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IN SILICO TRIALS: PRESENT, FUTURE, OPEN CHALLENGES
Marco Viceconti
Department of Industrial Engineering, Alma Mater Studiorum, University of Bologna, Italy

Introduction

Marco Viceconti is full
professor of Computational
Biomechanics
in
the
department of Industrial
Engineering of the Alma
Mater Studiorum – University
of Bologna, Italy. Prof
Viceconti is an expert of
orthopaedic biomechanics in
general, and in particular in
the use of subject-specific modelling to support the
medical decision. He is one of the key figures in the
Virtual
Physiological
Human
international
community: he is the President of the VPH Institute,
an international no-profit organisation that
coordinates this research community, and Board
member of the Avicenna Alliance, which represent
the biomedical industry interests in this domain.

The term “In Silico Trials” is used to indicate the use of
individualised computer simulation in the development
or regulatory evaluation of a medicinal product or
medical device/medical intervention. Such use case for
patient-specific modelling & simulation was first
described in the original research roadmap of the Virtual
Physiological Human initiative published in 2007 [1].
But while the use of patient-specific models to support
the medical decision (usually referred to as Digital
Patient or Digital Twin technologies) found its
regulatory context in the so-called “software as a
medical device”, which brought to the first CE marking
of such type of technology already in 2012 [2], the use
of patient-specific models to evaluate the safety and the
efficacy of new medical products was much slower.
Until recently, and with the notable exception of
physiology-based pharmacokinetics (PBPK) models
and a few other specific cases, evidences produced in the
regulatory process had to be obtained experimentally,
whether in vitro, in vivo in animals, or through human
clinical trials. The situation is now different, thanks
mostly to the Avicenna collaborative action that started
in late 2013. By its completion in early 2016 both the
US Congress and the European Parliament had made
similar recommendations to their respective regulators
(FDA in USA, EMA in Europe), largely based on the
conclusions reported in the Avicenna roadmap [3].
Here we revise, three years after such recommendations,
what is the level of adoption among regulators and
companies. We also revise the framework that has been
proposed so far to evaluate the “credibility” of such
models when used to support the regulatory decision
about a new medical product. Since the situation is quite
difference for medical devices and medicinal products,
we discuss the separately.

The lack of central authority in Europe has made
difficult to respond with the same rapidity. To date we
are not aware of any medical device CE-marked on the
basis of evidences obtained in silico. But in principle
nothing prevents companies to use the ASME V&V-40
standard to support the credibility of evidences obtained
in silico also in the FE marking process.

In Silico Trials of medicinal products
Any method to be used in a clinical trial need to be
qualified by the regulatory authority before its use. In
general, this assessment is not done by compliance to
technical standards, but through a specific process
where the clinical validation is usually predominant. To
date we are not aware of any qualified method based on
patient-specific modelling, neither by FDA nor by
EMA. The qualification of the first In Silico Trials
methods, which we hope happens within a few years,
will be very important as it will set the level of scrutiny,
and ultimately the degree of adoption.

In Silico Trials of medical devices
Less than a year after the US Congress recommendation,
the FDA Center for Devices and Radiological Health
published a guidance document for medical device
manufacturers on “Reporting of Computational
Modeling Studies in Medical Device Submissions”.
This was followed in late 2018 by the first technical
standard specifically aimed to assess the credibility of
models within this context of use (ASME V&V-40:
Assessing Credibility of Computational Modeling
through Verification and Validation: Application to
Medical Devices). Thanks to this robust framework a
small number of medical devices have now been
authorised by FDA with some of the evidences obtained
in silico.

References
[1] STEP Consortium, “Seeding the EuroPhysiome: a
roadmap to the virtual physiological human,” VPH
Institute, Brussels, Belgium, 2007.
[2] S. Gaur et al., “Rationale and design of the
HeartFlowNXT (HeartFlow analysis of coronary blood
flow using CT angiography: NeXt sTeps) study,” J
Cardiovasc Comput Tomogr, vol. 7, no. 5, pp. 279–288,
Oct. 2013.
[3] M. Viceconti, A. Henney, and E. Morley-Fletcher, “In
silico clinical trials: how computer simulation will
transform the biomedical industry,” International
Journal of Clinical Trials, vol. 3, p. 37, May 2016.
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HUMAN IN SILICO TRIALS IN CARDIAC PHARMACOLOGY
Blanca Rodriguez
Dept of computer science, University of Oxford, Oxford, United Kingdom

Introduction
Her research focused on the
mechanisms
of
cardiac
vulnerability
to
electric
shocks in normal and globally
ischemic hearts. In 2004, she
won the First Prize in the
Young Investigator Award
Competition in Basic Science of the Heart Rhythm
Society. After spending two years in New Orleans,
she joined Oxford University in August 2004, as a
Senior Postdoctoral Fellow with Prof. David
Gavaghan, funded by the Integrative Biology Project.
From 2007 to 2013, Blanca Rodriguez held a Medical
Research Council Career Development fellowship
and she has also been awarded funding by European
Comission, Royal Society, EPSRC, Wellcome Trust,
BHF and Leverhulme Trust. She is currently a
Wellcome Trust Senior Research Fellow in Basic
biomedical Science and Professor of Computational
Medicine.

