentration in the aqueous phase 

affect liquid molecules diffusion in agarose hydrogels 

and how these variations can be correlated with 

experimental relaxation times [3]. 

Method 

Agarose-dextran hydrogels were prepared by dissolving 

0.5% w/v agarose in different dextran solutions (0, 2, 

5% w/v). The viscoelastic parameters (τ, equilibrium, 

𝐸𝑒𝑞 , and instantaneous 𝐸𝑖𝑛𝑠𝑡 ) were derived according to

the procedure described in [3]. 

Figure 1. Schematic representation of the agarose-dextran 

porous system. 

As shown in Fig.1, agarose gels were modelled as an 

homogenous porous medium and an aqueous phase; 

while dextran is considered as a spherical agglomerate 

that moves in the interstices of the gel together with the 

free water.  

A Reaction-Diffusion (RD) Equation (1) was 

implemented in Matlab R2015  and used to describe the 

complessive hydrogel behaviour:  

𝜕𝑐

𝜕𝑡
− ∇ ∙ (𝐷𝑖∇𝑐) + 𝑘𝑟𝑐 = 0 (1) 

where the water-dextran binding rate 𝑘𝑟 was calculated

using viscosity curves measured as a function of 

temperature (Brookfield viscometer). 

To consider the hydrodynamic interaction between 

matrix fibres and diffusing macromolecules, the 

Brinkman Effective medium equation (2) was 

implemented to evaluate the diffusion coefficient of the 

different species in the system [3]:  

𝐷𝑖 = {1 + (
𝑅𝐻𝑖

2

𝜅𝑖
)

1

2

+
1

3
(

𝑅𝐻𝑖
2

𝜅𝑖
)}

−1

⋅ 𝐷0𝑖
(2) 

where 𝐷0𝑖
 is the diffusion coefficient described by the

Stokes-Einstein equation, 𝑅𝐻 is the hydrodynamic

radius of the specie, and 𝜅𝑖 is the hydrogel permeability

estimated by the Carman-Kozeny equation [2]. 

A 3D finite element model (FEM)  was used to estimate 

𝑅𝐻𝑖
 of dextran molecules, using Comsol 5.3 and

including 𝐸𝑒𝑞 , 𝐸𝑖𝑛𝑠𝑡 and τ in the material properties of

the domain. The model parameters were optimised on 

the base of experimental diffusion curves obtained using 

fluorescein isothiocyanate (FITC)-conjugate dextran 

(Fig 2c-d). 

Results 

The model showed that, as the dextran concentration 

increases, the liquid phase diffusion time decreases 

(Fig.2a), reflecting the relaxation time trend shown in 

Fig.2b. 

a)  b) 

c) d)

Figure 2. a) Liquid phase diffusion time; b) hydrogel 

relaxation time; c) dextran diffusion in the agarose hydrogel 

after 0 and d)24 hours. 

Discussion 

RD model showed the influence of the dextran in 

weakening the bonds between water and agarose, with a 

consequent decrease of the steric hindrance and a faster 

flow. Therefore, although liquid phase viscosity 

increases with increasing dextran concentration [2], it 

contributes to reduce the resistance to flow preventing 

the formation of water-agarose bonds. 

Describing the interaction of liquid molecules with the 

solid network (which can be modulated by altering 

liquid phase composition and chemical affinity with 

respect to the polymeric chains), this model can be used 

to ‘predict’ the bulk viscoelastic behaviour of the gels. 

In the future, different materials can be investigated for 

both solid and liquid phase, providing an useful tool for 

the design of engineered viscoelastic hydrogels. 
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Introduction 

To utilise biodegradable polymers with optimal 

properties for their intended application, we must be 

able to predict how such properties evolve with 

degradation. By combining equilibrium 

thermodynamics with a statistical approach, the 

mechanical behaviour can be derived from the 

molecular properties. Motivated by Stepto and Taylor 

[1], we present a thermodynamic model of the stretching 

of a polymer network that considers the finite 

extensibility of individual polymer chains and captures 

the non-affine deformation of a polymer network. 

Departure from the typical affine deformation 

assumption is particularly important as degradation 

takes place, with shorter chains able to fully extend more 

easily, altering their effect on mechanical properties on 

further extension. We can then predict how the 

molecular properties deteriorate during degradation. 

 

Methods 

The elastic behaviour of a polymer network under 

moderate macroscopic deformation can be modelled as 

being due to entropy changes during straining to a good 

first approximation [2]. A representative polymer chain 

distribution is generated, i.e., chain molecular weights 

(Fig. 1a); two separate distributions are considered, 

undegraded and degraded. We determined the initial 

radial end-to-end distance of each chain, 𝑟0, using a 

statistical approach (Fig. 1b). We assumed a spherically 

symmetrical sample of chains, with one end of each 

chain fixed at the origin. The coordinates of the free end 

of the chain were chosen randomly, consistent with 𝑟0. 

Chains were then deformed uniaxially with stretch ratio 

𝜆 in the 𝑧-direction, with incompressibility assumed. We 

accounted for the finite extensibility of a polymer chain, 

with chains stretched only until they reached their 

conformational maximum extension (i.e., affine 

behaviour is not enforced). The average Helmholtz free 

energy change Δ𝐴 per chain was then calculated as 

follows: 

Δ𝐴

𝑁𝑘𝑇
=

1

𝑁
∑ ln {

𝑃(𝑟0,𝑖)

𝑃(𝑟𝑑𝑒𝑓,𝑖)
}

𝑁

𝑖=1

 

where 𝑁 is the number of chains in the network, and 

𝑃(𝑟0,𝑖) and 𝑃(𝑟𝑑𝑒𝑓,𝑖) are the probability densities of the 

𝑖th chain initially and after deformation, respectively. 

Finally, we obtain the normalised stress as a function of 

the deformation: 

𝜎 = 2𝜏 (𝜆 −
1

𝜆2
) + (𝜆2 +

2

𝜆
− 3)

𝛿𝜏

𝛿𝜆
  

where 𝜏 and 
𝛿𝜏

𝛿𝜆
 are determined from the rate of change 

in free energy. 

 
Figure 1: (a) Molecular weight distributions for non-

degraded and degraded polymer. (b) Initial end-to-end 

distance distribution for all chains in the undegraded 

network. (c) Percentage of fully extended chains as 

network is deformed before (red) and after (purple) 

degradation. (d) Stress as a function of deformation for 

affine assumption (solid) and when the finite 

extensibility of polymer chains is considered (dashed). 

 

Results and Discussion 

The simulated uniaxial extension of a polymer network 

with finite chain extensibility captures a departure from 

affine behaviour. The effect of non-affine deformations 

increases as the system degrades, with shorter, degraded 

chains fully extending more quickly (Fig. 1c). Fully 

extended chains contribute nothing more to the change 

in entropy for further deformation, and the rate of 

change in energy declines (other contributions to Δ𝐴 are 

not yet considered in the model). Subsequently, 

predictions for the stress as a function of the deformation 

show a deviation from affine behaviour typical of 

elastomeric materials [3] (Fig. 1d). This approach 

provides a framework for a thermodynamically 

consistent model of polymer mechanical behaviour 

during degradation which will be coupled with 

macroscale models of bioresorbable devices. 
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Introduction 

Biodegradable semi-crystalline polymers, such as PLA, 

have shown initially promising results as a replacement 

for permanent implants such as vascular stents, but their 

detailed mechanical response is not yet fully understood 

or easily predicted. Here, we coupled two frameworks: 

(i) a micromechanical model which investigate the 

effect of crystallinity and the evolution of the molecular 

weight over degradation. (ii) implementation of 

physically-based model using user subroutines to 

predict effective modulus at each integration point by 

the finite element solver. [1-2] 

 

Methods 

A microscale finite element model of a semi-crystalline 

polymeric material, using a representative volume 

element (RVE) approach is created; amorphous, 

crystalline, and porous regions are considered (Fig. 1A). 

Crystalline regions are anisotropic and either randomly 

or preferentially oriented. Periodic boundary conditions 

are applied to the RVE and effective properties 

determined, including effective modulus �̅�. These 

numerical results are compared to theoretical bounds for 

the multiphase material. A wide parameter sweep of 𝑀𝑛 

and 𝑋𝑐 is performed in order to establish a “map” of the 

mechanical behaviour (Fig. 1B). This map builds a 

framework to predict the modulus during degradation 

instead of running a simulation every time. 

 

The “map” or database of relationship is imported into 

an array for use in Abaqus via a user subroutine. This 

array is then accessed during a coupled simulation,  

where values of 𝑋𝑐 and 𝑀𝑛 are predicted by a 

degradation model which considers hydrolysis, 

autocatalysis, and diffusion of degradation products. 

This degradation model is also implemented via user 

subroutines. The effective modulus is retrieved at each 

integration point in order  to calculate the mechanical 

response of a stent during degradation. 

 

Results 

Fig 1B. shows the predicted effective modulus �̅� for a 

range of crystallinity 𝑋𝑐  and molecular weights 𝑀𝑛  as 

calculated using the micromechanical RVE model. 

These contours of modulus can be used to predict the 

changes �̅�  in as the microstructure evolves during 

degradation. As an example, a ring of a stent is crimped 

and deployed in section of mock vessel and a 

degradation analysis is performed. Fig 1C. and Fig 1D. 

show the contour plots of effective modulus for 

degradation of a stent free surface case over 140 days. 

 
Figure 1-A. 2D RVE of a semi-crystalline polymer B. 

Modulus �̅�  as a function of crystallinity 𝑋𝑐 and 
normalized molecular weight  ( 𝑀𝑛/𝑀𝑛0) . C. and D. 

Stent contour plots showing predictions in effective 

modulus at beginning of degradation (day 0) and at the 

end of degradation (day 140). 
 

Discussion 

The present work shows the capability of a 

micromechanics model to explain experimentally 

observed changes in modulus during degradation as 

related to changes in microstructure (𝑀𝑛 , 𝑋𝑐 ). It also 

shows how both mechanisms can have confounding 

effects: the decrease in 𝑀𝑛 leads to a lower modulus in 

the amorphous phase, decreasing the overall effective 

modulus while the increase in 𝑋𝑐  increase the volume 

fraction of the stiffer crystalline phase, leading to higher 

value modulus. This coupled framework can be used to 

investigate degradation subject to a range of factors such 

as heterogeneity introduced during manufacturing or the 

effect of neointimal growth on degradation 

performance. 
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Introduction 

Varicose veins are enlarged and swollen superficial 

veins that occur as a result of venous reflux and 

incompetent venous valves. One of the most common 

treatments for varicose veins is sclerotherapy that 

involves the intravenous injection of a surfactant, such 

as polidocanol, to damage the vascular endothelium and 

cause sclerosis. Given that the surfactant is prone to 

inactivation by blood components, it is often formulated 

as a foam in order to prevent mixing with blood upon 

injection and maximise therapeutic effects. The 

rheological properties of foams have been previously 

characterised, although they have not been correlated 

with clinically relevant outcomes. Most previous studies 

focus on two-dimensional foams and rheometric 

measurements. Furthermore, a number of studies have 

demonstrated the thixotropic behaviour of foams, 

suggesting hysteresis in loading/unloading curves. If the 

history of shearing plays a role in foam rheology, then it 

may be inferred that conventional rheometric 

measurements do not reflect the flow behaviour of 

sclerosing foams in physiological conditions. The aim 

of this study is to experimentally determine the apparent 

viscosity of sclerosing foams in a biomimetic setting. 

 

Methods 

Experiments consist of a technique commonly referred 

to as “pipe viscometry”. It involves the injection of foam 

into a tube of known length (L) and diameter (d) flanked 

by two pressure sensors. Foam is injected at a constant 

flowrate (Q), allowing the inlet and outlet pressure 

curves to plateau. The pressure differential (ΔP) is used 

to calculate the apparent viscosity (μ) of foam at the 

given injection flowrate. By varying tube diameter and 

injection flowrate, foam viscosity can be calculated over 

a range of shear rates. Furthermore, pipe viscometry 

allows for the correction of the wall-slip phenomenon, 

which is a major source of error if not accounted for. The 

independent variables studied were foam liquid-to-gas 

ratio, tube diameter and foam type. Polidocanol-based 

(1% solution) foams were produced using the double 

syringe system and Tessari methods with liquid-to-gas 

ratios 1:3, 1:4 and 1:5. Polytetrafluoroethylene tubes of 

diameter 2.48, 4.48 and 9.46 mm were used, and 

injection flowrates were in the range 2 – 36 ml.min-1. 

 

Results 

Results of the pipe viscometry experiments demonstrate 

a steady increase in static inlet and outlet pressures 

during foam injection that reach a plateau when the tube 

is completely filled with foam. Data obtained from 

experiments (which comprised different vein diameters, 

foam formulations, and injection flow rates) were fitted 

in the power law equation (Eq. 1) to obtain rheological 

indices (𝐾 and 𝑛). For a Tessari foam of 1:4 liquid-to-

gas ratio injected into a 34 cm long tube with diameter 

of 2.48 cm, viscosity ranged from 0.05 to 0.27 Pa.s, 

corresponding to observed shear rates of 700 to 80 s-1. 

 𝜏𝑤 = 𝐾�̇�𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑
𝑛  (1) 

Observed shear rate (�̇�𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑) and wall shear stress 

(𝜏𝑤) can be calculated from injection flowrate 𝑄, 

pressure differential Δ𝑃, pipe length 𝐿 and diameter 𝑑: 

 �̇�𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 =
32𝑄

𝜋𝑑3
 (2) τw =

𝑑Δ𝑃

4𝐿
 (3) 

 

Discussion 

This is the first study reporting on the rheological 

characterisation of sclerosing foams under conditions 

mimicking their end-point application. Results are in 

agreement with the previously observed shear-thinning 

behaviour of liquid foams. Furthermore, they will also 

be corrected for wall-slip and fitted into a non-

Newtonian model to yield a more accurate rheological 

characterisation that can be used to more effectively 

predict foam’s behaviour during treatment. Values of 

foam viscosity will be correlated with foam’s efficacy in 

displacing blood from a vein model, which can inform 

the design of more efficacious foam formulations.  
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Introduction
Neuroprostheses are advanced devices heavily relying
on the  ability  of  neural  interfaces  to  create  a  stable
bidirectional link with peripheral nerves [1]. However,
the  body  responses  to  the  surgical  implantation  of
neural  interfaces  into  peripheral  nerves  with  the  so
called  Foreign  Body  Reaction  (FBR).  Inflammation,
proliferative and remodelling phases, ending with the
encapsulation  of  the  implanted  device,  are  the  main
known phases of the FBR. These extremely complex
chain of phenomena [2] contributes to the failure of the
interface. Therefore, the knowledge of the scar tissue
evolution  around  the  implanted  structure  is
fundamental to design strategies aimed to decrease the
amount  of  tissue  interposition  and  physical
disconnection between nerve  fibers  and  the interface
electrode. However,  this is,  probably,  a less explored
field,  because  of  the  high  number  and  the  extreme
complexity of involved processes.  As a consequence,
“smart  paths”  among  so  many  combinations  of
phenomena,  could  be  investigated  to  reproduce
experimental  results  through  a  computational
framework,  accounting  for  the  action  of  the  main
biological and biophysical phenomena. 
Methods
Female  Sprague-Dawley  rats  were  used  to  provide
experimental  data  [3].  The  evolution  in  time  of  the
capsule  thickness  developed  around  parylene-based
intraneural  longitudinal  electrodes  (see  details  of  the
experimental procedures in [3]) was then assumed to
be dominated by two sets of related processes; the first
phase of interaction between the nerve and parylene,
and a late remodelling phase. In particular, this phase
was longer than the previous one, so the mechanical
characteristics of materials dominated the interaction,
and,  particularly,  the  stiffness  mismatch  between
peripheral nerves [4,5] and parylene [3]. The evolution
of  the  capsule  thickness  was  theoretically  predicted
through  a  hybrid  linear  combination,  symbolically
written as follows:
s(t)=(t)+[t 
where   were  numerical  constants,  (t)  was  a
function  accounting  for  the  contribution  due  to  the
cellular steps, while [t was a function related to
the  interactions  between  parylene  and  nerve  tissue,
whose  strain  energy  functions  were  respectively
andIn  particular,  the  term  (t)  was
computationally  achieved,  since  it  derived  from  a
system of differential equations which does not admit a
closed form solution.
Results

In Fig.1a, the evolution of Eq.(1) over time is shown.
The experimental data were plotted through their mean
values  (circles)  and  standard  deviation  (error  bars),
while the solid line accounted for the evolution of the
mean theoretical prediction together with the prediction
bounds  (dashed  lines).  Similarly,  Fig.1b  shows  the
volumetric expansion around an implanted structure of
parylene with a circular section ( 10m) after about 8
months of permanence inside peripheral nerves in vivo.
Discussion
The evolution of the scar capsule thickness around a
hypothetical circular structure of parylene was found to
be  characterized  by  an  early  oscillatory  expansion
ending  by  a  steady  state  expansion,  resulting  in  a
relative  increase  in  volume  (i.e.,
V(parylene+scar)/V((parylene)) of about 121 times in
about  8  months.  As  a  consequence,  Eq.(1)  allowed
different contributions, deriving from the FBR different
phases, to be split and separately investigated in order
to  optimize  the  final  amount  of  scar  tissue  around
implanted polymeric neural interfaces [6].

Figure 1: (a) Evolution of scar thickness over time. (b)
Prediction of  volumetric scar expansion: 1) Circular
implanted device 10m, 2) Early scar expansion, 3)
Late scar expansion. 
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Introduction 
Occlusive disorders involving small diameter (less than 
6 mm) peripheral arteries are continuously growing.  
Scarce availability of autografts (such as saphenous 
vein) calls for the development of new grafts. 
Polyethyleneterephthalate (PET)-based grafts are 
widely used, but the use of this material on small arteries 
brings to several complications like thrombosis, or 
compliance mismatches. As silk-based materials meet 
the requirements of biocompatibility and of mechanical 
properties for vascular grafts, small diameter grafts 
obtained from silk-fibroin are here characterized 
mechanically [1].  