In silico clinical trials in medicine refer to the evaluation
of a medical therapy using simulations with computer
models. Already established in engineering applications
(such as aeronautics), in silico trials are now starting to
be more widely adopted in medicine with broad
potential impact in academy, industry and regulatory
bodies. The socio-economic potential in this area is thus
huge.
In my talk, I will describe our progress in computational
modelling and simulation of human heart towards the
realisation of in silico clinical trials for cardiac
pharmacology and medicine. I will describe the causes
of variability in the response of human hearts to
pharmacological therapy, and their importance in
assessing safety and efficacy during drug development.
I will then address the synergies gained from combining
modelling and simulation science with machine learning
to unravel the causes of phenotypic variability in disease
and drug response, and their implications for the
advancement of human in silico trials in medicine. I will
emphasize the strong collaborations underpinning this
work with key partnerships in industry, regulatory
agencies and experimental and clinical biomedicine.
Through my talk, I will discuss the importance and
challenges
of
inter-disciplinary,
inter-sectoral
collaborations in computational medicine.
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“INSILICOTRIALS: MODELING AND SIMULATION
FROM LAB TO MARKET”
Luca Emili
InSilicoTrials Technologies, Italy

Background
Luca is founder and CEO of
InSilicoTrials Technologies. He
builds on 16 years of experience as
CEO of two start-ups (Emaze,
Promeditec), where he acquired
profound experience and success
with market research linked to the
definition of innovation needs, market opportunities
and market strategies for new products, and with
product design. Luca has developed several strategic
partnerships with amongst others Astra Zeneca,
Bayer, and Roche with Promeditec (The precursor
company of InSilicoTrials Technologies). He is
currently member of the Cloud Security Consultative
Group in EMA.

For decades, universities and research centers have been
applying modeling and simulation (M&S) to medical
devices and pharmaceutical development, coining the
new expression in silico clinical trials. Its use however
is still limited to a restricted pool of specialists.
Making M&S available to a broad spectrum of potential
users (medical device and pharmaceutical companies,
hospitals, healthcare institutions) would require an easy
and controlled access to M&S resources in a secure
environment. A joint effort between academia, industry
and regulatory bodies is therefore needed to reach a
rapid adoption of a harmonized approach.

Recent Advances
inSilicoTrials.com is an easy-to-use cloud-based
platform that aims to create a collaborative marketplace
for M&S.
Digital libraries on InSilicoTrials.com are built on
collaborations among first-rate research center, model
developers, software and cloud providers (partners).
Their access is provided to life science and healthcare
companies, clinical centers and research institutes
(users), offering them with several solutions for the
different steps of the orthopedics and medical devices
R&D process. (Figure 1).

(e.g., rods and screws), pain management devices (e.g.,
leads), and cardiovascular devices (e.g., stents).
NuMRis promotes the broader adoption of digital
evidence in preclinical trials for RF safety analysis,
supporting the device submission process and premarket regulatory evaluation.
The first pharma application hosted on the
InSilicoTrials.com platform is InSilicoCARDIO, a
digital library of easily accessible user-friendly tools for
the assessment of the proarrhythmic and torsade de
pointes risk of drugs compounds and new chemical
entities. Part of this library is QT/TdP Risk Screen [3],
a user-friendly tool implemented in collaboration with
Universitat Politècnica de València and Fundació
Institut Mar D’Investigacions Mèdiques. QT/TdP Risk
Screen enables a highly accurate classification of drug
compounds, paving the way to a potential break-through
in in silico proarrhythmic risk assessment.

Figure 1: InSilicoTrials collaborative marketplace.
Various M&S solutions are integrated with the technical
components of the cloud platform, in a secured and
privacy-preserved environment that protect the IP of
partners against downloading, copying and modification
of their tools. The users can seamlessly select a digital
tool, upload their own input parameters and/or data, set
up and run simulations, and analyze results. The
outcome of the simulations is reported in conformity
with regulatory guidelines [1].
The first medical devices application hosted on the
InSilicoTrials.com platform is InSilicoMRI, a digital
library of automatic tools concerning the magnetic
resonance imaging (MRI) systems (software, hardware
and images). The tool NuMRis [2], implemented in
collaboration with the U.S. F.D.A. Center for Devices
and Radiological Health, and ANSYS, Inc., addresses
the assessment of MRI imaging radio-frequency (RF)
safety for medical implants such as orthopedic devices

Future directions
InSilicoTrials.com aims at defining a new collaborative
framework in healthcare, engaging research centers to
safely commercialize their IP, i.e. model templates,
simulation tools and virtual patients, by helping
clinicians and healthcare companies to significantly
expedite the pre-clinical and clinical development
phases, and to move across the regulatory approval and
HTA processes.

References
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A coupled CFD and RBF mesh morphing
technique as surrogate for one-way FSI study
K. Capellini1,2, U. Cella3, E. Costa4, E. Gasparotti1,2, B.M. Fanni1,2, M. E. Biancolini3, and S. Celi1
1

BiCardioLab, Fondazione Toscana “G. Monasterio”, Massa, Italy
Department of Information Engineering, University of Pisa, Pisa, Italy
3
Department of Enterprise Engineering, University of Rome Tor Vergata, Rome, Italy
4
RINA Consulting Spa, Rome, Italy
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simulations in terms of computational time and material
properties definition.

Abstract— Physiologically simulations of hemodynamics blood
flow require fluid-structure interaction approach; however, these
types of simulations require the definition of additional structural
information such as material behaviour, wall thickness and their
spatial variations, that are not easy to be defined in-vivo.
In this study we propose a couple approach based on CFD
simulations and RBF mesh morphing technique. Our method is
able to introduce the deformed wall in a transient CFD simulation
starting from gated medical images. The proposed strategy is
presented for the study of a thoracic aorta hemodynamics.
Keywords—Aorta, computational fluid dynamics, RBF mesh
morphing.

T

II. METHODS
The overall strategy is based on the integration of in-vivo
data (in terms of flow and geometry) from medical imaging,
and in silico CFD simulations and RBF mesh morphing
technique. The developed strategy to update the shape of the
vessel is based on mesh morphing techniques that use Radial
Basis Functions as mathematical framework to perform the
smoothing action of the numerical domain.

I. INTRODUCTION
A. Image acquisition and segmentation
A volumetric CT-gated dataset (10 phases for each cardiac
cycle) was retrospectively analysed to obtain a 3D model of
thoracic aorta for each cardiac phase. The images were
acquired with contrast medium and the segmentation was
performed by a threshold technique. Each 3D model includes
the thoracic aorta with the supra-aortic vessels. Figure 1
depicts the aortic inlet velocity with three 3D segmented
models at three different time of the cardiac cycle.

fluid dynamic of cardiovascular structures plays a
crucial role in the cardiovascular disease landscape, so it
is fundamental to be able to analyse the blood flow behaviour
and the main hemodynamic indices in order to investigate and
mitigate cardiac risks. Numerical simulations have proven to
be a useful instrument to assess the complexity of vascular
flows and its correlation with cardiovascular pathologies and
to overcome the low accuracy in the indices estimated in-vivo.
Computational fluid dynamics (CFD) simulations for thoracic
aorta are widely performed in literature [1] [2] and they
represent an effective strategy to investigate the
hemodynamics; nevertheless, the rigid wall assumption
involves a not negligible limitation due to the lack in
consideration of geometry changes and wall compliance.
Fluid-structure interaction simulations are a more realistic tool
[3] [4], however they need the definition of additional
structural information such as material behaviour, wall
thickness and their spatial variations, that are not easy to be
defined in-vivo.
Currently imaging techniques are able to provide useful
information in terms of wall motion and deformation as well
as in term of hemodynamics in specific times of the cardiac
cycle. Recently, Radial Basis Functions (RBFs) mesh
morphing technique has demonstrated to be a useful tool in
reaching a target geometry by covering large shape
modifications in an accurate manner and without loss of
accuracy in terms of mesh quality [5]. Moreover, RBFs have
become a well-established tool to interpolate scattered data [6]
and are considered one of the most efficient approach to face
the problem of mesh morphing.
The aim of this work is to investigate the feasibility of a
novel numerical simulation strategy considering the aortic
wall deformation and therefore the impact of artery geometry
on the fluid dynamic overcoming the difficulties of FSI
HE

T2

T1
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T3
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Fig. 1: Example of three 3D segmented models at three different time a
reference cardiac cycle from [5].