Materials and Methods 
Three-layers silk fibroin sheet samples have been 
characterized through in-situ biaxial mechanical 
stretching with simultaneous microscope observation of 
the sample surface. 
To achieve mechanical properties and biocompatibility, 
a three layers system has been obtained by coupling two 
electrospun layers of silk fibroin nanofibres (typical 
diameter of 400 nm) to a silk fibroin textile layer [2]. 
The native silk fibroin fibers of the microfibers (about 
12 µm of diameter) were arranged in bundles of about 
300 µm of diameter. 
Suitable rectangular samples have been obtained 
through cutting from the multi-layered silk sheets; the 
approximate size of the central part is 5 mm. A home-
made biaxial test equipment has been used for equi-
biaxial stretching of the silk sheets. The testing 
apparatus is equipped with four displacement actuators 
(50 nm resolution) and two load cells (50 N full range 
and 0.1% resolution). The biaxial tensile tests were 
performed in wet conditions. Relative displacement 
applied independently along the axial and 
circumferential directions allowed to simulate different 
pre-stretch conditions with simultaneous 
circumferential expansion. In particular, an equi-biaxial 
stretching was applied until 1 mm (and 3 mm) of 
displacement is achieved. A further expansion in 
circumferential direction at fixed axial stretch is also 
applied (Figure 1). The force-displacement slope is 
estimated in the equi-biaxial configuration as well as in 
the axially constrained configuration of the test. 7 and 5 
tests have been performed for the 1mm and 3 mm pre-
stretch, respectively. 

Results and discussions 
The force-displacement slope, which is correlated with 
vessel compliance, obtained in the equi-biaxial stage is 
higher than that obtained in the axially constrained 
configuration; furthermore, at constrained axial pre-
stretch, the axial pre-stretch at 3 mm exhibited a 
circumferential force-displacement slope higher than 
that at 1 mm axial pre-stretch. Indeed, higher pre-stretch 
would induce lower compliance as a result of the micro-
structural arrangement of the middle layer of silk 
microfibers. The graft compliance computed at 1 mm 
axial confinement is 3 %

""#$
 at an equivalent internal 

pressure of approximately 400 mmHg. A set of tests at 
lower pre-stretch (equivalent to the 80 -120 mmHg 
regime) showed a graft compliance of 3.75 %

""#$
 which 

is consistent with literature results [3]. 
The results of this study indicate that the circumferential 
compliance is dependent on the axial pre-stretch which 
arises upon graft implantation (Figure 2). Therefore, an 
extensive experimental campaign at different equivalent 
pressures is planned for a complete characterization 
study. 

Figure 1: Loading program and sketch of test 
configuration 

Figure 2: Force-displacement solpe in the equi-biaxial 
and constrained axial pre-stretch (1 mm and 3 mm). 
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Introduction  
Dura mater (DM) – the outer layer of three layers of 

membrane is a thick, dense, irregularly shaped 

connective tissue that surrounds the brain and spinal 

cord. Because of trauma, oncological processes of the 

brain and spinal cord, as well as in neurosurgical 

interventions, the dura mater can be damaged, dissected 

or removed to provide access to the nerve structures and 

under them. 

In the case of a shortage of its own dura mater, a flap of 

biocompatible tissue (up to 100 cm2) is required, which 

is necessary to restore the dura mater. The mechanical 

properties of such a material should be as close as 

possible to the properties of natural DM. Various 

materials are currently available to close the defects of 

the dura mater, however, all of them have their 

disadvantages. 

Bacterial nanocellulose (BNC) is a good candidate for 

this role. It is a linear polysaccharide chain with the 

same chemical structure as plant cellulose. Ultrafine 

BNC differs from plant cellulose in high purity and 

degree of crystallinity, higher ability to adsorb liquid, 

strength of the fiber structure, and also their nanoscale 

[1]. 

 

Methods  
Universal tensile machine INSTRON 5944 was used for 

uniaxial loading test of the BNC samples with different 

methods of preparation, as well as fresh and cadaveric 

dura mater tissues. Uniaxial mechanical test is 

considered a golden standard in the area of investigating 

properties of such materials. [2] 

 

Results  

 
 

Figure 1: Boxplot of the values of the ultimate stress for 

DM, bacterial cellulose and bacterial cellulose with the 

addition of chitosan. DM stands for Dura Mater, BNC 

for bacterial nanocellulose, and BNC+N for bacterial 

nanocellulose treated with Novochizol™. 

 

 

 

 
Figure 2: The difference in distribution of the ultimate 

stress for regular BNC and BNC with the addition of 

chitosan. 
Discussion  
With all the advantages of bacterial nanocellulose as a 

barrier to the human brain, the main problem during its 

production is the unevenness of tissue thickness, which 

can lead to hernias and ruptures after implantation. The 

aim of this work is to investigate the mechanical 

properties of bacterial cellulose samples made using 

Novochizol™ with bacterial cellulose made without it, 

and to assess the possibility of controlling the 

mechanical properties of the material by changing the 

thickness. 
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Introduction  

In recent years, the development of new biomaterials 

with possible applications in tissue regeneration has 

made the engineering and medical field a fertile ground 

for the creation of new techniques and strategies capable 

of exploring the potential characteristics of new 

materials1,2. In this area, the biggest challenge is to 

accurately reproduce the entire architecture and the 

properties typical of extracellular matrix (ECM) of the 

native tissues replicated3. The electrospinning in recent 

years has become a particularly widespread and 

effective technique for obtaining scaffolds of polymeric 

fibers4,5. In this contribution we report the 

electrospinning of a very small, brominated peptide (7 

ammino acids) highly represented in full-length resilin 

protein (with more than 600 amino acids). We show our 

preliminary results obtained electrospinning peptides as 

a single component and peptides in combination with 

other compounds (e.g., gelatin). In principle, the 

synergy between the two compounds should results into 

the emergence of new properties of the scaffold. 

  

Methods  

One of the objectives of the work aims to obtain 

polymeric fibers, having better performances than those 

offered by the full-length resilin protein. To obtain good 

result with electrospinning technique it is necessary to 

optimize several experimental parameters like solvent, 

concentration, flow speed, distance, voltage, 

temperature, and humidity. For this technique, it is 

necessary to apply an electric field, essential for 

stretching the biopolymer fibers and for solidifying the 

solution. The collection can take place on a mobile or 

fixed (metallic) collector according to the needs for 

subsequent studies and/or applications. For the 

morphological and chemical characterization of the 

electrospun yarn, Scanning Electron Microscopy (SEM) 

and Energy-dispersive X-ray spectroscopy (EDS) have 

been used. 

 

Results  

The first electrospinning test were carried out using the 

small peptide as a single component, in 

hexafluoroisopropanol (HFIP) as a solvent. Under this 

condition, the resulting scaffold was too brittle for their 

potential use in biomedical or tissue engineering 

applications. Water was also tested since aqueous 

solutions showed fiber formation; however, some 

critical issues prevented the formation of thread-like 

morphology. Furthermore, different peptide/gelatin 

mixtures have been prepared by testing the widest range 

of possibilities. The most encouraging results were 

obtained by increasing the viscosity of the solution. 

Solution viscosity plays an important role in 

determining fiber size and morphology. With a 

concentration of 40% w/v of mixed solutions we obtain 

stable thread-like morphology and a manipulable 

material suitable for the evaluation of mechanical 

properties.  

 

Discussion 

The results obtained with the brominated peptides as a 

single component, although still preliminary, are 

promising as it is not usual to obtain fibers through 

electrospinning from so low molecular weight peptides. 

Indeed, proteins that are commonly electrospun have 

weights of hundreds kDa. In all the analyzed conditions, 

mixing the peptide with gelatin in different ratio results 

in well-defined morphology (filaments). However, it is 

important to precisely adjust the ratio between the 

brominated component and the gelatin. In fact, the 

predominance of brominated peptides over gelatin 

impairs the formation of continuous fibers (Figure 1b). 
 

 

 
 

Figure 1: SEM images of electrospun of mixed solution: 

(a) with predominance of gelatin; (b) some beads due to 

a predominance of brominated peptide. 
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Introduction 
Aqueous solutions of methylcellulose (MC), a cellulose 
derivative obtained by partial substitution of hydroxyl 
groups (-OH) with methoxy ones (-OCH3), exhibit 
thermo-reversible gelation around their lower critical 
solution temperature (LCST). In particular, MC 
hydrogels change from sol (T < LCST) to gel (T > 
LCST) state upon temperature increase [1]. MC 
hydrogels lend themselves to smart applications in the 
field of regenerative medicine, where the body 
temperature is exploited to activate their thermal 
transition [1]. However, the reduced stability in aqueous 
environment and unsatisfactory mechanical properties 
of MC gels, limit the breadth of their possible 
applications. The target of this work was to develop a 
crosslinking strategy based on citric acid (CA) for MC 
hydrogels, aimed at increasing their stability and 
mechanical performance while maintaining their smart 
behavior. 

Methods 
MC powder was dispersed (8% w/v) in a Na2SO4 (50 
mM) solution at 55°C to obtain responsive hydrogels 
with a LCST » 37 °C [1]. Citric acid (CA) was used as 
crosslinking agent, due to its low cost and toxicity [2]. 
Three crosslinking parameters (x1 = CA concentration, 
x2 = crosslinking time, and x3 = crosslinking 
temperature, Table 1) were studied by a Design of 
Experiment (DOE) approach, lastly identifying 
optimized crosslinked MC hydrogels (MC-L, MC-M, 
MC-H). The optimized crosslinked hydrogels were then 
investigated for their physico-chemical, mechanical and 
in vitro biological properties. 

CA (% w/w) 
x1 

T (°C) 
x2 

Time (min) 
x3 

1 - 3 - 5 165 - 177 - 190 1 - 8 - 15 
Table 1: Parameters used for MC hydrogels’ 
crosslinking. 

Results 
The DOE approach allowed to obtain a regression 
equation able to describe the swelling degree of MC 
hydrogels as a function of the crosslinking parameters. 
MC-L, MC-M, and MC-H (low, medium and high 
crosslinking), were selected as optimized crosslinked 
hydrogels and further characterized.  
Swelling tests in water revealed the effectiveness of CA 
crosslinking in modulating the water uptake of MC 
hydrogels. The theoretical crosslinking density [3] 
increased from (0.19 ± 0.02)´10-4 to (2.58 ± 0.65)´10-4 
mol cm-3 for MC-L and MC-H samples, respectively. 
Moreover, acid-base titrations revealed an increase in 

the carboxylic esters from 0.05 ± 2.74 to 42.25 ± 3.71 
mmol/100 g for MC-L and MC-H samples.  
Smart transition was assessed by swelling tests [4], 
Raman spectroscopy and rheology analyses [5], testing 
MC samples at different temperatures (T = 25 - 50 °C). 
Interestingly, MC-M hydrogels displayed increased 
mechanical properties (Figure 1) while preserving their 
LCST around 37 °C. Conversely, excessive crosslinking 
(MC-H) was found to cause the loss of MC hydrogels’ 
smart behavior. 
In vitro preliminary biological characterization proved 
the absence of any cytotoxic effect induced by CA or by 
the crosslinking procedure when 24- and 48h-material 
extracts were put in contact with L929 fibroblasts.  

Figure 1: Representative G’/T curve obtained from 
rheological tests on MC samples  

Discussion 
The DOE approach allowed to obtain a quadratic 
regression model (R2adj = 0.963) able to predict and tune 
the swelling of MC hydrogels based on the three 
crosslinking parameters. Crosslinking density 
measurements and acid-base titrations confirmed the 
efficacy of CA in controlling the crosslinking degree of 
the hydrogels. Swelling measurements, Raman and 
rheological analyses were shown to be orthogonal 
techniques, providing information about the sol-gel 
transition of MC hydrogels around the LCST. A 
crosslinking degree of about 50 % (MC-M) was shown 
to increase the mechanical properties and stability of 
MC hydrogels, preserving their smart behavior. 

Conclusions 
The obtained results pave the way for the development 
of MC smart hydrogels with tunable properties, with 
potential innovative implications in the field of smart 
systems. 
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Introduction 

During dental trauma, periodontal ligament (PDL) 

contributes to the stability of the tooth-PDL-bone (T-

PDL-B) construct [1]. When a dental implant is inserted 

into the bone, the dental implant-bone (DI-B) construct 

will be more prone to the mechanical damage caused by 

impact loading, compared to the T-PDL-B construct, 

due to the lack of a shock-absorbing constituent. Despite 

the widespread presence of such traumas, the 

behavioural differences between these two constructs 

have not been thoroughly investigated to date. The main 

goals of this study were to: (i) identify the main 

differences in the mechanical behaviour of T-PDL-B 

and DI-B constructs under impact loading, using in-vitro 

tests; and (ii) develop a validated FE model to find the 

stress distribution within both constructs in order to 

discover new aspects of the existing differences between 

the two constructs.  

 

Methods 

First, mechanical impact tests were performed on six 

canine mandibles of intact (N=3) and implanted (N=3) 

specimens using a custom-made drop tower apparatus, 

from release heights of 1, 2, and 3 cm sequentially, and 

the transferred momenta were measured. Next, 

computed tomography-based finite element models 

were developed for both constructs, and the transferred 

momenta were calculated.  

 

Results 

The experimental results indicated that, for the release 

heights of 1, 2, and 3 cm, the linear momenta transferred 

to the dental implant-bone construct were 33.1, 31.0, 

and 27.5% greater than those of the tooth-PDL-bone 

construct, respectively. Results of finite element 

simulations were in agreement with those of the 

experimental tests (error ˂ 7.5%, Table 1). Moreover, 

results of the FEA showed that for DI-M construct, 

alveolar bone experienced a high-stress concentration 

inside the alveolar bone cavity (max. von Mises stress 

of 133, 198, 283 MPa for the release heights of 1, 2, and 

3 cm, respectively), while T-PDL-M resulted in 

significantly smaller stress intensity (max. von Mises 

stress of 80, 88, 110 MPa for the release heights of 1, 2, 

and 3 cm, respectively) (Fig. 1). 

 

Discussion 

Results of this study indicate that PDL plays a crucial 

role in the appearance of the behavioural differences 

between the T-PDL-B and DI-B constructs under impact 

loading. Moreover, results of this work also show that 

the bone in the DI-B construct is more susceptible to 

mechanical damage than that of a natural tooth 

construct. Thus, modifications to the currently used 

dental implants, based on the structure of a natural tooth, 

seem necessary. 

 
Figure 1: von Mises stress distribution in alveolar bone 

of T-PDL-B and DI-M constructs, resulted from impact 

loading simulations for the release heights of: (a) 1 cm; 

(b) 2 cm; and (c) 3 cm.  

 
 

Release 

Height 

of 

impactor 

T-PDL-B Construct DI-B Construct 

LM 

(Experimental- 

mean values) 

(Kg.m/s) 

LM 

(FEM) 

(Kg.m/s) 

 

Error 

(%) 

LM 

(Experimental- 

mean values) 

(Kg.m/s) 

LM 

(FEM) 

(Kg.m/s) 

 

Error 

(%) 

1 cm 2.92±0.34 2.70 7.5 4.37±0.8 4.26 2.5 

2 cm 3.69±0.7 3.76 1.9 5.36±1.13 5.21 2.2 

3 cm 4.80±0.7 4.68 2.5 6.62±0.93 6.23 5.9 

Table 1. Linear momenta (LM) transferred into T-PDL-

B and DI-B constructs: Comparison between results of 

in-vitro tests and FE models. 
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Introduction 

Tooth movements by clear aligners are more complex 

compared to fixed braces [1]. The application of nu-

merical methods, such as finite element methods 

(FEM), facilitates the stress analysis of orthodontic 

devices [2]. This study aimed to develop a 3D FE 

model to understand the biomechanical behaviour of 

clear aligners. The initial forces generated during bodi-
ly movement of several teeth were calculated. 

 

Methods 

Using the FE system Marc/Mentat, an idealised FE 

model consisting of three teeth was used to perform 

sensitivity analysis. Using Mimics software, a realistic 

3D model of upper jaw was imported to design differ-

ent orthodontic cases. A complete aligner with a thick-

ness of 0.7 mm was modelled. A full model was ex-

ported to Marc/Mentat. 4-noded tetrahedral elements 

were used for meshing. The number of nodes and ele-

ments for each component of the model are shown in 
Table 1. Material parameters of all structures are 

shown in Table 2. The forces generated by 0.2 mm 

bodily movements of the teeth 21, 13, and 15 (facio-

lingually, mesio-distally, and extrusion-intrusion) were 

calculated and compared to standard experimental 

measurements. A touching condition was established in 

contact interfaces between the aligner and the tooth 

surfaces, with a friction coefficient of µ=0, and inter-

ference closure -0.04. 

 
 

Figure 1: A realistic 3D-model of upper jaw with de-
signed 0.7 mm clear aligner used to simulate different 

orthodontic movements of the teeth 21, 13, and 15. 

 

Component No. of  Elements No. of Nodes 

Aligner 380308 92570 

Cast 

Tooth 21 

Tooth 13 

Tooth 15 

223637 

13541 

17451 

11745 

55383 

3450 

4299 

3057 

Table 1: Number of nodes and elements of the Compo-

nents of the finite element model. 

 

Structure Young’s Modu-
lus (GPa) 

Poison’s 
ratio 

Aligner 2 0.3 

Teeth 80 0.3 

Table 2: Material parameters of all structures. 

 

Results 

The resultant forces of the three different teeth, in 

facio-lingual direction were ≈25 N, in mesio-distal 

direction were ≈25 N, while in  extrusion-intrusion 

direction were ≈2.5 N. Decreasing the stiffness of the 

aligner from 2 GPa to 1 GPa results in a decrease of the 

forces to nearly the half. 

 

Discussion 

Although the forces generated in the numerical model 

is to some extent higher than the forces reported exper-

imentally and clinically in some studies, some factors 

could explain this difference. Firstly absence of the 

PDL has a great impact on the biomechanical behav-

iour of the model. This will be realised in the next step. 

Secondly, the thickness of the experimentally investi-

gated aligner could be reduced due to deep drawing of 

foil sheets compared to the one used in this numerical 

study. Thirdly, a realistic contact between the aligner 

and the teeth could not be simulated yet. 
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Introduction 
Dental implants are essentially screws which are 
inserted into the pre-drilled bone to replace the root of a 
natural tooth. Their design, i.e. shape, together with the 
characteristics of the threads, grooves, surfaces and/or 
cutting elements determine their condensing, frictional 
or cutting capabilities. The combination of these three 
parameters has a significant influence on the insertion 
mechanism and their mechanical stability [1]. The aim 
of this in vitro study is to evaluate the correlation 
between the lateral stability and the insertion torque as 
well as the condensing properties of 11 different regular 
screws and screw taps, which serve as simplified 
prototypes of dental implants.   
 
Methods 
Eight screw designs and three screw taps (Table 1) were 
tested in bone surrogates (solid rigid foam, 20pcf, 
SAWBONES®) prepared with a Ø3.2mm pre-drilled 
hole (based on specifications according to M4 screws).  

Screw / Screw Tap Article 
number 

BN/FN 
number 

Supplier 

M4 stainless 291546  FN389 SFS 
M4 blue galvanized 283817  N/A SFS 
Screw Tap 264210.0200 N/A Futuro 
High Performance 
Screw Tap 264340.0200 N/A Futuro 
Combined Screw Tap 264485.0200 N/A Futuro 
Wood 1337467 BN5948 Bossard 
Forming zinc 1 2098482 BN14066 Bossard 
Forming zinc 2 1373323 BN990 Bossard 
Trilobular stainless  3061378 BN13278 Bossard 
Trilobular zinc  1540696 BN3327 Bossard 
Thread Cutting zinc 1381415 BN1015 Bossard 

Table 1: Overview of the tested screws and screw taps 
Three types of measurement were done with three 
samples per screw group and per method: 
1) Torque: screw/screw taps were inserted at 40 rpm 

to 11.5mm into rectangular bone surrogates and the 
insertion torque was measured with a K6D40 six-
component sensor (ME-Meßsysteme GmbH, DE). 

2) Condensing Force: screws/screw taps were 
manually inserted to 11.5mm into previously 
halved bone surrogate plates. The plates were hold 
together with 10N preload. The condensing force, 
i.e. lateral force while inserting the screw, was 
measured with a 500N sensor dose in a Zwick 
machine (Zwick GmbH & Co.KG, DE). 

3) Stiffness: samples from the torque measurement 
were laterally loaded in the same Zwick machine at 
the speed of 5 mm/min. The lateral stiffness was 
calculated by fitting the stability plots (force vs. 
displacement) in the load range of 10 to 15N, and 
normalized by the lever arm.  

Results 
The highest torque levels were obtained for the M4 
screws, whereas the screw taps achieved the lowest 
(Figure 1A). Similarly, M4 screws had the highest 
condensing force, the screw taps had the lowest, and the 
other screws laid in between them. Due to their poor 
fixation, the screw taps could not be tested for lateral 
stability and the M4 screws showed the highest stability.  
While no correlation was found between stiffness and 
torque (R2=0.14, Figure 1B), the correlation between the 
stiffness and condensing force was remarkable 
(R2=0.79, Figure 1C).  

 
Figure 1: A) Insertion Torques of the tested screw/screw 
tap, B) Stiffness versus Torque, C) Stiffness versus 
condensing force 
 
Discussion 
These results suggest that there may be an association 
between stability and the condensing force that the 
screws exert while they are inserted. Further studies 
shall be performed to evaluate if this parameter could be 
used to predict stability depending on different design 
features, and investigate the application of this method 
in the dental implant field.  
 
References 
1. Li et al, J Mech Behav Biomed Mater, 103:103574, 2020. 

678



 26th Congress of the European Society of Biomechanics, July 11-14, 2021, Milan, Italy  

IN VITRO COMPARISON OF SITE PREPARATION PARAMETERS IN RESPECT TO 

DENTAL ANCHORAGE AND PRIMARY STABILITY 
J. Fabech (1), S. Ruch (1), A. Saade (2), P. Heuberger (2), A. Irastorza-Landa (2) 

1. Zürcher Hochschule für Angewandte Wissenschaften (ZHAW), 8401 Winterthur, Switzerland;  
2. Nobel Biocare Services AG, 8302 Kloten, Switzerland 

 

Introduction 

Achieving high dental implant anchorage to ensure 

primary stability is crucial in immediate loading 

protocols. However, only functional loading of the 

implant shows if anchorage is sufficient to ensure 

primary stability. Clinicians can influence stability 

based on the implant site preparation protocol [1]. This 

study evaluated the in vitro anchorage and primary 

stability performance of one implant design on different 

site preparation configurations with a biomechanical 

dynamic test model capable of measuring the micro 

movement of the dental system in bone surrogate. 

Methods 

One machined implant with NobelActive NP 3.5x13mm 

shape was welded to a load transmission hemisphere 

forming a rigid body (Fig.1.1) and manually inserted 

into bone-surrogate material 0.5 mm above bone level 

(solid rigid foam, 20pcf - 0.32 g/cc, SAWBONES). Sites 

were prepared using clinical drills with various final 

diameters (⌀ 2.0, 2.4/2.8, 2.8/3.2 mm) and different tip 

gaps (TGs), i.e. distance between the implant tip and the 

deepest point of the osteotomy (Fig 1.2-1.3). A TG of 

~0.5mm is recommended in the manufacturer’s 

instruction for use. Anchorage was characterized by the 

insertion torque (IT) and primary stability was measured 

using a dynamic loading test setup with two sensor units 

measuring movement perpendicular to (Y) and in the 

direction of the implant axis (Z) [1]. The test setup was 

based on ISO 14801 [2] with the force (F) direction at a 

30° angle to the implant axis. All tests were performed 

by applying 50’000 cycles of sinusoidal (2 Hz), 

compressive load (12-120N) with a lever arm of 8 mm 

at 20±2 °C. The two main components Migration (MIG) 

and Micromotion (MM) of the movement (Fig. 1.2) 

were measured. The same implant was reused in all tests 

after cleaning the surface with ethanol. 

 
Figure 1: 1. Sample sketch; 2. Measurement principle; 

3. Parameter combinations & amount of repetitions (n) 

The statistical analysis was done on Minitab 17 (Mann–

Whitney U or Kruskal–Wallis test, α=0.05).

 
Results 

Main effects plot for IT showed higher impact of drill 

diameter than of TG (Table 1): the smaller the 

osteotomy, the higher the IT (p=0.041, Groups A/D/E). 

TG variation had a lower but still significant effect 

(p=0.043, Groups A/B/C), particularly when the drilled 

depth was less than the implant length (Group B).  

When loading, Group E, drilled with widest ⌀, showed 

unstable behavior resulting in high MIG values from the 

beginning. All other tests were considered stable.  

Among the stable groups (A to D), main effects plot for 

MIG-Y&Z showed that TG has a higher effect than ⌀. 

When the osteotomy was prepared 1 mm deeper than 

recommended (Group C vs. A), MIG-Y and MIG-Z 

were 85% and 115% higher respectively (both 

p=0.0369), despite having similar IT (p=0.551). On the 

other hand, undersized Group D showed comparable 

MIG values (p=0.0369 for MIG-Y, p=0.7656 for MIG-

Z) in comparison to reference Group A, even if average 

IT was 53% significantly higher (p=0.0369). 

Table 1: Results (average±STD) at 0.32 g/cc; 12-120 N 

Group IT /Ncm                                                       MIG-Y /μm MIG-Z /μm 

A 35.5 ± 1.2 74 ± 2 32 ± 3 

B 39.0 ± 1.2 49 ± 3 22 ± 2 

C 35.0 ± 0.4 137 ± 19 69 ± 6 

D 54.5 ± 1.1 70 ± 2 31 ± 3 

E 15.2  N.A.* N.A.* 

*Sample unstable, abortion limit >1 mm reached 

Discussion 

Following the described sample preparation and loading 

conditions, the measurement device had the capacity to 

evaluate the influence of site preparation on the stability 

of the tested implant design. While it is well established 

that the osteotomy diameter has a direct effect on IT, the 

results of this in vitro study suggests that IT may not be 

an absolute predictor of stability. Increasing tip gap may 

have negligible effect on IT but may still jeopardize 

stability. Thus, controlled implant site preparation to 

guarantee implant anchorage may be crucial. These in 

vitro findings should be clinically evaluated. 
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Abstract 

Introduction. Selective caries removal (SCR) is a 

minimally invasive treatment for managing deeply 

cavitated caries lesions. During this treatment, carious 

tissue is removed in the periphery of the cavity, while 

soft dentin is left in proximity of the pulp to reduce the 

risk of pulp exposure and related complications such as 

pulp inflammation and necrosis [1]. Sealing of the 

residual carious tissue beneath a subsequently placed 

restoration deprives bacteria of nutrition so that they 

become inactive [1]. However, carious dentin is less 

mineralized and therefore less stiff than healthy dentin. 

This may possibly compromise restoration and tooth 

stability as compared to the conventional approach of 

“full” removal of any carious dentin (non-selective 

caries removal, NCR) [1].  

 

To investigate the clinical efficiency of SCR over NCR, 

we compared the biomechanical behavior of a molar 

with SCR with an NCR treated molar by finite element 

modelling (FEM). Specifically, we focused on the 

possibility of localized stress concentrations at the 

interface between restoration and lesion. We further 

investigated the influence of different anatomical lesion 

sites (i.e. occlusal vs. proximal) and different lesion 

sizes.  

 

Methods. We developed several 3D finite element 

models (Fig. 1), based on µ-CT data of a healthy 

permanent human third molar. Tooth models with 

restoration either on the occlusal or on the proximal 

surface were developed, where carious residual lesions 

with different sizes were left or fully removed, and the 

cavities were restored with resin composite restoration. 

All models were analyzed in comparison with an FE 

model of a healthy, non-treated molar. A vertical load of 

100 N was applied onto the occlusal surface.  

 

Results and discussion. Regardless of the lesion size, in 

molars with occlusal lesions, higher mean stresses were 

predicted along the filling-lesion interface than in all 

other models. In occlusal models, the smallest lesion 

(1 mm) induced the highest maximum stresses at the 

filling-lesion interface with stress peaks inside the 

filling (Fig. 2a). In contrast, in molar with 3 mm lesion 

showed one single maximum peak as expected for a 

typical bending configuration. We further showed using 

a parametric 2D model that these stress peaks are 

dependent on the relative size of lesion to filling 

(Fig. 2b) and the stress state is analogous to the presence 

of structural inhomogeneities within a material [2]. In 

conclusion, the lesion site and size are parameters 

affecting the filling-lesion interactions and thus the 

biomechanical behavior of the teeth after SCR vs. NCR. 

 

Significance. Retaining carious lesions around the 

pulpal floor affects the biomechanical behaviour of the 

tooth-filling complex. The higher stresses in molars with 

occlusal lesions may affect restoration stability and 

longevity. Surprisingly, more extended occlusal lesions 

may provide a more favorable tooth performance than 

less extended ones.  

 

________________________________________ 

Figure 1: 3D FE models of an upper third human molar: 

Longitudinal sections with the composite filling and the 

carious carious lesion location on (a) occlusal and (b) 

proximal surfaces. Model boundary conditions (c). 

 

________________________________________ 
Figure 2: (a) Von Mises stress values within the filling 

along path p at the interface between filling and lesion. 

(b) Influence of the relative lesion to filling ratios on the 

stress distribution within the filling. 
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Introduction 

Temporo-mandibular joint disorder (TMD) is a cranio-

facial disease caused by the combination of diverse 

etiologies, such as joint structure, occlusion, dysfunc-

tion of muscle and mental factors. It mainly perform-

ances as clicking of the joint, abnormal movement of 

the mandible and limitation of mouth opening. TMD 

often happens with malocclusion, and it is also re-

ported that TMD followed after orthodontic treatment 

in some cases. Inter arch elastics are a common way to 

apply forces during orthodontic treatment, and it causes 

mechanical effects on the temporo-mandibular joint 

(TMJ). It is expected that some adapted remodelling 

develops to coordinate the relation of maxilla and 

mandible and the respective teeth. The aim of this 

study was to analyse whether variations of inter arch 

elastics would develop harmful effects on healthy TMJ. 

 

Method 

A TMJ model with masticatory system based on Hill 

type actuators was established [1, 2]. The finite element 

model (see figures 1 and 2) is based on subjects with 

individual normal occlusion without temporo-mandi-

bular joint disorders and anonymised CT and MRI 

scans using Mimics and MSC.Marc/Mentat software 

packages. Mouth opening and clenching with and 

without orthodontic loading was simulated and von 

Mises stresses and maximum principle stresses on the 

disc and the displacements of the condyle and the ar-

ticular disc were analysed. 

Figure 1: Left lateral view. The red lines indicate the 

direction of the passive muscle forces. 

 

Results 

Comparing the movement of the condyle before and 

after orthodontic force application, displacement of the 

condyle is more forward and downward with a clock-

wise rotation under application of class II long and 

short elastics, more backward and upward with coun-

terclockwise rotation under class III long and short 

elastics, no apparent difference under vertical elastics, 

tend to the opposite side with larger anchorage under 

oblique elastics and tend to the side with orthodontic 

loading under interaction elastics.  

 
 Von Mises Stress Maxium Principle Stress 

 Left Right Left Right 

Before 1.46E-02 

6.72E+00 

5.08E-02 

4.32E+00 

-2.32E+00 

4.77E+00 

-3.34E+00 

3.70E+00 

Class II 1.89E-02 
6.88E+00 

4.71E-02 
5.59E+00 

-3.26E+00 
5.63E+00 

-3.82E+00 
3.19E+00 

Class III 2.37E-02 
3.78E+00 

5.19E-02 
3.99E+00 

-3.10E+00 
4.54E+00 

-2.49E+00 
4.49E+00 

 

Table 1: The stress on temporomandibular disc at the 

maximum opening position before and after orthodon-

tic elastic application. 

 

Discussion 

In our study the stress on the surface of disc after or-

thodontic loading is in the normal biological range. 

Comparing with long distance elastics, the short elas-

tics lead to more gentle stresses. It is better to choose 

short elastic for part of patients with TMD. Displace-

ment of the condyle is beneficial to the corresponding 

orthodontic treatment. 
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Introduction 

The interface between dental implants and abutments 

plays a crucial role in micro-motion and potential gap 

opening between the components during functional 

loading. Gaps opening between implant and abutment 

during loading might allow fluids and/or bacteria to 

leak into the inside of the implant/abutment complex. 

The influence of such effects on the long-term survival 

of implant-supported restorations is topic of several 

current papers [1,2,3]. 

It was the aim of our study to investigate and compare 

the influence of design principles in the geometry of 

the connection between implant and abutment on the 

mechanical stability and micro-mobility of the 

implant/abutment complex in a numerical study. 

 

Methods 

The models for this study were based on the CAD data 

of a commercial implant (7 mm length, 3.7 mm dia-

meter). Several geometric properties of the existing 

internal connection, like internal and external dia-

meters, wall thickness, play and insertion depth, were 

measured in the CAD data to be used as a basis for the 

following geometry variations. Then the existing inter-

nal connection was replaced by different customized 

connection designs. A total of eight connections, 

conical with 8° and 15° as well as flat, with varying 

length were modeled (see Fig. 1A), and four different 

index designs were chosen as rotation stops (see Fig. 

1B). The fixation screw (taken from the original geo-

metry) was preloaded with 200 N (representing a 

fixation torque of 30 Ncm) and locked in the loaded 

position. Then a functional load of 500 N was applied 

centrally on the abutment axis, 8 mm above the implant 

shoulders, angled in 30° to the implant axis. The outer 

surface of the implants was kept fixed. 

 

 
 

Figure 1: (A) Four of the investigated connector 

shapes; additionally to the shown variations the inser-

tion depth was varied. (B) For each connector geo-

metry four different index shapes were modeled as 

rotation stops. 

Results 

For all simulations, the following parameters were mo-

nitored: displacement and rotation of the abutment as 

measured at the point of force application, width of 

opening gaps, as well as visual inspection of the region 

of the implant neck. The choice between conical and 

flat abutment geometry showed a clearly distinct 

movement pattern, with an increased crown movement 

for the translation for conical compared to the flat con-

nection (0.61 mm and 0.14 mm for the ‘wave’ index, 

Fig. 2). Opening of a wedge-shaped gap between im-

plant and abutment could be observed on the outer 

surface of all models. The wide end of the wedge-

shaped gap was located on the outer surface, with a 

mean width of 23 µm for all conical and 30 µm for all 

flat connections. The narrow end of the gap was almost 

closed for the conical connections, while a gap of 12 to 

20 µm remained on this side for the flat connections. 

The shape of the index had almost no influence on the 

resulting movement. 

 

 
 

Figure 2: Stresses (left) and displacements (center) for 

a conical and a flat connection with a ‘wave’-shaped 

index, and resulting gap sizes for all indices with this 

connection types (right). 

 

 

Discussion 

The design decision between conical and flat shapes 

had the highest influence on micro-mobility as well as 

on gap width. The presented method allowed 

investigating the shape of any opening gaps in a depth 

that was not possible with previous experimental in-

vitro approaches. Further studies will also take the 

influence of the magnitude of the fixation torque into 

account. 
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Introduction 

Dental implant primary stability (DIPS) is the initial 

engagement of an implant with its surrounding bone, 

which is a pure mechanical event [1]. DIPS can be 

evaluated through mechanical in-vitro tests, along with 

µ-CT imaging, by assessing alternation in the stiffness 

and ultimate load of the bone-implant structure (BIS). 

Through comparing the 3D µ-CT images before and 

after loading, derived by digital volume correlation 

(DVC) method, the displacement and strain field, and 

consequently damage in bone tissue can be quantified. 

The effect of damage in surrounding bone of a dental 

implant, and its impact on DIPS under intermittent 

compressive loading is not yet well understood. This 

study aimed at quantifying damages in bone tissue 

around the dental implant through applying cyclic 

compressive loading-unloading with an increasing 

amplitude, with ultimate goals of evaluation DIPS. 