B. RBF mesh morphing and CFD set up
The ten 3D models were used to generate the vector field of
displacement driving morphing.
According to the most general and typical working scenario,
foreseeing that the models have a different number of elements
with a different distribution, first an RBF solution for each
model was created. For this initial step, the mesh of a baseline
configuration (deformation n) is used as reference to
accomplish the projection onto the target configuration
(deformation n+1). Successively the RBF solutions allowing
to deform the vessel incrementally were generated by
exploiting the nodal conformity shared by the morphed

5
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CFD-RBF

In this work a new strategy to simulate the thoracic aorta
hemodynamics connected to its deformations during cardiac
cycle was implemented. The RBF mesh morphing technique
coupled with CFD transient simulation turned out to be an
effective tool to investigate the effects of geometry
modifications on the fluid dynamics. Therefore, it is possible
to overcome the CFD rigid wall assumption and to the material
properties definition required in the FSI simulations, even if
the not consideration of wall compliance remains a limitation.
A comparison with an FSI patient-specific simulation would
be useful to better evaluate the potential of the new developed
strategy.

T3
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Fig. 2: Blood velocity streamlines at three selected times of cardiac cycles.
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Figure 3 depicts the wall shear stress distribution on thoracic
aorta for the three selected instants of cardiac cycle.
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The velocity field results quite different in the two cases; in
particular, the area at high velocity value at ascending cross
section is grater for the CFD at minimum aortic volume.

A. RBF mesh morphing and CFD results
The analysis of the 3D model shows a significand
deformation localised at the ascending portion of the aorta.
Consequently, the RBF mesh morphing technique was applied
only at this level. For this study 50 intermediate models have
been considered during the heartbeat. The fluid dynamics
results in terms of blood velocity streamlines at three selected
time of cardiac cycle and so at three different stages of shapes
modifications are reported in Figure 2.
T2
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Fig. 4: Blood velocity at a specific ascending section (a-c) and descending
section (b-d) for the CFD at minimum volume and for the combined CFDRBF mesh morphing simulation respectively.

III. RESULTS
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configurations gained as result of the previous stage of the
procedure. The RBF morphing solutions were recalled during
a transitory CFD simulation in order to cope the wall
deformation during the cardiac cycle.
Regarding the CFD set up, tetrahedral elements and six
inflation layers were used to reach a good accuracy for the
assessment of hemodynamic parameters on the aortic wall.
The blood was assumed as a Non-Newtonian incompressible
fluid (density of 1060 kg/m3) adopting the Carreau model.
Regarding the definition of boundary conditions, a blood
flow velocity inlet profile was assigned to the aortic inlet and
a pressure outlet condition was assumed for the four outlets
implementing a lumped 3-element Windkessel model [5]. A
CFD simulation for the 3D model of minimum volume was
also performed with the same simulation domain.
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Fig. 3: Wall shear stress at three selected times of cardiac cycles.
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The comparison between the results in the case of CFD-RBF
mesh morphing and for the CFD at minimum volume
simulations in terms of blood velocity for two specific cross
sections at ascending and descending aorta is reported in
Figure 4.
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Computational investigation of the relationship
between hemodynamics and restenosis in
stented femoral arteries
M. Colombo1, M. Bologna2, Y. He3, M. Garbey4,5, J. F. Rodriguez Matas1, S. Berceli3,6,
F. Migliavacca1 and C. Chiastra1,7
1

LaBS, Dept. of Chemistry, Materials and Chemical Engineering “Giulio Natta”, Politecnico di Milano, Milan, Italy
2 Dept. of Electronics, Information and Bioengineering, Politecnico di Milano, Milan, Italy
3 Dept. of surgery, University of Florida, Gainesville, FL, USA
4 University of La Rochelle, LASIE UMR CNRS, La Rochelle, France
5 Houston Methodist Hospital Research Institute, Houston, TX, USA
6 Malcolm Randall VAMC, Gainesville, FL, USA
7 PoliToBIOMed Lab, Dept. of Mechanical and Aerospace Engineering, Politecnico di Torino, Turin, Italy

Abstract—Abnormal hemodynamics induced by stent presence
might be one of the responsible factors for in-stent restenosis in
stented superficial femoral arteries. To understand the
relationship between local hemodynamics and lumen area
change, patient-specific geometrical models were derived from
computed tomography images by means of a validated 3D
reconstruction method. Then, once performed computational
fluid dynamics analyses imposing patient-specific inlet boundary
conditions (derived from Doppler ultrasound acquisitions), the
results were analysed both at an individual and at a global level.
Case-by-case correlation and global statistical association
between hemodynamics (i.e. indexes based on wall shear stress)
and lumen area change were investigated. A statistically
significant association was found between low TAWSS and lumen
area change at 1-year follow-up.
Keywords— superficial femoral artery, restenosis, patientspecific modelling, computational fluid dynamics.