 

Methods 

A trabecular bone sample was first extracted from 

proximal part of a bovine tibia, and the bone sample was 

embedded in PMMA, then a dental implant was inserted 

into it. Nine compressive loading-unloading cycles with 

an increasing amplitude, from 0.04 mm to 2.56 mm, 

were applied on the dental implant, according to ISO-

14801 [2]. The loading step sequences, in the 

displacement control test with a displacement rate of 

0.0024 mm/s, are as follow (in mm): 0.04 (S1), 0.08 

(S2), 0.16 (S3), 0.32 (S4), 0.64 (S5) 0.96 (S6), 1.28 (S7), 

1.92 (S8), and 2.56 (S9). In order to calculate the bone 

damages in bone surrounding the implant using DVC 

technique, µ-CT images were captured after each 

loading step. Moreover, the primary stability, for small 

deformations, was determined through comparing BIS’s 

stiffness with its initial stiffness in each loading step, 

and for large deformations, it was made through 

measuring the ultimate force of the load-displacement 

curve. For DIPS evaluation, damage (D) parameter, 

which is correlated directly with the stiffness of BIS, can 

be found using (Eq. 1) [3]: 

              D = 1 - (SC/SI)                                     (1) 

where SC is the stiffness of the structure in current 

loading step and SI is the initial stiffness of the structure. 

 

Results 

The experimental results showed that the ultimate force 

of BIS, i.e., 164 N, occurred approximately for the 

displacement of 0.96 mm, i.e., step #6 of loading (S6), 

and the DIPS that can be estimated by the magnitude of 

damage parameter, which is related to the BIS stiffness, 

reduced by 0.4, compared with its initial value. The 

values of damage parameter, which correspond to DIPS 

alternations for the steps which damage parameter are 

significant, are reported in Table 1. The difference 

between the maximum Tresca equivalent plastic strains, 

between S4 and S5, and between S5 and S6, were found 

to be 1.6% and 3%, respectively, which were found 

through comparing the µ-CT images, by using DVC 

technique (Fig. 1).  

Table 1: Magnitude of damage parameter (D), for 

different displacements applied to the dental bone-

implant construct in mechanical tests for S5 to S9, which 

correlates with the dental implant primary stability. 

Discussion 

In this study, based on the distribution of plastic strain, 

the damage in peri-implant bone the dental implant, 

caused by compressive loading-unloading cycles with 

an increasing amplitude, was quantified. The results 

showed that by increasing the damage in bone around 

the implant, primary stability reduces. The results of this 

work can be employed in design optimization of dental 

implants. 
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Displacement 

amplitude (mm) 

0.64 

(S5) 

0.96 

(S6) 

1.28 

(S7) 

1.92 

(S8) 

2.56 

(S9) 

Damage parameter 

(D) 
0.21 0.4 0.52 0.53 0.68 

Figure 1: Tresca equivalent plastic strain distribution 

in neighbouring bone of the dental implant, resulted 

from DVC analysis between µ-CT images of: (a) S4 and 

S5; (b) S5 and S6 loading steps. The plastic strain 

correlates with the damage in bone tissue around the 

implant. Loading direction is aligned with y axis. 

z 
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Introduction 

Primary stability (PS) is the ability of a dental implant 

to sustain loads without excessive motion. Implant 

insertion and subsequent loading can induce some 

damages to the adjacent bone, which may lead to a 

reduction in PS. Several studies have investigated the 

effects of induced bone damage due to implantation, 

however the effects of peri-implant bone damage on PS 

in large deformation has not yet well understood. 

Accordingly, this study aimed at developing a validated 

micro finite element (μFE) model to assess primary 

stability of a dental implant, subjected to cyclic 

compressive loading-unloading, in term of overall 

stiffness of bone-implant construct, as well as peri-

implant bone damage.  

 

Method 

A cylindrical spongy bone sample was core drilled from 

a bovine proximal tibia, and a dental implant was 

inserted into it. Quasi-static compressive loading-

unloading mechanical test was conducted with 

increasing displacement amplitudes, ranging from 0.04 

to 1.28mm, to find the stiffness of the bone-implant 

construct, according to [1]. Prior to mechanical testing, 

bony sample was scanned using μCT device with a 

resolution of 40μm. The bone-implant assembly was 

created through the segmented images of the bone and 

implant CAD geometry. Then, μFE model was 

generated by meshing the bone and implant with linear 

tetrahedral elements. Loading condition was defined 

according to the in-vitro test, with displacement 

amplitudes ranging from 0.04 to 0.64mm. The material 

behavior of trabecular bone was modeled based on a 

developed constitutive model by Ovesy et al. [2], which 

can mimic the failure response of trabecular bone under 

large deformation using nonlinear μFE. In the μFE 

simulation, an element got deleted as it reached to its 

threshold value of 24% in the plastic strain Stiffness 

degradation, as a result of bone damage, was modeled 

using element deletion technique. The value of 1-D, 

where D is the damage constant [3], was calculated as 

the ratio of the current stiffness of the bone-implant 

construct to the initial one. By considering the failure 

response of the peri-implant bone at the tissue level, a 

micro finite element model was developed and has been 

validated to explore the primary stability of dental 

implant for large deformations. 

 

Results 

The results showed that the μFE model can qualitatively 

capture the trend of the observed damage behavior from 

in-vitro test (Fig 1). Moreover, plastic strain distribution 

showed that the trabecular bone failure not only occurs 

in directly connected trabeculae to the implant surface, 

but also it can emerge in other areas which do not have 

direct connection with the implant's surface (Fig. 2). 

Figure 1: Relation between 1-D, where D is the damage 

parameter [3], and applied displacement on implant. In-

vitro test (red), and μFE model (blue).   

Figure 2: Plastic strain distribution in bone, due to 

applied displacement of: (a) 0.32, and (b) 0.64 mm to 

the implant. Black arrows illustrate damaged regions. 

 

Discussion 

The earlier occurrence of stiffness degradation in μFE 

model than the one observed in in-vitro test can be due 

to the employment of element deletion technique in this 

study. However, in in-vitro condition, the presence of 

broken pieces of bone, generated during implant 

insertion, also caused by loading after the insertion, 

make the structure tougher and postpone the stiffness 

reduction. This work can help evaluate the positive and 

negative aspects of different dental implant design 

features on the primary stability. 
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Introduction 

Zirconium oxide-based ceramics were introduced as 

metal free restorations with high flexural strength to 

overcome the drawbacks of the weaker glass ceramics 

[1]. Monolithic zirconia restorations have become a very 

promising alternative to glass ceramics, however, still 

need further investigations concerning their clinical 

performance [2]. The aim of this in vitro study was to 

evaluate and compare the wear and surface roughness of 

translucent cubic monolithic zirconia to glass ceramics 

and zirconia reinforced glass ceramics as well as the 

wear of opposing natural teeth. 

 

Methods 

Fifty ceramic discs were cut and grouped into 5 groups 

according to the material: Group 1: partially crystallised 

lithium disilicate (Emax CAD), Group 2: fully 

crystallised lithium disilicate (LiSi CAD), Group 3: 

zirconia reinforced lithium silicate (Celtra Duo), Group 

4: super translucent zirconia (STML), Group 5: ultra-

translucent zirconia (UTML). All the samples were 

finished according to the manufacturers’ 

recommendations. Ceramic weights and surface 

roughness values (sRa) using the FRT MicroSpy of the 

discs were recorded before subjected to the wear test. 

All discs were subjected to 200.000 wear cycles against 

the buccal cusp of a natural premolar at a 20 N vertical 

force using a self-developed wear testing device. The 

teeth were scanned using a µCT scanner (Skyscan 1174) 

before and after the wear tests. Images were overlapped 

to determine the volumetric tooth loss (Figure 1). 

 

 
Figure 1: Matching and overlapping of the two µCT-

scanned crowns (before and after the wear cycles) using 

3-matic software. 

 

Results 

The weight difference for the ceramic samples (g) 

showed material weight loss for the LiSi (0.0026 ± 

0.0002), while the UTML showed only (0.00014 ± 

0.0001). Regarding the surface roughness measures 

(sRa in µm), the LiSi showed an average difference 

(2.00 ± 0.61) after 100,000 wear cycles and (1.7 ± 1.2) 

after 200,000 cycles, while UTML showed (0.34 ± 0.2) 

after 200,000 cycles. The measurement of the 

volumetric enamel loss (mm3) for the LiSi was (0.41 ± 

0.1, Figure 2) while for UTML was (0.16 ± 0.05).  

 

 
Figure 2: Visualisation of the subtraction of the worn 

enamel for calculation of the volumetric enamel loss. 

 

Discussion 

The wear behaviour of glass ceramics has always been 

discussed controversially. Some in vitro studies 

revealed that glass ceramic material may provide wear 

characteristics similar to those for enamel, while other 

clinical investigations of inlays showed significantly 

higher values for enamel wear in the antagonists [3]. 

Currently, the results of this study indicate that the new 

fully crystallised lithium disilicate (LiSi) materials can 

cause a degree of wear to the opposing natural dentition. 

Further material combinations are currently under 

investigation and will be finished prior to the meeting. 

The study involves new materials that were not tested 

before and the initial results are very promising. 
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Introduction 

Implant-fixed dental prosthetic reconstruction is an 

established treatment for edentulous patients. The 

prostheses can be screw- or cement-retained, and 

nowadays, there is no evidence of the superiority of one 

technique over the other [1]. Nonetheless, in some cases, 

the choice is forced by the patient’s conditions, and a 

screw- or cement-retention might be needed. However, 

one of the main features of an implant-supported 

prosthesis is retrievability, which could be necessary in 

the case of implant complications. Ideally, the 

cementation should be strong enough to bear 

masticatory loads avoiding cement failure, and weak 

enough to allow easy and safe removal in case of need 

[2]. In this study, the retrievability of implant-fixed 

dental prostheses was investigated considering two of 

the main factors faced by dental practitioners: the 

abutments geometry and the luting agent. 

Methods 

During this study, cobalt-chrome copings were 

cemented on titanium abutments of different height (5 

mm, 7 mm, 9 mm) and taper (0°, 2°, 4°) using three 

different types of luting agent (Harvard Cement, Telio 

CS Link, and Temp Bond). Each abutment was screwed 

on an implant which was in turn screwed to a 

piezoelectric load cell before each test. Impact stresses 

were performed on both single and multiple implant-

supported restorations (referred to as bridges in the 

following) by means of different removal devices (i.e. 

Coronaflex and Magnetic Mallet). Up to 60 impulses 

were performed on both single implants and bridges 

until cement failure. Copings not removed within 60 

impulses were considered non retrievable. The number 

of impulses required for removal, as well as the force 

trend over time during the tests, were recorded and used 

to compute the two indexes used for retrievability and 

stability evaluation: the percentage of copings removed 

within a determined range of impulses and the average 

force delivered on the implant. A Kruskal-Wallis test 

with Bonferroni post hoc correction was performed to 

investigate the statistical significance of the 

aforementioned factors on copings retrievability. 

Results 

Abutment’s geometry showed a statistically significant 

influence on the number of impulses required for the 

removal of both single implant-supported prostheses 

and bridges (p<0.05), while the luting agent showed a 

less obvious evidence on impulses number. Force values 

were significantly influenced by cement type (p<0.05) 

during the test on bridges. However, the measured force 

resulted to be a less powerful index of retrievability 

compared to impulses number. Figure 1 shows the 

coping retrievability during tests on single implants. The 

codes in the abscissa axis describe the cement (H: 

Harvard Cement, T: Telio CS Link, and TB: Temp 

Bond), the height and the taper angle of the abutment. 

 
Figure 1: Percentage of good retrievability for each 

abutment geometry-luting agent combination. 

Similar results were obtained on multiple implants 

supported prostheses; the bridges cemented on higher 

and less tapered abutments required more impulses for 

complete removal.  

Discussion 

Most of the literature data on dental prostheses 

retrievability is obtained through uniaxial tensile test 

[3]. In this study, a more clinical-like setup was 

exploited, obtaining comparable results regarding the 

relation between abutments geometry and luting agents 

and coping retention. The best compromise for stability 

and retrievability resulted to be a combination of a long, 

slightly tapered abutment and a temporary cement. 

Moreover, when dealing with impulsive stresses, the 

number of impulses seems to be a more reliable index, 

compared to the measured force. 
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Introduction 
About 50% of the world's population will be short-
sighted by 2050 [1], particularly because of the 
evolution of our lifestyle which increasingly exposes 
our eyes to artificial and screen lights on a daily basis. 
Laser surgery then appears as a powerful tool to help 
tackle this public health issue. 
However, there are still gaps in the understanding of the 
effects of surgery on the eye so far. Indeed, during 
surgical interventions, the specific organization of 
collagen fibres is compromised by the laser and the 
associated effects on the mechanical behaviour of the 
cornea and vision recovery are not easily anticipated [2]. 
In addition, inter- and intra-patient variability further 
complicate the picture [3]. 
 
Methods 
In order to better predict the effects of laser surgery on 
the cornea, a patient-specific model is built and 
implemented in a homemade finite element calculation 
code (MoReFEM). 
Patient-specific geometry of the cornea is extracted 
from clinical Optical Coherence Tomography (OCT) 
images to construct the mesh (see figure 1). Collagen 
fiber images (X-rays [4] or Second Harmonic 
Generation microscopy [5]) are used to extract micro-
structural data: the orientation of the collagen fibers. 
These experimental orientations are then introduced in 
the mechanical model of the cornea: the collagen fibers 
are introduced in a microsphere description of the 
medium and are mechanically characterized described 
by their 1D elastic response, while the non-collageneous 
components are described by a quasi-incompressible 
hyperelastic model. The model parameters are then 
identified through experimental inflation tests. Finally, 
the optical power is calculated for assessing the cornea 
ability to converge light rays in the eye, and thus 
ensuring its proper functioning. 

 
Figure 1: Left :2D – clinical OCT image of a patient 
cornea. Bar = 500µm. Right: Patient-specific mesh of 
the cornea, obtained through the OCT image. 
 
 
Results 
Inflation tests are done on healthy corneas and 
deformation fields are obtained from OCT images (see 
figure 2) thanks to Digital Image Correlation. Such 
displacements can be used to identify the numerical 

model parameters. The model can then be used to 
predict the response to cornea either to a modification of 
the microstructure or to pathological change of the intra-
ocular pressure. 

 
Figure 2: Up - 2D vertical deformation field in a human 
cornea under inflation between two different pressures 
steps. Bar = 500µm. Middle – Density of deformation 
and pressure/volume steps with time. Bottom – 
comparison of the apex displacement with experiment of 
Elsheikh’s group [3]. 
 
Discussion 
Today, most models are identified through the motion 
of the cornea apex, which is very sensitive to the quality 
of the boundary condition in inflation experiments. We 
provide a new approach using optical tomography to 
observe displacement fields during inflation tests. Thus, 
the numerical model will be better calibrated thanks to 
more accurate information. 
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Introduction 

Recently, small-incision cataract surgery has been 

developed because of the availability of innovative 

surgical instruments and intraocular lenses (IOLs) with 

advanced foldable materials. The injector has a 

significant meaning for the success of minimum 

incision cataract surgery. It has enabled a faster, more 

controlled, and consistent IOL insertion that reduces 

the risk for technical error associated with the surgery. 

For the syringe-type injectors, a certain degree of 

injection force is required, but a strong injection force 

might result in a higher difficulty in insertion control 

and an enhanced risk for IOL damage or injection-

system. The resistance force for IOL insertion differs 

by injectors and IOL material[1]. The present study 

was designed to establish a numerical methodology to 

evaluate the resistance force of an IOL insertion system 

consisting of an IOL and a syringe-type injector during 

IOL surgery. 
 

Methods 

A FE model was developed based on commercial 

injector, Fig.1. Load and boundary conditions were set 

to replicate the experimental test. Abaqus/Explicit was 

used as a solver. 

 

Figure 1: Syringe-type injector. 
 

The critical features of the inserter are the plunger, the 

tip of the plunger, the loading area and the tip, as 

shown in Fig. 1.  The IOL is placed in the loading area.  

Then, the IOL is pushed by the loading pusher through 

the cartridge nozzle diameter to the capsular bag. The 

IOL material and the silicone cushion have been fitted 

with a hyperelastic Ogden material model [2]. Whereas 

the injector has been considered as a rigid body. In use, 

the injector must remain relatively still while the 

surgeon pushes the loading pusher.  The insertion 

velocity was chosen to be 4 mm/s, which is the fastest 

that would be performed in practice.  The choice of the 

fastest delivery allows for a reduced step time and in 

turn less computational time.  The friction of the 

contact applied was evaluated through a sensitivity 

analysis. A nonlinear pressure-overclosure relationship 

was used to reduce contact penetration. 
 

Results  

In a first step, the finite element model was able to 

calculate the force exerted in the injection of an IOL 

versus the displacement experienced by the loading 

pusher. This curve was compared accurately with 

experimental test data (Fig.2). The analysis yielded 

results that correlated well with the tests, which 

validated the simulations. 
 

 
Figure 2: Experimental injection force register as the 

IOL is being pushed by the plunger. 

In a second step, the critical features of the injector, the 

shape of the cartridge nozzle diameter, and the IOL 

material were analysed. 

 

Discussion 

The resistance force exerted by the IOL delivery 

system is given by the IOL and the deformable pusher. 

The validated FE model could be used to reduce the 

likelihood of failure modes. It also allows fast testing 

the next generation of IOLs and injectors with lower 

diameter incisions. Accelerating prototyping with 

realistic simulation provides tremendous bottom-line 

benefit. 
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Inherited retinal dystrophies and late-stage age-
related macular degeneration, for which treatments 
remain limited, are among the most prevalent 
causes of legal blindness. Retinal prostheses have 
been developed to stimulate the inner retinal 
network; however, lack of sensitivity and 
resolution, and the need for wiring or external 
cameras, have limited their application. Here I 
report on the use of conjugated polymer 
nanoparticles (P3HT NPs), Figure 1,  showing that 
they mediate light-evoked stimulation of retinal 
neurons and persistently rescue visual functions 
when subretinally injected in a rat model of retinitis 
pigmentosa. I will then discuss the Photophysics of 
the NPs and the open questions related on their 
functioning in vivo. 
  