P

II. MATERIALS AND METHODS
A. Clinical Data
Four patients treated at Malcolm Randall VAMC
(Gainesville, FL, USA) were considered. In 2 patients, stents
were deployed in 2 lesions. Hence, a total of 6 lesions were
analyzed. The study was approved by the Institutional Review
Board at the University of Florida. Written informed consent
was obtained from the patients.
For each case, computed tomography (CT) and Doppler
ultrasound (DUS) images were acquired at 1W-FU and 1YFU. The 1-week CT acquisition was used to build the
geometrical model for computational fluid dynamics (CFD)
analyses, whereas the 1Y-FU geometry was reconstructed and
used to quantify the lumen area change induced by in-stent
restenosis.

I. INTRODUCTION

artery disease is the third cause of
cardiovascular morbidity, affecting millions of individuals
worldwide and following coronary artery disease and stroke
[1]. This occlusive pathology is an inflammatory process
mainly caused by atherosclerosis. Over the last years,
endovascular treatments, such as the deployment of Nitinol
stents, have been demonstrated effective to treat the
atherosclerotic lesions. However, the rate of failure of the
stenting treatment remains high [2].
Among other complex risk factors, abnormal hemodynamics
immediately after stenting might be one of the driving factors
of in-stent restenosis at femoral artery level, as for other
vascular districts [3].
In this context, the aim of the present work is to study the
relationship between altered hemodynamics and restenosis in
human superficial femoral arteries (SFAs) treated with stents.
Specifically, the local hemodynamics computed at 1-week
post-operative follow-up (1W-FU) was related to lumen area
change at 1-year follow-up (1Y-FU) in patient-specific models
of SFAs.
ERIPHERAL

B. 3D Reconstruction
To create the arterial geometrical models, an in-house
developed 3D reconstruction method was employed. The
semi-automatic reconstruction method is based on a level set
algorithm [4]. By means of intensity thresholding, the contrastenhanced arterial lumen was reconstructed, both in the stented
and the non-stented regions. In particular, a function to
efficiently remove metallic stent artefacts was implemented in
the algorithm.
C. CFD model
Transient CFD analyses were performed for each CFD
model. At the inlet boundary a patient-specific velocity
waveform, derived from 1W-FU DUS data, was imposed. At
the outlet boundaries, a flow-split between SFA and profunda
femoral artery was defined according to the literature [5].
Blood was modelled as an incompressible, non-Newtonian
fluid using the Carreau model. To investigate the impact of
abnormal hemodynamics on restenosis, lumen area change
(ΔA) was related to hemodynamic quantities (i.e. timeaveraged wall shear stress (TAWSS), oscillatory shear index
(OSI) and relative residence time (RRT)).
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[3]

D. Analysis of the Results
At an individual level, for each case the hemodynamics
computed at 1W-FU was compared to lumen area change at
1Y-FU. The statistical analyses were performed only for the
stented segments. The comparison was qualitatively
performed by visual inspection of 1D maps of lumen area
change and hemodynamic indexes. From a quantitative point
of view, Spearman’s correlation (ρ) and statistical significance
(p-value) were defined for each lesion. p-value <0.01 was
established as the level of significance.
At a global level, the statistical association between local
hemodynamics and lumen area change was analysed using a
non-parametric Kruskal-Wallis test. The level of significance
was adjusted for multiple comparison by means of the TukeyKramer method (p-value<0.015).

[4]
[5]

D. Buccheri, D. Piraino, G. Andolina, and B. Cortese,
“Understanding and managing in-stent restenosis: A review of
clinical data, from pathogenesis to treatment,” J. Thorac. Dis., vol.
8, no. 10, pp. E1150–E1162, 2016.
T. F. Chan and L. A. Vese, “Active contours without edges,” IEEE
Trans. Image Process., vol. 10, no. 2, pp. 266–277, 2001.
C. K. Holland, J. M. Brown, L. M. Scoutt, and K. J. Taylor, “Lower
extremity volumetric arterial blood flow in normal subjects,”
Ultrasound Med Biol, vol. 24, no. 8, pp. 1079–1086, 1998.