 

 
 
 
Figure 1: Left: Nanoparticles formed by 
nanoprecipitation adding water to the solution. Size 
distribution is shown below. Right: SEM nanoparticles 
pictures. Below a confocal image showing 
nanoparticles decorating the neuron membrane without 
getting internalized.    
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Introduction 

Under intraocular pressure, the cornea assumes a 

spherical shape by exploiting the spatial organization of 

the collagen network distributed in the stroma. To date, 

most of the numerical models of the cornea consider 

physiological conditions, including idealized continuum 

models based on anisotropic hyperelasticity or 

stochastic fiber distributions, patient-specific models, 

diagnostics, and surgery planning [1]. However, none of 

them has been developed with the ability to model the 

degenerative process leading to keratoconus. This 

particular pathology induces tissue thinning and 

geometry reshaping, hardly achievable through 

continuum models. We propose a multiphysics model of 

the collagen structure of the human cornea modeling the 

progressive localized reduction of the stiffness. The 

proposed structural model aims at identifying and 

predicting the development of keratoconus [2]. 

 

Methods 

We model the collagen architecture based on 

micromechanical considerations characterized for the 

stroma through a simplified microstructural trusswork 

model. Our approach revisits the structural model of the 

orthogonally arranged collagen architecture of the 

stroma recently proposed [3], comprising two families 

of collagen fibers and associated fibrils. Transversal 

bonds supply mechanical stiffness within the fibrils of 

the same family (inter-crosslink bonds) and across the 

fibrils of the two families (intra-crosslink bonds). The 

representative unit cell is shown in Figure 1. 

 

We assume that both fibrils and crosslinks' maximum 

and minimum stiffness correspond to the values 

obtained in the numerical simulations in [3]. Also, the 

stiffness of all truss elements is allowed to reduce 

according to an evolutive pathologic phenomenon,  
∂𝑐

∂𝑡
= 𝐷∇2𝑐 + 𝐴𝑐(1 − 𝑐)(𝑐 − α) 

modeled as a normalized scalar field reaction-diffusion 

process. Here, the scalar field 𝑐 represents a measure of 

the degeneration of the chemical bonds stabilizing the 

structural collagen; 𝐷 = 0.1 𝑚𝑚2/𝑚𝑜𝑛𝑡ℎ is the 

diffusion coefficient tuned such that the resulting 

concentration wavefront will cover the entire surface of 

the cornea in fifty months; the bistable reaction term is 

characterized by two stable fixed points, 𝑐 = 0, 1 and 

one unstable fixed point, 𝑐 = α. 

 

Results 

We present sequential quasi-static finite element 

analyses and associated trusswork model accounting to 

reduce the truss stiffness linked to the time evolution of 

the degradation field. Focusing on the pathology's initial 

stages, we identify the critical condition that 

corresponds to the formation of a marked conus. In 

particular, we can identify the loss of mechanical 

stability resulting in the bulging of keratoconus. 

 

Discussion 

We introduced a weakly coupled continuum-discrete 

model of the human cornea, modeling the time evolution 

of degenerative pathologies related to a loss of cohesion 

between collagen fibrils. A patient-specific continuum 

model is used to solve a reaction-diffusion problem via 

finite elements. The associated scalar field is linked to 

stiffness degeneration into the associated discrete 

trusswork model (representative of the structurally 

organized collagen). The effect of the degeneration field 

is to reduce selectively the stiffness of the structural 

components of the trusswork producing an effective 

predictive tool for the patho-physiology assessment of 

the human cornea. 

 
Figure 1: Structure of the unit cell: collagen fibrils F1-

Fe (solid blue-red); in-plane orthogonal crosslinks C1-

C2 (dashed blue-red); in-plane diagonal crosslinks SS 

(gray); out-of-plane diagonal crosslinks S12 (orange). 
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Introduction 
Biomechanics introduces numerous numerical and 
experimental methods to support clinical practice in 
ophthalmology, with the goal of improving surgical 
outcomes and to develop new advanced technologies 
with minimum impact on clinical training. To achieve 
predictability is mandatory to account for all the 
phenomena that are of interest in the analysis and to 
include patient-specific features into the model.  
 
Methods 
Models of the human cornea are commonly employed to 
simulate refractive surgery, in order to anticipate the 
outcomes of interventions or to predict the long term 
behavior of damaging tissues. A numerical model is 
useful as long as it is able to capture the important 
physical characteristics of the system at the hand. If all 
the right physics are accounted for, the model will be 
able to predict the behavior under various conditions, 
although verified only through the comparison with a 
few particular experiments or theoretical developments. 
In years, we have developed an accurate model of the 
human cornea, accounting for patient-specific geometry 
and material properties, interaction between cornea and 
aqueous humor, anisotropy, and material degeneration. 
 
Results 
The cornea model can be used to estimate the change of 
corneal shape, refractive power, and stress distribution 
induced by laser ablation refractive surgery. Simulations 
aim at estimating the actual distribution of stress and 
strains within the cornea before and after the surgery, 
and at providing an indication of the increment of the 
engagement of the material, which is the main interest 
for a surgeon because in the long term it can lead to 
material instabilities, e.g., ectasia.  
The model can be used to simulate the effects of 
crosslinking, a therapeutic procedure consisting in the 
reinforcement of the chemical bonds between collagen 
fibrils of the stroma, in terms of change of material 
stiffness on the anterior layers of the cornea. 
The cornea model can also be used to simulate the 
quasi-static indentation with a probe, a tool derived from 
the contact tonometer that can be used to assess the 
stiffness of the cornea and to identify the constitutive 
properties of the material model. 
Dynamic tests on the cornea, i.e., the air puff test, can be 
only modelled by using the model that includes the 
cornea and the anterior chamber filled with aqueous. 
The action of a contactless ocular tonometer, that uses a 
localized air jet to induce the oscillation of the cornea, 

can be modelled by applying an estimated pressure 
history on a small area of the central anterior cornea.  
 
Discussion 
Even though the numerical tool developed in our group 
is accurate and optimized, yet the biomechanical and 
optical behavior of a patient-specific cornea can be 
predicted by means of a simulation only when 
patient-specific geometry, material properties and IOP 
are known. Unfortunately, both patient-specific material 
properties and IOP require some important and 
demanding preliminary work to be correctly inserted 
into the model. The estimation of material properties 
and IOP can be done with techniques proper of inverse 
analysis.  
The availability of in-vitro tests is fundamental to 
identify the material model, and this avenue has to be 
pursued in the preliminary characterization of the 
model. Nevertheless, to obtain the correct values of the 
material properties, the comparison between numerical 
predictions and experimental results must be based on 
in-vivo tests. The two most interesting tests are the ones 
that locally modify the shape of the cornea: the probe 
indentation tests and the dynamic contactless tonometer. 
While for the probe test no particular care has to be 
taken, since the test is very slow and conducted in 
quasi-static condition, the numerical model of the air 
puff test cannot disregard the presence of the fluid. As a 
matter of fact, an inverse analysis based on the air puff 
test conducted without fluid will overestimate the 
material properties of the cornea, leading to a 
completely unreliable model, not useful for clinical 
applications. 
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Introduction 
Keratoconus (KC) is a pathology of the cornea 
characterized by weakening of the tissue biomechanical 
properties, which induces a progressive thinning of the 
cornea and poor vision. Since 2003, cross linking (CXL) 
is being used clinically to treat KC patients. This 
treatment has proven to be safe, to effectively increase 
corneal stiffness, and to prevent the progression of KC.  
The CXL method uses ultraviolet light produced by a 
laser and a photosensitizer (riboflavin) to stiffen the 
cornea. The chemical reaction also requires enough O2 
to produce cross links. It is important to use the 
appropriate intensity of irradiance for a specific time to 
remain safe while producing as many crosslinks as 
possible. However, if the local concentration of O2 drops 
during the laser treatment, no additional cross-links are 
generated. 
Pulsed laser protocols have been proposed to limit this 
effect and allow oxygen to diffuse in between 
consecutive laser pulses. A deeper understanding of the 
amount of O2 consumed by different laser irradiance and 
pulse duration is required to optimize the treatment 
procedure and maximize its stiffening effect. 
 
Method 
Experimental measurements were conducted on porcine 
corneas. The epithelium was removed, and the anterior 
cornea was exposed to a riboflavin solution. 
Experimental data was collected for different laser 
powers; 9mW, 18mW, and 30mW. During the 
experiment, the O2 concentration was recorded at 
200µm and 300µm depth from the anterior surface using 
an optical sensor (PreSens Precision Sensing GmbH). 
First measurements were performed with a constant 
irradiance. The laser was tuned on until the O2 
concentration reaches zero inside the cornea. At this 
time point, the laser was stopped and the O2 re-diffusion 
in the tissue was recorded. In a second step, the O2 
concentration in the cornea was recorded for a laser 
pulsing of 10s intervals. 
A numerical model of the O2 diffusion in the cornea was 
developed based on the experimental data collected 
using the constant laser irradiances. After its calibration, 
the model was used to determine the optimal pulse 
duration to maximize the number of cross-link per unit 
of time. The optimization loss function was defined as 
the amount of oxygen consumed by the laser during 
complete laser pulse (sum of the time of laser on and 
laser off). The numerical model was solved in 1D using 
MATLAB®. 

Results 
The model was able to reproduce the experimental data 
(fig. 1). When the laser is ‘on’, higher laser powers 
increase the O2 consumption rate. However, when the 
laser is turned ‘off’, the O2 re-diffusion is similar for the 
different irradiances. Consequently, the optimization 
resulted to the same time ‘off’ across varying laser 
powers (8.5s) but a decreasing time ‘on’ were identified 
for increasing irradiances (tab. 1). 

 
Figure 1: Experimental and numerical data showing the 
O2 concentration as a function of time for three laser 
irradiances at 200 um depth, and with 10 s pulsing. 
Table 1 shows the optimized reaction time and 
consumption rate for different laser irradiances. 
 
Discussion 
The consumption of O2 due to the laser is directly related 
to cross link formation. The optimized values of laser 
pulsing are asymmetric (about 3 times longer off time 
than on), which results in a minimal O2 concentration of 
more than 2%, avoiding complete depletion of O2 inside 
the cornea. These optimal parameters provide the 
required 5.4J, in a total treatment time of around 22 
minutes using a 30 mW laser irradiance. This is 30% less 
than the 30 minutes required by the conventional 
Dresden protocol. A major limitation of this study 
concerns its ex-vivo nature as O2 on the posterior 
cornea, neglecting the O2 regulation on the posterior side 
of the cornea. Additional biomechanical 
characterization are required to verify that the optimized 
parameters truly improve the mechanical stability 
following CXL. 
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Introduction 
During strabismus, one of the extraocular muscles 
(EOM) controlling eye movements, is stronger or 
weaker than the others.  Two surgical options may be 
considered: Altering the attachment site on the eyeball 
(recession) or removing a portion of muscle and attach 
in the same site (resection). In this work, a 
thermodynamically consistent model for EOM 
considering the passive and active behaviour was 
formulated. With this model, the influence of each eye 
part (muscles, eye ball, orbital fat) on the eye movement 
was studied. Finally, the model was used to investigate 
dysfunctions in the EOM simulating the surgeries to 
reduce difficulties and risks. 
 
Methods 
The passive and active finite strain response of the 
muscle was simulated within the framework of 
continuum mechanics. A strain energy function 
decoupled into a volume-changing and a volume-
preserving parts  was used [1]. 
 

   (1) 
 

Derived from the second law of thermodynamics, to 
account the dissipation during contraction, a new 
constitutive relation was obtained [2].  
 

  
(2) 
 
 

In this expression, �̅�!̇ is the contraction velocity of the 
muscle fibers taken as a new state variable. 
A finite element mesh of the EOM, sclera and orbital fat 
was developed as can be observed in Figure 1. 
 

(a)                               (b) 
 
Figure 1: (a) Finite element mesh of the human right 
sclera and superior rectus, inferior rectus, lateral 
rectus, medial rectus and orbital fat. (b) Muscle fiber 
directions of the four EOM 
 

Results 
A set of different scenarios considering a weak muscle 
and optimal contraction stretch were considered. In 
Figure 3, results of the total displacement of an active 
weak medial extraocular muscle are presented. 

 
Figure 3: Displacement field under the activation of the 
medial extraocular muscle. 
 
Discussion 
The model is capable of reproducing the skeletal muscle 
contraction of the different EOM under physiological 
range of motion. 
The effect of “weak” and “strong” muscles is 
reproduced by the model with noticeably effects in eye 
movement. 
Dynamic explicit algorithm handled the high 
nonlinearities of the model, although techniques to 
increase the step time increment (mass scaling) affect 
active behaviour of the muscle. 
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Introduction 
Myopia characterized by near sightedness, is one of the 
most common yet underestimated ocular condition 
affecting global health. Projections suggest nearly 50 % 
of the world’s population will be myopic by 2050 and 
10 % of the world’s population will suffer from high 
myopia thus being at risk of associated vision 
impairment and blindness. Corrective surgeries such as 
LASIK, SMILE and PRK are becoming increasingly 
popular but 15 % of cases fail to provide the desired 
correction rates. The foremost drawback in these 
corrective surgeries arise in the stage of surgical 
planning itself. One of the explanations for this poor 
outcome is related to the poor biomechanical 
characterization of the patient’s cornea during the 
preoperative planning. In this study, we aim at 
incorporating patient-specific mechanical simulations 
during the surgical planning of refractive interventions 
such as LASIK, SMILE, or PRK. 
 
Method 
In this regard, patient specific geometrical models have 
been developed based on Pentacam elevation maps 
obtained from Nethralaya Eye Clinic, India. Clinical 
data on patients undergoing LASIK, PRK and SMILE 
surgeries was collected. The unique corneal morphology 
and surgical parameters such as the ablation profile, the 
LASIK flap, or the SMILE depth have been 
automatically reconstructed using the software GMSH 
4.6 in conjunction with Python 3.0. Since the surgical 
incisions are performed on the cornea under a 
physiological stress due to the intraocular pressure, the 
corneal stress-free shape was determined by performing 
an iterative prestressing under IOP. A Holzapfel- 
Gasser-Ogden hyperelastic mechanical model was 
implemented using an ABAQUS UMAT subroutine. 
The current collagen fiber distribution was modelled 
using a general structural tensor that accounts for two 
families of fibers. Both family of fibers have an 
orthogonal orientation in the center of the cornea and are 
circumferentially oriented in the corneal periphery. 
Besides fiber orientation, in-plane and out-of-plane fiber 
dispersions have considered in the model to account for 
the fact that the fibers are not perfectly aligned with the 
main direction of anisotropy. The model was validated 
by measuring the corneal curvature from the clinical 
data and ensuring that it was accurately reproduced at 
different steps of the modeling procedure. Simulations 
of the three refractive interventions were then conducted 
based on the pre-operative clinical data. 

Results 
As expected, the interventions significantly alter the 
corneal curvature (Fig. 2). The SMILE and PRK 
surgeries result in similar curvature maps. For these 
cases, the predicted correction matched the targeted 
value (Tab. 1). However, the curvature map predicted 
for LASIK is different due to the receding flap after 
removal of stoma underneath it, resulting in an 
underestimation of the correction by the model (Tab 1.).  

 
Figure 2: Curvature maps for presurgical and post-
surgical intervention of a typical patient. 
 

Condition Spherical Equivalent 
Presurgical - measured -5 D 

Presurgical - model -5 D 
Post-surgical PRK + 0.2 D 

Post-surgical SMILE + 0.8 D 
Post-surgical LASIK -5.4 D 

Table 1: Spherical equivalent of the patient before 
surgery and correction achieved post surgeries shown 
in Fig. 2. The ablation parameters were selected to 
reach a desired outcome of 0 D 
 
Discussion 
The pre-surgical models are in good agreement with the 
patient's corneal geometry and topography. This is 
established in the anterior curvature maps and the by the 
spherical equivalent. The surgical models correctly 
capture the targeted correction in spherical equivalent of 
the PRK and SMILE surgery models, while showing an 
over correction of 0.2D – 0.8D. Improvements are 
required to accurately model LASIK interventions. 
More patient specific details like biomechanical 
properties of the corneal tissue will be incorporated in 
future models. We aim to collect this data using 
Brillouin imaging. We will further work towards 
improving the mechanical model and to validate the 
predictions. 
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Introduction 

The retina is a complex neurosensory tissue responsible 

for absorption, conversion, and transmission of visual 

stimuli from the external world to the brain.  

In contrast to sclera and choroid, the biomechanics of 

the retina has been scarcely investigated. Indeed, only 

few studies have focused on the examination of retinal 

mechanical properties because of its extreme structural 

fragility [1], [2]. However, a better knowledge of retinal 

biomechanical characteristics is crucial for 

understanding physiology and retina-related disease 

mechanism, improving surgical techniques to avoid 

retinal detachment, developing in silico and in vitro 

retina models, and implementing tissue regenerative 

strategies. 

In this study, we provide a protocol for retina isolation 

and we present the results of tensile tests performed on 

porcine retinal tissues.   

 

Materials and Methods 

Pig eyes (n=16) were obtained from a local abattoir 

within 1 hour post mortem. The age of the pigs was 9 

months. 

First, the eyeballs were cleaned from the adipose tissue 

and the conjunctiva (Fig. 1A) and opened at the cornea 

level. Then, cornea, iris, crystalline lens, and vitreous 

were cautiously removed in sequence. Finally, retina 

was gently detached from the posterior wall of the eye 

and maintained in PBS solution (P4417, Sigma) at 4 ℃ 

until testing (Fig. 1B). 

 

 
Figure 1: (A) Picture of a cleaned eyeball; (B) Isolated 

retina in PBS solution.  

 

For the mechanical tests, retinal samples were clamped 

between the jaws of an electromechanical testing 

machine (Bose EnduraTEC ELF 3200). Samples were 

pulled until failure at a velocity of 0.1 mm/s at room 

temperature. From the data, we calculated the stress (Pa) 

as force applied/original cross-sectional area, the strain 

(mm/mm) as change of length/original length. The 

original cross section area was computed as the 

thickness multiplied by the initial width. The thickness 

was determined using optical coherence tomography 

(DRI OCT Triton Plus, Topcon), whilst initial width was 

evaluated through the ImageJ software (NIH, USA). 

The gap between the clamps was considered as the 

original length. The elastic modulus (E) was the linear 

portion of the stress-strain curve before the change of 

the slope. The yield stress (Y) was the point of change 

of slope in the first linear elastic region of the stress-

strain curve. The failure stress was set to the maximum 

stress value. 

 

Results 

The average retina thickness was 0.35 mm ± 0.04 mm. 

Retinal samples displayed a typical tensile stress-strain 

curve with a narrow initial linear region followed by a 

wide non-linear region characterized by peaks (Fig. 2). 

 

 
Figure 2: Tensile stress-strain curve of retinal samples. 

 

Table 1 outlines the mean values and the SDs of the 

biomechanical parameters (E, Y, and failure stress). 

 

Parameter Mean SD 

E (kPa) 13.4 0.007 

Y (kPa) 

Failure stress 

(kPa) 

1.33 

2.21 

0.75 

0.8 

Table 1: Mean and SDs of mechanical parameters  

 

Discussion and Conclusion 

Our findings show that retina exhibits both an elastic and 

a plastic behavior in agreement with previous studies 

[1], [2]. The peaks present in the non-linear region were 

probably due to micro-ruptures in the tissue. 
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Introduction 

Accommodation is the ability of the eye to change its 

focus from distant to near objects (and viceversa). The 

ciliary muscle is the engine of the accommodation 

process. A contraction of the entire ciliary muscle 

moves the apex of the ciliary processes towards the 

lens equator and serves the primary function of 

releasing resting zonular tension at the lens equator to 

allow accommodation. With aging, there is a decline in 

accommodative amplitude, called presbyopia. 

Presbyopia is caused mainly by age-related mechanical 

changes in the lens according to the lenticular theory. 

Therefore, the aim of this research is to numerically 

evaluate the effect of the mechanical properties of the 

lens on presbyopia. To do so, a 3D finite element (FE) 

model coupling an optical model including the 

contraction of the ciliary muscle and initial stresses in 

the lens capsule was developed and validated 

according to experimental data. Then, the effect of the 

mechanical properties and the geometry of the lens on 

accommodation was analysed. 

Methods 

The geometries of the FE model were generated in the 

non-accommodated state based on recent studies [1]. 

The model consists of: the lens, which is composed of 

the nucleus, cortex and the anterior (AC) and posterior 

capsule (PC); the zonules, which attach the lens to the 

ciliary body, composed of the ciliary muscle and 

processes; and the sclera and cornea. All properties 

were based on literature [2]. The ciliary muscle 

contraction was simulated with an electro-chemical-

mechanical model [3] and the initial stresses of the lens 

capsule were obtained stretching the lens from the 

accommodated to the non-accommodated state. The 

orientation of the ciliary muscle fibres was included 

according to literature. The effect of the age-related 

lens mechanical properties and geometry on 

accommodation was studied by a full factorial analysis. 

Table 1 gathers the elastic moduli levels of the factors 

analysed. The effect of some novel approaches as the 

stiffness gradient and the distribution of the capsule 

thickness was also studied on accommodation via 

sensitivity analysis. 

Results 

Fig.1 shows the numerical comparative between the 

accommodated state with an amplitude of 5.85 D 

against the non-accommodated state. The 

morphological changes of the ciliary muscle 

contraction and the biometric lens measurements were 

validated according to experimental data [4]. This 

validation was performed for a 29 y/o subject.  

Fig. 2 shows the deformed geometry of the lens and 

ciliary muscle in the accommodated state.  

 E (kPa) 

Factors L1 L2 L3 L4 L5 

AC 100 300 500 700 1000 

PC 100 300 500 700 900 

Cortex 0.75 1.50 2.25 3.00 3.75 

Nucleus 0.10 0.20 0.30 0.40 0.50 

Table 1: Mechanical properties for the different lens 

parameters of the full factorial analysis. Additionally, five 

age-related geometries were considered from a young to an 

old subject.  

 
Figure 1: The deformed geometry (accommodated state) and 

the reference geometry (non-accommodated state) of the eye. 

 

 
Figure 2: 2D view of the accommodated state for a 29 y/o 

subject. 

 

Discussion 

We simulated accurately the accommodation process, 

incorporating the ciliary muscle contraction and the 

initial stresses of the lens capsule. The full factorial 

analysis determined that all mechanical properties of 

the lens analysed have a statistical significance on 

accommodation. Above all, the stiffness ratio between 

the nucleus and cortex and the stiffness of the posterior 

capsule were the most influential with age, resulting in 

a decreasing of accommodation. 
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Introduction 
Corneal biomechanical properties play an essential role 
in the early diagnosis of degenerative corneal diseases 
and their follow-up after cross-linking treatment, which 
aims at stiffening the tissue to stop disease progression. 
Recently, optical coherence tomography (OCT) has 
been applied to measure the dynamic and quasi-static 
deformation behavior of corneal tissue and retrieve 
mechanical parameters. Previously, the measurement of 
shear wave propagation speed and natural frequencies 
has been investigated under dynamic excitation with air-
pulse1, sound2 or a piezoelectric actuator3. The purpose 
of this study was to compare (1) different broadband 
waveforms for their suitability to spectrally characterize 
porcine cornea, and (2) the frequency and propagation 
analysis regarding the measurement of stiffness.  
 
Material and Methods 
A spectrometer-based OCT system (l=878nm, 
Dl=62.5nm) was used to record M-scans at 30 lateral 
locations along 5.6mm of the corneal surface. The 
acquisition of M-scans was synchronized with an 
external piezoelectric excitation source, which produced 
a broadband stimulus, consisting either of (i) a step, (ii) 
an impulse of 10ms duration, (iii) or a windowed linear 
chirp between 0 and 500 Hz, each at a repetition rate of 
5Hz. Measurements were conducted in a freshly-
enucleated porcine cornea and repeated three times with 
every stimulus. Phase-sensitive post-processing was 
applied on the raw OCT scans to compute corneal 
displacements. Subsequent Fourier transform of 
individual M-scans was applied to determine the 
spectral components and identify natural frequency 
harmonics. In an average porcine eye ball4 with a 
circumference of approx. L=75mm, we expect2 the 
natural frequencies to occur at 
 𝑓",$ =

&',(∙*
+

,   (1) 
where 𝜆",$ is the n-th root of the Bessel function of its 
first kind of order m. For the fundamental frequency, 
𝜆-,. = 2.405. Cross-correlation of subsequent M-scans 
with the M-scan at the corneal apex was applied to 
determine the shear wave propagation speed v. The 
latter is directly related to the shear modulus (𝜇 ∝ 𝑣7).  
 
Results 
Step and impulse excitation stimuli produced a similar 
spectrogram with three dominant natural frequencies, 
see Figure 1. The fundamental frequency was located 
between 45 and 50 Hz, corresponding according to eq.1 
to a shear velocity between 1.4 and 1.6 m/s and a shear 
modulus between 2.0 and 2.6 kPa. With chirp excitation, 

only one natural frequency was identified, which was 
close to the second peak identified with step or impulse 
stimuli. Shear wave propagation could be tracked with 
all types of stimuli and had a velocity of 2.6, 3.2 and 
2.2m/s with step, impulse and chirp excitation, 
respectively. This corresponds to a shear modulus of 
7.2, 11 and 5.1kPa. 
 

 
Figure 1: Spectral analysis of corneal deformation (left) 
and shear wave propagation (right) with different 
stimuli: (A) step, (B) impulse, (C) chirp. 
 
Conclusion 
Step and impulse excitation allowed to identify more 
natural frequencies than windowed chirp excitation, 
making the former more suitable for dynamic 
characterization. The frequency approach suggested a 
2x slower shear velocity than the actual stimulus 
propagated, suggesting eq.1 needs further refinement. 
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Introduction 
Wet age-related macular degeneration is the main cause 
of vision loss in developed countries. Millions of people 
are treated by intravitreal injections of anti-VEGF drugs 
[1]. We designed a device based on magnesium able to 
release doses of drug and avoid the burdens of repeated 
injections, due to its advantageous properties. In this 
work we present methods and results to characterize i) 
corrosion rate of Mg samples subjected to ocular shear 
stress levels, ii) in vitro biocompatibility and iii) drug 
stability in presence of Mg corrosion products. 
 
Methods 
In vitro corrosion of Mg samples: Corrosion tests on 
pure Mg samples were done at different time steps using 
a custom experimental setup up to 48 hours. The 
experimental flux was set to recreate on the upper 
surface of the specimens the same shear stress field 
evaluated by the numerical simulations of flow inside 
the vitreous chamber [2],[3]. Morphology and profile of 
all the specimens were evaluated and compared by SEM 
for the evaluation of the corrosion mechanisms. 
In vitro biocompatibility test: The solution used for the 
treatment was prepared by dissolving the sterilized 
magnesium in 88.3 mL of serum-free DMEM solution 
in order to obtain a stock solution at a concentration of 
0.2 μg/ml. Murine fibroblasts (3T3-NIH) and 
immortalized human keratinocytes (HACAT) cell lines 
were used to evaluate the biocompatibility. 
Cells were grown in DMEM medium supplemented 
with 10% FBS in a 37 °C humidified atmosphere of 5% 
CO2. For Trypan blue test, 150’000 cells/well were 
seeded in 6 wells plate. For MTT test, 25’000 cells/well 
were seeded in 96 wells plate. After 24h, the culture 
medium was removed and replaced with medium 
conditioned at different concentrations.  
Magnesium and anti-VEGF interaction: A customized 
indirect ELISA protocol was developed for evaluating 
the interaction between anti-VEGF drug (bevacizumab) 
and pure magnesium. Mg samples were prepared, dry 
sterilized and dissolved in a volume of BSS equal to 40 
mL. Half of the solution was used for the determination 
of Mg content by ICP-OES analytical technique. The 
second half of solution was used for the interaction tests 
and analyzed at different time periods (0-1-7-14 days). 
 
Results 
In vitro corrosion of Mg samples: SEM images of Mg 
samples demonstrated uniform corrosion confirmed by 
CLSM data acquired during the experimental corrosion. 

The presence of localizations was mainly due to defects 
related to the manufacturing process. The corrosion 
rates evaluated in three fluid-induced shear stress (FISS) 
conditions were 1.9, 2.7 and 3.4 μm/day (Figure 1). 
In vitro biocompatibility: The results obtained showed 
that Mg extracts did not induce cell death in both cell 
lines. No significant toxic effects were observed at the 
various concentrations 24h/48h after treatment 
compared to untreated control. 
Magnesium and anti-VEGF interaction: Changes in 
averaged values of bevacizumab activity in contact with 
magnesium are always less than or equal to 10% if 
compared to the control case, represented by the drug 
activity itself, not in contact with magnesium, at the 
same time points (0, 1, 7, 14 days). 
 

 
Figure 1: Trend of corrosion rate of Mg biodegradation. 
 
Discussion 
We demonstrated the feasibility of magnesium as drug 
carrier for the treatment of maculopathy or potentially 
other eye pathologies, developing a quantitative method 
to test whether the drug stability is affected by the 
presence of Mg corrosion products. Mg samples showed 
uniform corrosion and absence of toxic aspects. Finally, 
magnesium does not alter the bevacizumab stability. 
The Our results provide the scientific basis for 
continuing with the subsequent characterization in view 
of the clinical use of the device. 
 
References 
1. Choonara et al, J Pharm Sci, 99:2219–2239, 2010. 
2. Ferroni et al, Med Eng & Ph, 86:20-28, 2020. 
3. Wang et al, Acta Biomater, 10(12):5213-5223, 2014. 
 
Acknowledgements 
This study was funded by the Italian Ophthalmological 
Society (SOI). Mg samples were generously given by Prof. 
Guangyin Yuan, School of Material Science and Engineering, 
Shanghai Jiao Tong University, China. 

698



 26th Congress of the European Society of Biomechanics, July 11-14, 2021, Milan, Italy 

DEVELOPMENT OF A NOVEL TEST BENCH FOR ASSESSING 
INTRAOCULAR DEVICE CORROSION AND PHARMACOKINETICS 

M. Ferroni (1), F. De Gaetano (1), M. Pizzi (1), F. Inveninato (2), M. Annoni (2), F. Boschetti (1) 
 

1. Department of Chemistry, Materials and Chemical Engineering, Politecnico di Milano, Italy; 2. Department 
of Mechanical Engineering, Politecnico di Milano, Italy 

 
Introduction 
To overcome the limitations associated with 
conventional therapy of maculopathy, which involves 
intravitreal injections of drugs [1], magnesium-based 
drug delivery devices represent a high potential solution. 
Nowadays, there is no standard protocol for the in vitro 
assessment of their corrosion mechanism in 
ophthalmology. In this work, we present the design 
process and validation of an innovative test bench, 
developed to predict the in vivo behavior of the device 
in terms of corrosion and pharmacokinetics (PK). The 
feasibility of the manufacturing process of prototypes 
used for the experimental campaign is presented as well.  
 
Methods 
Corrosion/PK test bench: Two plexiglass vitreous 
chambers were designed and built in 4:1 scale with 
respect to physiological dimensions and set in motion by 
brushless motors. The movements were implemented to 
reproduce the ocular kinematics in order to simulate the 
device corrosion in the eye [2],[3]. Such system was 
inserted in an incubator, able to maintain physiological 
eye conditions, i.e. temperature at 34 °C and CO2 at 5%. 
The control system of the temperature is made of a 
thermostat associated with a heating cable, while the 
CO2 control system was designed through the use of 
Arduino, which can change the status of a solenoid valve 
connected to a CO2 cylinder, according to the output of 
the gas sensor. pH analysis was performed with BSS 
solution, used as vitreous substitute for corrosion/PK 
test, and Mg rods (d = 1.6 mm, h = 20 mm). 
Prototype feasibility: Prototypes, consisting of 
concentric magnesium layers of high aspect ratio, in 
which the empty spaces will be loaded by the drug, can 
be manufactured through a mechanical microdrilling 
process [4]. A preliminary test was conducted on an 
ultraprecision five-axis micromachining center Kern 
EVO. The HSS-E-PM drill bit 97011 produced by 
HARTNER  Ø350 μm was used to obtain a microhole 
1.8 mm deep. The microdrilling operation was 
performed in dry conditions and in a single peck, 
imposing a feed per revolution of 15 μm and a cutting 
speed of 44 m/min. The workpiece consisted of a 5-mm-
thick pure magnesium disk, with a diameter of 20 mm 
to avoid clamping issues.  
 
Results 
Corrosion/PK test bench: The setup validation proved 
the functioning of the motor response analyzing the 
effective motion of the chamber over time compared to 
the input functions and the capability of maintaining the 

ophthalmic proper conditions in terms of temperature 
and CO2 control and administration. The gas 
concentration value and the temperature inside the 
vitreous chambers were maintained at a stable level of 
5% and 34 °C, respectively. Then, first corrosion tests 
performed on magnesium rods showed the efficiency of 
the buffer system: pH measurements over 7 days of 
incubation of BSS solution underlined that the presence 
of CO2 compensates for the increase in pH associated 
with the corrosion of magnesium (averaged 
∆𝑝𝐻!	#$%& = 0.04). 
Prototype feasibility: The preliminary microdrilling test 
highlighted that the process is suitable for realizing the 
prototypes. Through microscope inspection of the 
microhole, a diameter 20 μm larger than the nominal one 
was measured. Moreover, 10 μm high burrs were 
observed due to the ductile nature of magnesium. Both 
aspects can be minimized by optimizing process 
parameters and cutting conditions for the future 
obtaining of the 4:1 and 1:1 prototypes. 
 

    
Figure 1: Test bench for in vitro tests (left) and 
microscope observation of the 350 μm microhole (right). 
 
Discussion 
We developed a novel test bench for the evaluation of 
corrosion and pharmacokinetic profiles from intraocular 
drug delivery devices and we proved the feasibility of 
the prototype manufacturing that will be used in the 
experimental campaign. The validation of both the 
movements reproduced by the motors and the control of 
carbon dioxide and temperature levels inside the 
incubator makes the test bench usable for the study of 
the Mg-based devices for ophthalmological 
applications. Process optimization of prototype 
manufacturing, which feasibility was proved, will be 
performed directly through the ongoing microdrilling 
tests for realizing the 4:1 and 1:1 prototypes. 
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Background 

Stretch-related injury of the human pubovisceral muscle 

during vaginal delivery has been implicated in the 

pathomechanics of pelvic organ prolapse. Between 13-

36% of women delivered vaginally sustain this injury[1] 

which often involves the origin of the pubovisceral 

muscle [2], [3]. A characteristic of a difficult labor is 

repetitive pushing which would apply a cyclic stretch of 

the pubovisceral muscle. Molecular, cellular and 

ultrastructural evidence of low-cycle fatigue damage 

accumulation has been found at the origin of the anterior 

cruciate ligament after repeated sub-maximal 

loading[4]. So, if low-cycle material fatigue can occur 

at the origin of the anterior cruciate ligament, we 

reasoned that low-cycle fatigue could also occur at the 

origin of the pubovisceral muscle during labor.  

The origin of the pubovisceral muscle includes the pubic 

bone, an aponeurosis connected to the bone, and the 

pubovisceral muscle connected to the aponeurosis. So, 

this bone-“tendon”-muscle unit has two weak links: the 

bone-“tendon” junction and the muscle-“tendon” 

junction. 

 

Material and Methods 

We tested 10 pelvises from skeletally mature female 

sheep. These provided 20 specimens of the bilateral 

origin of the pubovisceral muscle. Ultimate tensile tests 

of four specimens helped characterize the failure 

properties of the muscle-tendon-bone unit. Relaxation 

and fatigue tests were completed on 13 specimens at 

35% and 60% of failure displacement, respectively. 

Relaxation tests consisted of a ramp to 35% of failure 

displacement and a hold for 1000 s. In the fatigue tests, 

60 cycles of loading to 60% of failure displacement and 

unloading to 45% of failure displacement were 

performed. Three specimens remained as the untested 

controls. An ADMET eXpert 4500 500N MicroTest 

system with MTESTQuattro controller was the 

equipment used. Force-displacement curves were 

acquired and engineering stress-stretch curves were 

obtained based on the initial cross-sectional area of the 

specimen at the tendon-muscle junction. A histological 

evaluation was performed in the 13 fatigued tested 

specimens and in the 3 untested controls. This allowed 

us to verify what are the microscopic signs of fatigue 

damage and, more specifically, where is the damage 

starts within the muscle-tendon-bone unit. Tendon-bone 

samples and tendon-muscle samples where stained with 

Masson’s Trichrome and viewed on a Nikon E800 light 

microscope. 