III. RESULTS
From the visual comparison performed for each lesion, a
relation between hemodynamic indexes and lumen area
change in the stented region was hard to detect. Figure 1 shows
an example of qualitative comparison of local hemodynamics
and lumen area change, where the 1D maps represent the
sectional averaged hemodynamics quantities along the stented
region.
By inspecting Spearman’s correlation for each stented
region, the correlation was mainly negative for TAWSS and
OSI.
At a global level (Fig. 2) the analysis showed a strong
statistical association between higher area decrease and low
levels of TAWSS as compared to either mid or high levels of
TAWSS (p-value<0.01). No statistically significant
differences were observable between OSI and lumen area
change. Low RRT differed from high RRT with a level of
confidence equal to 98.5%.
IV. CONCLUSION
The hemodynamic results in patient-specific stented SFAs at
1W-FU were compared, both qualitatively and quantitatively,
to lumen area change at 1Y-FU. A statistically significant
association was found between higher lumen area reduction
and low levels of TAWSS as compared to regions with either
mid or low levels of this descriptor. To strengthen the
statistical analysis on the relationship between abnormal
hemodynamics and in-stent restenosis, further results derived
from the last on-going CFD simulations of a larger clinical
dataset are going to be included.

Fig. 1 – Example of analysis at individual level: visual qualitative inspection
of association between lumen area change (ΔA) and hemodynamic indexes
(time-averaged wall shear stress (TAWSS), oscillatory shear index (OSI),
relative residence time (RRT)). For each lesion, on the left, the 1-week TAWSS
contour map compared to the 1-year CT reconstructed geometry; on the right,
1D colored maps of the stented region reporting ΔA, TAWSS, OSI and RRT.
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Fig. 2 – Analysis at global level: boxplots reporting the association between
hemodynamic variables (time-averaged wall shear stress (TAWSS),
oscillatory shear index (OSI), relative residence time (RRT)) and lumen area
change (ΔA) between 1-week and 1-year follow-ups. *:p<0.01; #: p<0.015
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A Practical Approach for Wall Shear Stress
Topological Skeleton Analysis Applied to Intracranial
Aneurysm Hemodynamics
V. Mazzi1, D. Gallo1, K. Calò1, M. O. Khan2, D. A. Steinman3, and U. Morbiducci1
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Abstract— The physiopathological role of Wall Shear Stress
(WSS) in intracranial aneurysm development/rupture and the
action of contraction/expansion played by shear forces on vessel
wall make topological skeleton analysis of the WSS vector field of
great interest. Here we present a practical way to analyse WSS
topological skeleton through the identification and classification
of WSS fixed points and manifolds. The method is based on the
calculation of the WSS vector field divergence and Poincarè
index, and it is here successfully applied to a dataset
computational hemodynamic models of intracranial aneurysms.
Keywords—Wall shear stress, topological skeleton, divergence.

A

II. METHODS
A. Computational Hemodynamics
Eight ICA aneurysm computational hemodynamics models
enrolled in a broader study of 3D phase contrast MRI (PCMRI) were considered. Details on geometry reconstruction,
personalized conditions at boundaries and CFD simulations
are reported elsewhere [6].
B. Practical way for WSS topological skeleton identification
The Volume Contraction theory demonstrates that the
divergence of vector fields gives practical information on the
associated dynamical systems, avoiding numerical integration
for manifolds identification (as required by Lagrangian-based
approaches), thus reducing the computational effort. In
particular, the divergence is able to (1) encase stable/unstable
manifolds, and (2) identify the basins of attractions of each
attractor. For those reasons, a divergence-based approach for
WSS manifolds identification at the luminal surface of
intracranial aneurysms is proposed. As WSS divergence
depends upon the algebraic summation of the magnitude of
single gradients of WSS vector components, it might fail in
properly identifying expansion/contraction regions. To
overcome this limitation, here the divergence of the
normalized WSS vector field was considered:

I. INTRODUCTION

large body of literature has demonstrated the importance
of WSS in the onset and progression of cardiovascular
diseases [1]. In particular, WSS has been proposed as an
indicator of rupture risk in intracranial aneurysms,
characterized by a complex hemodynamics. However, the
ability of WSS-based indicators to predict aneurysm wall
pathophysiology and remodelling, and to discriminate
aneurysms rupture risk, is still debated due to large variations
and frequent contradictory results from different studies [2].
An in-depth analysis is needed, to close the gap of knowledge
currently limiting the use of WSS as a biomarker for diagnostic
and prognostic purposes.
In this context, recent studies have highlighted the relevance
of WSS fixed points, and the stable and unstable manifolds that
connect them [3]. The relevance of these WSS topological
features lies in their ability to highlight the complex and highly
dynamic features of the WSS field, as well as their strong link
with flow features like flow stagnation, separation, and
recirculation. Technically, a fixed point of a vector field is a
point where the vector field vanishes, while unstable/stable
vector field manifolds identify contraction/expansion regions
linking fixed points. The presence of WSS fixed points and of
WSS contraction/expansion regions, highlighted by WSS
manifolds, might induce focal vascular responses relevant for
aneurysm rupture [3]. For these reasons, the topological
skeleton analysis of the WSS vector field is of great interest
and motivates the study present herein.
Lagrangian-based approaches have been recently proposed
to identify WSS manifolds but have certain practical
limitations [4]. A Eulerian approach has also been suggested,
but only for 2D analytical fields [5]. Here we propose and
demonstrate the use of a simple Eulerian approach for
identifying WSS topological skeleton on 3D surfaces. The
proposed method is applied to eight personalized
computational hemodynamic models of intracranial aneurysm.