 

Results 

Figure 1 shows the average grip-to-grip stretch-

engineering stress curve. The first cycle shows 

significant hysteresis due to viscoelasticity. In the 

subsequent cycles the fact that the stresses decrease 

continuously is a sign of damage in the specimen. 

The histology revealed individual muscle fiber rupture 

and kinked muscle fibers in the muscle-tendon sections. 

We believe these are primary signs of fatigue damage 

accumulation and they were observed in the muscle, 

near the muscle-tendon junction. 

 

Figure 1: Grip-to-grip stretch-engineering stress curve 

showing the averaged result of the fatigue tests from the 

13 specimens. 

Conclusions 

We conclude that cyclic stretch to 60% of failure strain 

caused fatigue damage to accumulate at the origin of the 

ovine pubovisceral muscle. The weakest region was the 

muscle near the muscle-“tendon” junction. In humans, a 

difficult second stage of labor lasting 3 hours would 

apply 60 stretch cycles to the pelvic floor muscles, so 

these data raise the possibility that fatigue damage could 

be a mechanism of pubovisceral muscle injury during 

human vaginal birth.   
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Introduction 

In 2019, a study showed that 41-50% of women over the 

age of 40 are affected by pelvic organ prolapse (POP), 

which is a common urogenital condition 1. Others 

studies showed that 11% of all women risk of 

undergoing POP surgery and the re-operation after 

surgery was about 30% 2,3. Until, recently, surgeons 

relied on the use of meshes in reconstructive surgeries, 

but on April 16, 2019, the FDA has forbidden its use for 

transvaginal repair of anterior compartment POP, since 

its safety and effectiveness was not demonstrated in the 

context of patient population in a clinical trial. However, 

clinical trials are very expensive and can last for several 

years. Computer models and simulation can potentially 

be used in clinical trials as an alternative source of prior 

information. 

The main aim of this study was to simulate an implant 

mesh to mimic the uterosacral ligament function based 

on pelvic computational model. For this purpose, was 

developed a computational model of a synthetic mesh, 

to repair the POP, based on existing specifications on 

the market. 

 

Methods 

In this work was used a pelvic cavity computational 

model, including the pubic bone, the pelvic organs, the 

pelvic floor muscles (PFM), and other supporting 

structures (Fig. 1) 4. The mechanical behavior of the 

mesh implant (Fig. 1b)) was modeled, assuming a 

hyperelastic behavior, based on experimental curve that 

was obtained through uniaxial tensile tests performed in 

our laboratory (Fig. 2)). 

Computational simulation of Valsalva maneuver was 

performed for progressive increase in intra-abdominal 

pressure (IAP) up to 4 kPa. 

 a) 

 

b) 

Figure 1. Pelvic computational model (a) and synthetic 

mesh implant model (b). (1) rectum, (2) uterus, (3) 

bladder, (4) pubic bone rectum, (5) arcus tendineous 

fasciae pelvis, (6) pelvic fascia, (7) PFM, (8) 

uterosacral ligament (UL), (9) cardinal ligament. 

 
Figure 2. Experimental curve of the synthetic mesh. 

Results 

The maximum magnitude of displacement of the uterus 

for asymptomatic model was approximately 29 mm. The 

rupture of the UL caused an increase of 28% in this 

displacement. The insertion of the synthetic mesh 

implant caused a reduction of the displacement (23%), 

when compared with asymptomatic model. 

 

Table 1. Maximum magnitude of displacement of the 

uterus. 

Variable 
Max. Mag. Disp. 

Uterus [mm] 

Variation 

(%) 

Asymptomatic 29.01 … 

POP (w/o UL) 37.23 28 

Synthetic Mesh 22.44 23 

Note: POP (w/o UL) - pelvic organ prolapse without uterosacral 

ligament; Max. Mag. Disp Uterus - maximum magnitude of 
displacement of the uterus. 

 

Conclusions 

The obtained results show that the computational model 

was able to discriminate the effect of synthetic mesh 

implant to repair uterine prolapse when UL failure 

occurs. The computational models can provide powerful 

insights on the mechanisms underlying and predict the 

effects of the mesh implants in the pelvic tissues, in a 

relatively inexpensive, personalized, fast and safe way, 

without resorting to random controlled trials and animal 

tests. 
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Introduction 

Angiogenesis, the formation of new blood vessels from 

the pre-existent ones, occurs throughout life in health 

and disease situations. This process begins in the 

embryonic development and remains through to 

adulthood, allowing the diffusion of oxygen, nutrients 

and metabolites. Sprouting angiogenesis is a well-

defined process, being main modulated by the vascular 

endothelial growth factor (VEGF) [1]. This is a very 

complex process that often requires in vivo assays to 

study all its steps. The chicken chorioallantoic 

membrane (CAM) assay is one of the most used. 

Mathematical formulation of angiogenesis allows us to 

study this process using reproducible, less time-

consuming, and cheaper methodologies. In this study, 

we developed a meshless-based model to assess the 

angiogenesis response for several VEGF concentrations. 

Furthermore, we presented a quantitative and a 

qualitative evaluation of angiogenesis compared with 

the CAM assay. 

 

Methods 

The numerical method used was the Radial Point 

Interpolation Method [2]. In our model, angiogenesis 

was simulated in a 5x5 mm2 square domain, using a 

regular nodal distribution with 2601 nodes. Endothelial 

cells migrate according to a diffusion-reaction equation, 

following the VEGF gradient concentration. The CAM 

assay [3] was used to obtain some important parameters 

to implement in the model. Quantification of 

angiogenesis response for different VEGF 

concentrations (control, 50ng, 100ng) was performed in 

silico and in vivo and the results obtained with both 

methodologies were compared. Moreover, the capillary 

network obtained in the simulations was qualitatively 

compared with the one presented in CAM images.  

  

Results 

In all the simulations, we verified that endothelial cells 

migrate according to the VEGF gradient. To analyse the 

angiogenesis response we quantified the total vessel 

number and the total vessel length presented in the CAM 

images and in the simulations for all the tested VEGF 

concentrations. The obtained quantitative results were 

very similar between the two methodologies used. In 

both CAM assay and simulation, the treatments with 

VEGF increased the total vessel number [CAM assay: 

VEGF 50ng increased 37% (vs. control, p < 0.01) and 

VEGF 100ng increased 82% (vs. control, p < 0.01); 

Simulation: VEGF 50ng increased 25% (vs. control, p < 

0.01) and VEGF 100ng increased 75% (vs. control, p < 

0.01)]. The treatments with VEGF also increased the 

total vessel length in both methodologies used [CAM 

assay: VEGF 50ng increased 20% (vs. control, p < 0.01) 

and VEGF 100ng increased 36% (vs. control, p < 0.01); 

Simulation: VEGF 50ng increased 18% (vs. control, p < 

0.01) and VEGF 100ng increased 44% (vs. control, p < 

0.01)]. Moreover, the capillary network profile obtained 

in simulations showed similarities to the one obtained in 

vivo (Figure 1). 

 

 
 

Figure 1: Capillary network obtained for the tested 

concentrations, using a regular nodal discretization 

mesh. 

 

Discussion 

Angiogenesis is as indispensable process that supports 

cell viability. Studying angiogenesis using only in vivo 

and in vitro methodologies is time consuming and very 

expensive. Accordingly, in silico methodologies arouse 

the interest of scientific community since they allow to 

simulate biological processes with different levels of 

complexity and to better understand the underling 

phenomenon. In this study, we accurately simulate the 

capillary network pattern presented in CAM, 

considering its structure and morphology. Concerning 

the angiogenesis quantitatively analyses, the numerical 

results were in agreement with experimental ones, 

allowing us to conclude that our model could mimic the 

angiogenesis response modulated by different VEGF 

concentrations. 
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Introduction 

Caesarean section (CS) is one of the most common 

surgeries worldwide [1]. CS surgery rates has been 

increasing worldwide, both in developed and 

undeveloped countries. Latin America and the 

Caribbean region represent the highest CS rate (40.5%), 

followed by Northern America, Oceania, Europe, Asia, 

and Africa [2]. The mechanical behaviour of a caesarean 

scar during a vaginal birth after caesarean (VBAC) is 

not well understood [3]. The aim of this study is to 

investigate the biomechanical Maylard fibre 

reorientation and stiffness influence during a VBAC 

through computational methods. 

 

Methods 

A biomechanical model comprising a foetus and a uterus 

was developed, according to Figure 1, and a chemical-

mechanical constitutive model that triggers uterine 

contractions was used, where some of the parameters 

were adjusted to account for the matrix and fibre 

stiffness increase in the Maylard caesarean scar. Several 

mechanical simulations were performed to analyse 

different scar fibres arrangements, considering different 

values for the respective stiffness (Table 1). 

 

 

 

 

 

 

 

 

 

 

Figure 1: Biomechanical model comprising simplified 

geometries of a fetus and a pregnant uterus; the zone 

highlighted in red represents the Maylard scar. 

 

Stiffness 

Parameters 

Value (MPa) 

𝐶10 𝑀𝑎𝑦𝑙𝑎𝑟𝑑 0.0564 

𝜇𝑖1 𝑀𝑎𝑦𝑙𝑎𝑟𝑑 0.01128 

𝜇𝑖2 𝑀𝑎𝑦𝑙𝑎𝑟𝑑 1.88 

 

Table 1: Matrix stiffness (𝐶10 𝑀𝑎𝑦𝑙𝑎𝑟𝑑) and fibers 

stiffness (𝜇𝑖1 𝑀𝑎𝑦𝑙𝑎𝑟𝑑 and 𝜇𝑖2 𝑀𝑎𝑦𝑙𝑎𝑟𝑑, with i=1,2) 

values of the Maylard uterine scar. 

Results 

A random fibre distribution in the Maylard scar leads to 

greater maximum principal stress values than an 

increase of the Maylard matrix and fibres stiffness 

(Figure 2). Additionally, the random fibres arrangement 

exhibits a higher impact on the contraction pattern of the 

caesarean scar.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Maximum principal stress distribution in the 

uterus for the random fibers’ arrangement throughout 

the simulation; it is evident a stress concentration in the 

Maylard region. 

 

Discussion 

The results revealed that a random fibre arrangement in 

the Maylard scar has a much higher impact on its 

mechanical behaviour during a VBAC than the common 

fibres arrangement present in the uninjured uterine 

tissue. An increase of the matrix scar stiffness exhibits a 

lower impact, while an increase of the fibre’s stiffness 

has no significant influence. 
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Introduction 

During vaginal delivery, the fetal head molds into an 

elongated shape to adapt to the birth canal, a process 

known as fetal head molding. However, excessive 

molding can occur due to prolonged labor or strong 

contractions, leading to several disorders on the fetal 

head [1]. The mechanism of the molding process is 

mainly explained by the presence of sutures and 

fontanelles, and the elasticity of the skull bones, which 

can displace in relation to one another and overlap [2]. 

The sutures are dense connective tissue membranes 

composed of collagen fibers and, when under load, 

behave in a viscoelastic manner [3]. This work aims to 

perform a numerical study on the biomechanics of fetal 

head molding during the second stage of labor.  

 

Methods 

A finite element model of the pelvic floor muscles and 

the fetal head was used [4]. The fetal head is composed 

of the skin and soft tissues, the skull with sutures and 

fontanelles, and the brain. The sutures and fontanelles 

were modeled with membrane elements and 

characterized by a visco-hyperelastic constitutive model 

[5] adapted to a plane stress state. The material 

parameters for the sutures and fontanelles were based on 

a 2-month-old donor's suture [6].  

The simulations were performed in Abaqus® to mimic a 

vertex presentation and occipito-anterior position. Three 

different simulations were performed to evaluate the 

impact of the duration of the second stage of labor on 

fetal head molding (20, 100 and 200 minutes for 

precipitous, normal, and prolonged labor, respectively). 

The fetal head molding was evaluated by monitoring 

three different diameters: suboccipito-bregmatic 

(SOBD), biparietal (BPD), and maxilo-vertical (MaVD) 

and calculating the molding index (MI) [7]:  

 

 MI =
MaVD

BPD × SOBD
  (1) 

 

Results  

The variation of the MI during the vertical displacement 

of the fetal head for different durations of the second 

stage of labor is shown in figure 1. The results 

demonstrate that the longer the duration of this stage, the 

greater the molding index, which means that the 

deformations that the head undergoes are greater. The 

maximum MI corresponds to 1.88 for a prolonged labor. 

Table 1 presents the variation of the diameters at the end 

of the second stage of labor simulated for 100 minutes 

in comparison with literature [7].  

Figure 1: Variation of the molding index during the 

vertical displacement of the fetus for different durations. 

 

 Variation (mm) 

Diameter Normal  Literature [7] 

SOBD -0.81 -2.70 

BPD -4.04 -0.40 

MaVD +1.84 +2.10 

Table 1: Change of diameters at the end of the 

simulation in comparison with literature.   

 

Discussion 

Results show that the fetal head undergoes higher 

deformations for prolonged labors (figure 1). These 

results are in accordance with the clinical study of 

Kriewall et al. [8] which reported a significant 

correlation between the length of the second stage of 

labor and the molding index. The variation of SOBD and 

MaVD is according to literature. The major difference 

is verified in the BPD which can indicate that the 

simulation is closer to the type of labor where an 

overlapping of the parietal bones is registered. A 

percentage of molding of 9.1% was obtained, slightly 

greater than the one reported in the clinical study (5.8%) 

[7]. The present study reflects an advance in the field of 

the biomechanics of childbirth. The molding process 

was quantified recurring to non-invasive methods, 

which can be a first step in the anticipation of problems 

that may occur during childbirth. 
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Introduction 

During the second stage of labor, there are several 

birthing positions that can be adopted, and the outcomes 
may vary. These can be classified into two main groups: 

positions in which the weight is off the sacrum (flexible 

sacrum positions), allowing the coccyx to move, and 

positions where the weight is on the sacrum (non-

flexible sacrum positions) and the coccyx movement is 

restricted. However, there is a limited scientific 

evidence to support the most ideal birthing position. To 

the best of our knowledge, only few studies perform a 

biomechanical analysis of the musculoskeletal system 

changes, and the pubic symphysis (PS) widening was 

not considered. Therefore, this work aims at 
contributing to a better knowledge associated with the 

PS widening and the biomechanics of different birthing 

positions.  

 

Methods 

To simulate the second stage of a vaginal delivery, a 

validated finite element model was used, which includes 

pelvic floor muscles (PFM), pelvic girdle bones and 

fetal head [1]. The maternal pelvic diameters were 

modified according to female pelvic outlet dimensions 

[2]. Two birthing positions were mimicked: the flexible 

sacrum model, in which the coccyx can move, and the 

non-flexible sacrum model, in which its movement is 
more restricted. Sacroiliac, sacrococcygeal and PS joints 

were modeled to study the effects induced in the PS, 

coccyx, sacrum, PFM and the fetus head. Additionally, 

a set of geometric constraints and boundary conditions 

were used and the vertical descent of the fetal head and 

its flexion/extension were imposed. The fetus model 

was in vertex presentation and occipitanterior position 

and the second stage of a birth was simulated using 

ABAQUS software. 

 

Results 

Despite being simulated an occipitanterior position, the 
bones and PFM imposed some constraints, and the 

predominant position was the left occipitanterior. 

Regarding the PS, the flexible sacrum model presented 

a maximum widening of 3.2 mm, while the other model 

had a maximum value of 6.3 mm (figure 1), but no 

rupture of this joint was observed [3]. The coccyx 

rotation was also analyzed and a notable divergence 

between both models was observed: the non-flexible 

sacrum model had a maximum rotation of 3.6°, while 

the flexible sacrum model had a maximum rotation of 

15.7°. It is important to note that these values occurred 

at, approximately, the same instant of maximum PS 
widening. Furthermore, by analyzing the maximum 

principal stresses on the cortical bone of sacrum and 

coccyx, a greater impact was observed in the non-
flexible sacrum model, but no serious injuries occurred 

[4]. Concerning the PFM, in the flexible sacrum model, 

higher stress values were observed in the left area of the 

levator ani, namely in the pubococcygeal muscles. 

 
Figure 1: PS widening during fetus descent. 

 

Discussion 

The simulations performed showed that in flexible 

sacrum positions, a higher coccyx rotation and a lower 

widening of the PS occur than in positions in which the 

coccyx movement is restricted (non-flexible sacrum 

positions), but slightly higher stresses were detected in 

the PFM. Thus, it was verified that in non-flexible 

sacrum positions the presence of a surface under the 

mother may close the pelvis, causing a decrease in the 
available pelvic space. These results are consistent with 

the literature [1,5,6]. Regarding the clinical benefits, it 

was observed that different birthing positions lead to 

changes in the pelvic space, helping to reduce the risk of 

obstructed labor and the development of several 

disorders. More specifically, positions in which the 

weight is off the sacrum avoid a high effort of the PS 

and a high impact on the sacrum and coccyx, appearing 

to be more beneficial for the mother pelvis. 
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Introduction 

During pregnancy, maternal pelvic organs and 
tissues undergo dramatic remodelling [1,2]. Evidence 
suggests that these hormone- and mechanically induced 
changes alter the shape of the maternal anatomy, 
purportedly to prepare the maternal pelvic soft tissues 
for vaginal birth [3,4]. The aim of this study was to 
quantify the maternal pelvic floor—including deep and 
superficial muscles—shape variation in pregnancy to 
define relationships between shape and gestational age. 
 

 
Figure 1:  The geometry of the deep and superficial 

muscles of the pelvic floor modeled as a complex with 
relevant anatomy labelled. 
 
Methods 

This was a retrospective study approved by the 
Institutional Review Board at the University of 
Pittsburgh and considered exempt at Northshore 
University HealthSystem. Pregnant women (N= 28, age 
20-49 years) who underwent pelvic MRI were included. 
The pelvic floor and associated muscles were segmented 
as one unit to reduce computational costs (Figure 1).  

Corresponding shapes were imported into 
MathematicaTM to execute a previously established 
statistical shape modelling workflow [4]. This involved 
a Procrustes analysis; principal component (PC) 
analysis; and parallel analysis to determine significant 
modes of variation. PC scores were dependent variables 
in the ensuing partial correlation to determine which 
modes had significant associations with gestational age, 
while controlling for BMI and maternal age.  

 
Results 

Six significant modes of variation explained 27%, 
15%, 11%, 9.1%, 5.3%, and 3.9% of the total shape 

variance. Mode 3 was inversely correlated with 
gestational age (ρ = -0.649, p = 0.022). Qualitatively, 
mode 3 implies that the urogenital hiatus (the opening 
anterior to the perineal body) widens, the superficial 
perineal structures bulge inferiorly-anteriorly, and the 
coccygeus becomes more vertical with increased 
gestational age (Figure 2). 

 
Figure 2:  Visualization of mode 3. Dark to light colors 
signify regions with minimal to maximal variation from 
the mean shape. 
 
Discussion 

This unbiased, robust 3D analysis demonstrates that 
pregnancy influences specific aspects of maternal pelvic 
shape—most notably, the superficial perineal structures 
and coccygeus. This provides evidence that the maternal 
pelvic musculature noticeably remodels in pregnancy 
presumably to reduce the amount of stretch experienced 
during vaginal delivery, thereby preventing acute injury.  
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Introduction 
Preterm birth (PTB) affects millions annually 
worldwide. The current screening tools are not sensitive 
enough to reliably assess the risk of PTB, and etiology 
of premature labor remains elusive. 
Cervical tissue, which connects the uterus to the vagina, 
has an important biomechanical role during pregnancy; 
it stays firm to retain the fetus, but undergoes a 
remodeling process that is necessary for delivery. 
However, early remodeling can lead to PTB.  
Cervical remodeling alters the cervix microstructure and 
micromechanical properties, but the relationship 
between these changes is poorly understood. Here, we 
probe these properties for rat cervix using 
nanoindentation (NI) and second-harmonic generation 
microscopy (SHG), respectively, at several gestational 
stages. The results offer fundamental knowledge of the 
structure-mechanical properties relationship of the 
cervix and open the possibility for such techniques to be 
used for evaluating the risk of PTB. 
 
Methods 
Sample preparation: 15-days (n=2), 17-days (n=2), and 
21-days (n=3) pregnant Sprague Dawley’s rat cervices 
were harvested and cryosectioned (−20°C) at mid-
cervix, perpendicular to the cervical canals.  
SHG microscopy: Samples were imaged with a confocal 
microscope (Zeiss LSM 710, Oberkochen, Germany, 
40x objective lens). Circular variance (CV) was used to 
quantitatively describe the spread of fiber orientations. 
NI: A Piuma nanoindenter (Optics11, Amsterdam, 
Netherlands) with a spherical probe indented samples 
submerged in PBS along a medial-lateral line every 25 
μm. Indentation modulus, E, was calculated using the 
Hertz model [1]. The tip radius and stiffness were 22.5 
μm and 0.04 ± 0.02 N/m, respectively. The protocol for 
co-registering the NI and SHG data is in [2].  
Statistical analysis: A one-way ANOVA with a post hoc 
Tukey test compared the data from different groups. 
Pearson’s r assessed correlations. 
 
Results 
Figure 1 is a representative optomechanogram [2] of a 
17-days pregnant cervix. Both local mechanical 
properties and microstructure vary spatially. 
Quantitative SHG analysis shows that as pregnancy 
progresses from 15 to 21 days, the collagen fibers 
become more disorganized, increasing CV (Figure 2A) 
with a positive and significant correlation (r=0.81, 

p=0.027), and E decreases (Figure 2B) with a negative 
and significant correlation (r=-0.85, p=0.016). While 
these trends are expected, CV and E data have not 
previously been co-registered and the spatially varying 
data have not been reported for pregnant rat tissue.  
 

  
Figure 1: Representative optomechanogram of a 17-
days pregnant cervix 
 

 
Figure 2: CV (A) and E (B) at different gestational 
stages 
 
Discussion 
Physiological changes during pregnancy, e.g., changes 
in hormone levels and tissue composition, alter the 
cervix microstructure and micromechanical properties 
to allow for natural birth. We quantified and co-
registered these changes in a rat model to quantify 
cervical remodeling. 
Evaluating the relationship between the microstructure 
and micromechanical properties of the cervix paves the 
way for assessing the risk for PTB from medical images, 
given that direct mechanical measurements are not often 
clinically feasible.  
Limitations of the study are that we only quantified the 
tissue microstructure in 2D and did not further 
investigate the region-specific variations of the 
properties during gestation. Future studies will consider 
the 3D microstructure and these region-specific 
variations in detail.  
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Introduction 

Premature cervical remodeling, also called cervical 

insufficiency, is a medical condition in which the uterine 

cervix is unable to retain a pregnancy in the absence of 

the signs and symptoms of contractions, labor, or both 

during the second trimester [1]. Typically diagnosed 

between 18 and 22 weeks, if left untreated, it is a 

common cause of second trimester pregnancy loss. Once 

the condition is detected, part of the treatment plan could 

be the cervical cerclage procedure. The cervical cerclage 

is a purse string suture designed to close the cervix and 

maintain the pregnancy. There are conflicting findings 

on the efficacy of this procedure with most research 

studies focused on statistical evidence. It is our aim to 

understand the underlying biomechanics of when the 

procedure is more likely to succeed. To investigate this 

question, we design generalized models of the cervix 

and fabricate them from silicone. The models mimic 

physiological, softening tissue as assessed by physicians 

at The George Washington University Hospital. 

Geometric parameters such as cervical length, shape, 

and dilatation are varied in the models to analyze under 

which circumstances the cerclage mechanics best 

maintain integrity.  

 

Methods 

Ultrasound images were collected from the clinic and 

used to create a generalized model of the cervix.  The 

synthetic cervices were fabricated out of Eco-Flex 00-

30 silicone. A summary of these steps can be seen below 

in Fig. 1. To decide on a ratio of silicone thinner added 

to the mixture, we created a range of samples and relied 

on the qualitative analysis of physicians at The George 

Washington University Hospital. A group of clinicians 

felt each sample to assess which represented firm, 

healthy cervical tissue and which represented softening 

cervical tissue.  

 

 
 

Figure 1: The generalized model of the cervix is shown 

in Panels C. Panels A and B depict the exterior and 

interior pieces of the model, both are configurable for 

different parameters of interest (cervical length, 

dilatation for example). Panel D shows the silicone cast 

prior to suturing.  

 

Once the thinner percentages were agreed upon, we 

fabricated cervices in three groups initially: a “hard” 

group, a “medium” group, and a “soft” group. The 

synthetic models were then stitched with a McDonald 

cerclage by physicians. These sutured cervices were 

placed in capsules to constrain their motion during 

compression tests on the suture. Force on the stitch was 

increased until failure, chosen as the point when the 

cerclage began to tear through the synthetic tissue. In 

addition to the tissue stiffness parameter, we varied the 

length of the cervix and the inner geometry. The 

experimental procedure was repeated through all 

groups. An additional group of cervices was stitched 

with two different types of suture material.   

 

Results 

The first set of experiments investigating the impact of 

tissue stiffness on cerclage integrity revealed the firm 

cervices were able to withstand higher forces before 

failure.  Investigations into the impact of cervical length 

revealed longer cervices were able to withstand higher 

forces before rupture; however, the dependence was less 

than that of the stiffness investigation. The group of 

cervices stitched with two different materials revealed 

Mersilene tape were able to hold a cerclage in place at 

significantly higher forces than the monofilament 

sutures.  

 

Discussion 

In investigating the biomechanics of the cervical 

cerclage, we can begin to understand which parameters 

are critically important for maintaining the suture 

integrity. Further, expanded studies and more 

physiologically accurate models of the cervix could 

assist clinicians in creating more effective treatment 

plans for patients suffering from premature cervical 

remodeling. 
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Introduction 
Pelvic organ prolapse is a distressing condition in which 
the pelvic organs protrude through the vaginal opening 
(genital hiatus). The pathomechanics of prolapse is 
complex and involves structural and material property 
impairments in apical support and genital hiatus (GH) 
closure. Enlarged genital hiatus (GH) is present in 80% 
of women with prolapse and has recently emerged as a 
key risk factor preceding prolapse development and 
recurrence of prolapse after surgical treatment. It is 
unknown how much GH reduction is necessary to 
restore normal support for women with varying apical 
support which is difficult to quantify in vivo. The goal 
of this study is to develop a Monte Carlo simulation 
plug-in for a biomechanical model, POPSIM[1], to 
investigate the effect of variation and uncertainty of 
structural and material property inputs on the simulated 
prolapse. We demonstrate the application of this plug-in 
by predicting the statistical distribution of exposed 
vaginal length and apical tension for determined hiatus 
sizes while considering the random variation in apical 
ligament and vaginal wall geometry and material 
property.  

Method 
POP-SIM is a validated finite element biomechanical 
model simulation platform[1]. It consists of 
anatomically based FE models and a suite of Python-
based tools developed to rapidly construct models with 
desired structural parameters representing 
morphological variation observed in women with and 
without prolapse. In this study, we developed a Monte 
Carlo Simulation plug-in using Python. The mean and 
standard deviation of the input variables and their 
correlations were accepted as inputs to create the joint 
Gaussian distribution. A random number generator then 
sampled this distribution and generated the input 
parameters for POPSIM input files together with other 
deterministic input parameters. In this study, resting GH 
size is the deterministic input while apical descent, 
cardinal ligament length and vaginal length and 
ligament material property are modelled as jointly 
distributed random variables with correlation between 
the variables measured in women with prolapse (Figure 
1A). A total of 210 simulation models for seven 
different GH sizes were constructed. All of the models 
were loaded with 100 cmH2O intra-abdominal pressure 

and solved using ABAQUS explicit solver. Exposed 
vaginal lengths and apical ligament tensions were 
calculated for each model at maximum pressure loading 
(Figure 1B).  

 

Results 
 
The boxplots at 
each resting GH 
size level were 
used to 
demonstrate the 
median, inter-
quantile range 
(IQR), and total 
range of the 

simulation 
outcomes (Figure 
2). The  median 
of predicted 
exposed vaginal 
length increases 
non-linearly with 

resting GH. The 
IQR and overall range also increase significantly with 
larger resting GH size. For apical tension, the median 
increases linearly with GH sizes with similar IQRs. 
Discussion 
The Monte Carlo plug-in for POPSIM is a valuable tool 
providing the ability to estimate the probability 
distribution of outcomes considering random variation 
of the structure geometry and material property. 
Simulation results suggest that the greater probability of 
women with longer exposed vaginal length and larger 
apical tension increase with increasing of GH size.  
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Introduction 
One quarter of women will suffer from pelvic floor 
dysfunction such as urinary incontinence or pelvic organ 
prolapse (POP). Urogenital hiatus (GH) dimensions are 
affected by POP [1]. Vaginal pressures are likely to 
reflect this change due to the POP distorting the anterior 
and/or posterior wall of the vagina. 
 
The use of pressure as a physiological measure to 
determine pathophysiology is not new, however 
measuring a vaginal pressure profile is a relatively new 
concept. The femfit® has been specifically designed to 
measure a profile using eight pressure sensors 
embedded in a soft, flexible silicone that conforms to the 
natural vaginal anatomy. The sensors provide 
independent functional measurements along the length 
of the vagina, capturing the three vaginal pressure zones 
simultaneously [2]. We propose that an intravaginal 
pressure sensor device (femfit®) can be used to 
understand the relationship between the GH, pressure 
and PFM dysfunction, and provide insight for diagnosis 
and treatment. 
 
Real-time observation of baseline pressure and changes 
in pressure profiles during various activities have been 
measured using femfit® communicating via Bluetooth 
to a tablet application.  
 
Applications and Results 
 
The femfit® has been used in several clinical studies and 
found to be a valid and reliable tool to measure the 
vaginal profile during normal activation and relaxation 
of the PFM and in women pre and post surgery for POP 
[3-5]. It has also demonstrated utility for assessing the 
contribution of other muscle groups to a targeted PFM 
contraction [6]. 
 
To date the femfit® has been well-accepted by 
participants, indicating that women would be 
comfortable using this device in a clinical environment. 
 
Research into the relationship between change in 
anatomical dimensions of the GH during PFM 
activation, (measured with transperineal ultrasound and 
the femfit® simultaneously) is underway. An ongoing 
clinical study will investigate the effectiveness of 
biofeedback provided by the femfit® to see whether it 
can help women effectively contract their PFM, and 
exercise at home. Preliminary results will be available 
for presentation at the conference.  

Discussion 
If successful, these applications could have significant 
impact, for postpartum women in particular. If the 
profile is able to reflect the anatomical status of the GH, 
this would provide a better understanding of PFM 
dysfunction biomechanics and the implications of a 
change in the pressure profiles.  
 
A femfit® measured pressure profile is already shown 
to be useful for simultaneous measurement of the 
vaginal pressure zones and its use during functional 
activities. We believe future applications include the 
providing a useful objective metric to assess PFM 
function, quantify surgical success and/or encourage 
women to maintain their PFM health through home 
PFM exercises. The femfit® could be the standard 
instrument to provide quick and valuable information on 
the status of the GH and thus the integrity of PFM, 
guiding clinical treatment. 
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Bilaterians are complex organisms, characterized by the 
existence of a mesoderm tissue from which most of 
animal complex organs develop. Mesoderm emerged 
570 million years ago from cnidarians that are 
characterized by and ectoderm and an endoderm only. 
The lack of conservation of biochemical signalling 
proteins upstream of early embryonic mesoderm 
differentiation across bilaterians prevents to answer the 
question of the signal having been at the origin 
evolutionary origin of mesoderm emergence and 
complex animals. We found the mechanical 
phosphorylation of the Y654 site of -catenin at 
junctions by the first morphogenetic movements of 
embryogenesis, leading its release to the cytoplasm and 
nucleus, as involved and conserved in earliest mesoderm 
differentiation in the vertebrate zebrafish and un-
vertebrate Drosophila, two species having directly 
diverged from the last common ancestor of bilaterians. 
We thus proposed mechanical activation of -catenin 
signalling as having been involved in mesoderm 
differentiation of first bilaterian complex animals, 
around 600 million years ago [1]. 
 
The underlying molecular mechanism consists in the 
mechanical opening of the evolutionary conserved 
Y654-D665 major site of interaction between β-catenin 
and E-cadherin, favouring Y654-β-catenin 
phosphorylation by Src42A, which 
mechanotransductively impairs the interaction and leads 
to β-catenin release from the junctions [2]. Upstream of 
the first morphogenetic movement of embryogenesis, 
we found additional mechanotransductive cues, 
stimulated by mesodermal apex soft pulsations, 
triggering the medio-apical stabilisation of Myo-II 
leading to mesoderm invagination, namely to 
gastrulation, in drosophila embryos [3]. 
 
We are currently finding these properties as having 
possibly been inherited from mechanically induced 
evolutionary emergence of first metazoan 
endomesoderm, dating back to at least 700 million years 
ago. 
 
Extended to tumour biology and cancer progression, we 
found mechanical activation of β-catenin as conserved 
in mice and involved in the mechanical activation of 
tumorigenic biochemical pathways, in the healthy 
epithelium compressed by the neighbouring tumour, in 
response to tumour growth pressure in vivo [4-6]. 
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Introduction 
In 2014 there was an estimated 15 million preterm births 
globally, where preterm birth was the leading cause of 
neonatal death [1]. There is currently no accurate way to 
predict preterm birth (PTB), though it is believed that 
the biomechanical failure of reproductive tissues may be 
a cause [2,3]. Cervical insufficiency (CI) is the failure 
of cervical tissue [2]. Though there is currently no 
universally standard way of diagnosing CI, cervical 
funneling is deemed to be clinical evidence of CI and is 
associated with a higher risk of PTB [2,4]. Identifying 
the mechanisms of cervical funneling will improve 
understanding of PTB and identify early structural 
diagnostic biomarkers.  
 
Due to the difficulty of in vivo pregnancy research, 
computational models are a suitable method to explore 
the mechanics of CI and cervical funneling. Previous 
computational research has successfully shown the 
cervical funnel shape progression, but has not 
distinguished the mechanisms through which it occurs 
[5]. Our goal is to ascertain the biomechanics of cervical 
funneling through the use of parametric patient-specific 
computational models of high-risk pregnancies. 
 
Methods 
Ultrasounds measurements were obtained from 5 
pregnant women at high-risk for PTB at Columbia 
University Irving Medical Center. The parametric 
measurements from ultrasounds were collected as 
outlined in Westervelt et al., and patient-specific solid 
models were built [6]. Each model was built with the 
same weak cervical fibrous material properties to assess 
how anatomical differences affect loading [7, 8]. The 
uterus was modelled as a passive fiber composite 
material based on tensile tests of pregnant uterine tissue 
[9]. The abdominal tissue was considered to be nearly 
incompressible neo-Hookean. The fetal membrane was 
modelled as a transversely isotropic fiber-based material 
with a compressible Neo-Hookean ground substance 
based on existing literature [10]. Quarter model 
geometries were used to decrease computational time. 
The boundary conditions applied were as follows: fetal 
membranes sliding on the uterine wall and cervix, the 
uterus tied to the abdomen, the cervix sliding along the 
abdomen and vaginal canal, and the entire model fixed 
along the outside surface. A gestational intrauterine 
pressure of 1kPa was applied to the inner membrane 
surface. FEBio (v2.8.5) was used for model simulations. 

Results 
Cervical funneling occurs in all five of the high-risk 
FEA models. In the simulation, cervical funneling is 
initiated through thinning of the lower uterine segment, 
and then by compression of the cervix by the fetal 
membrane and the opening of the internal os. In the set 
of models with varied geometry and the same cervical 
properties, cervical stretch varied and as did location of 
maximum stretch. 
 
Discussion 
The computational simulations of cervical funneling can 
accurately capture the funnel shape in some patients 
(Fig. 1). Complex funnel shapes are distinctly different 
from their corresponding FEA model cervical funnel. 
 

 
Figure 1: Visual comparison of cervical funnel in FEA 
model to corresponding transvaginal ultrasound. 
Between the FEA models with the same weak cervical 
stiffness, differences are observed in cervical stretch 
value and location of cervical stretch showing that 
patient anatomy influences cervical loading. Therefore, 
both cervical stiffness and patient anatomy are 
important in understanding the mechanics of cervical 
funneling. This work also shows that lower uterine 
segment thinning could be a precursor to cervical funnel 
initiation and could be used as a biomechanical 
biomarker of PTB for earlier prediction. 
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