∇ ⋅ (𝛕𝐮 ) = ∇ ⋅ (

𝝉
∥𝝉∥2

),

(1)

where 𝛕𝐮 is the WSS unit vector. Eq. (1), neglecting the vector
field magnitude variation but taking into account variation of
directions of the vector field only, correctly identifies WSS
manifolds and therefore is suitable for practical WSS
topological analysis. To complete the analysis, we propose a
robust method for WSS fixed points identification. The
Poincarè index is considered here for WSS fixed points
identification because of its mesh-independent and
topologically invariant proprieties. Then, a Jacobian analysis
of WSS fixed points allows to classify the fixed point attractive
or repelling nature. The proposed practical approach for the
WSS topological skeleton identification is applied to both
cycle-average WSS vector field 𝛕̅(𝒙):
1

𝑇

𝛕̅(𝒙) = ∫0 𝛕(𝑡, 𝒙)𝑑𝑡
𝑇

(2)

where T is the cardiac cycle duration, and instantaneous WSS
vector fields at the luminal surface. It was previously
suggested that cycle-average WSS vector field 𝝉̅ fixed points
and their associated manifolds influence the near-wall
intravascular transport [4]. However, it is clear from Eq. (2)
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that it could be possible by construction that a 𝝉̅ fixed point
would have never been a real WSS fixed point all along the
cardiac cycle, thus stimulating a more in-depth investigation
focusing on the time dependence of WSS fixed points and
manifolds location and nature along the cardiac cycle.
Hence, WSS fixed points analysis is applied here to
instantaneous WSS vector field and a measure to quantify the
fraction of cardiac cycle spent by instantaneous WSS fixed
points at a specific location at the luminal surface is proposed:
𝑅𝑇𝑥𝑓𝑝 (𝑒) =

𝐴̅ 1 𝑇
∫ 𝕀 (𝒙 , 𝑡)
𝐴𝑒 𝑇 0 𝑒 𝑓𝑝

𝑑𝑡

fixed points locations (labeled from 𝐴𝐴 to 𝐺𝐴 ). For the
explanatory model, the results of the WSS fixed points
residence times analysis clearly show that: (1) in regions
𝑅𝐸𝐴 and 𝑅𝐷𝐴 fixed points residence times were up to 70% of
the cardiac cycle; (2) instantaneous WSS fixed points resided
for moderate fractions of the cardiac cycle (range 3.6-58.2%)
in cycle-average WSS fixed points identified locations; (3) the
instantaneous WSS fixed points are always of the same nature
as cycle-average WSS fixed points; (4) elevated values of the
strength of the expansion/contraction of the WSS vector field
around instantaneous WSS fixed points are observed on the
aneurysmal dome and close to the neck region, reflecting the
intricate hemodynamics characterizing these regions.

(4)

where 𝒙𝒇𝒑 (𝑡) is the WSS fixed point position at time t ∈
[0, T], e is the generic triangular element of the superficial
mesh of area 𝐴𝑒 , 𝐴̅ the average surface area of all triangular
elements of the superficial mesh and 𝕀 is the indicator function.
Moreover, a modified version of Eq. (4) is proposed here,
where the residence time of a fixed point is weighted by the
absolute value of the instantaneous WSS vector divergence,
intended as a measure of the strength of the local
contraction/expansion action of local shear forces:
𝐴̅ 1 T
𝑅𝑇𝛻xfp (e) =
(5)
∫0 𝕀𝑒 (𝒙fp , t) |(∇ · 𝛕)𝑒 | dt
𝐴𝑒 T

where (∇ · 𝛕)𝑒 is the instantaneous WSS divergence computed
in the surface triangle e containing the instantaneous WSS
fixed point.
III. RESULTS
A. Analysis of the Cycle-Average WSS Vector Field
An analytical vector field was used for benchmarking
purposes. The proposed method was compared to the classical
vector field integration approach [7] and to the recent
trajectory-free method [5], providing excellent results. Then,
the cycle-average WSS vector field at the luminal surface of
the 8 intracranial aneurysm models was analyzed. The cycleaverage WSS topological skeleton of one explanatory
intracranial aneurysm model is presented in Figure 1.

Figure 2: Maps of fixed points residence time 𝑹𝑻𝒙𝒇𝒑 (𝒆) and of
measure 𝑹𝑻𝜵𝒙𝒇𝒑 (𝒆).

IV. CONCLUSION
A practical approach to analyze WSS topological skeleton
was introduced and applied to computational hemodynamic
models of intracranial aneurysm. The proposed approach
requires WSS vector field and its divergence only and it can
be easily applied to 3D vector fields defined on complex
geometries. The analysis of instantaneous WSS fixed points
along the cardiac cycle allows to evaluate their residence time
and is the strength of local contraction/expansion using WSS
divergence. Our findings on intracranial aneurysms underline
the importance of focusing on instantaneous WSS fixed points
analysis. The approach proposed here could contribute to
facilitate and speed up studies on the significance of WSS
topological skeleton in cardiovascular flows.

Figure 1: Topological skeleton of cycle-average WSS vector.

The contraction and expansion patterns, identifying unstable
and stable manifolds, represent the basins of attraction for the
stable fixed points associated with the manifolds. Notably, all
cycle-average WSS stable fixed points at the luminal surface
of the 8 intracranial aneurysm models were located within
contraction regions, while the unstable node identified was
located within an expansion region, thus confirming the
appropriateness of the proposed method.
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Abstract—An acute ischemic stroke occurs when a clot blocks
the blood flow in a cerebral artery. Intra-arterial thrombectomy,
a mini-invasive procedure based on stent technology, is the most
innovative available remedy to extract the clot and restore the
blood circulation. This work presents a patient-specific finite
element simulation to model the thrombectomy procedure for the
first time. The patient-specific simulation showed the ability of
the numerical model to truthfully replicate the clinical procedure
and outcome. The development of realistic and accurate in silico
model can be used to study the new procedure and to determine
the most influential parameters.
Keywords—Thrombectomy, Finite-Element Analysis, Patientspecific model, Stent Retriever, Stroke.

T

II. METHOD
The selected patient successfully underwent thrombectomy
with TrevoXP (Stryker, USA) stent retriever at the Academic
Medical Center (Amsterdam, The Netherlands) (Fig. 1).

I. INTRODUCTION

HROMBOLYSIS administration of alteplase was the only
available treatment for acute ischemic stroke until recent
times. A stroke occurs when a cerebral artery is obstructed by
a clot (thrombus). Innovative intra-arterial thrombectomy has
been more recently introduced in the clinical application. It
consists in the mechanical removal of the thrombus by means
of a stent retriever, a self-expandable device, crimped in a
catheter and positioned across the thrombus. There, once
deployed and expanded, the stent reactivates the blood flow by
pushing the clot against the arterial wall. Finally, the clot
trapped in the stent struts is removed along with the stent. This
new clinical treatment is already been proven as safe and
effective [1], some complications may occur, as distal
embolization [2] and haemorrhagic events for vascular wall
damage [3].
Numerical analysis is widely used to investigate clinical
treatments; in particular, patient-specific models allow to
reproduce human pathological conditions. To the best of our
knowledge, this is the first modelling study on the
thrombectomy procedure with a stent retriever device.
The aim of this work is the development of an in-silico
patient-specific model of thrombectomy to reproduce the
clinical procedure and outcome. In particular, in this work (i)
a parametrical CAD model, similar to the real design of the
used stent retriever, was created, (ii) the patient cerebral vessel
with the thrombus was obtained from CT images of the patient,
(iii) all the components were meshed and the material
properties were assigned, (iv) the thrombectomy procedure
was modelled with a structural simulation.

Fig. 1 Thrombectomy procedure performed with TrevoXP stent retriever
(Stryker, USA).

Patient-specific data were collected from routinely acquired
exams and CT images were segmented to reconstruct the
geometry of the cerebral arteries (Fig. 2).

Fig. 2 Angiography exam (left) and reconstructed cerebral arteries (right).

The arteries were discretized with shell elements and
modelled with a linear elastic material. The clot was drawn
accordingly with the clinical data, meshed with tetrahedral
elements and modelled as a hyperelastic material [4]. The
device geometry was created using a Matlab code
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IV. CONCLUSION

(MathWorks, USA), discretized with beam elements and its
material modelled with a shape memory alloy to reproduce the
Nitinol properties.
The simulation of the thrombectomy procedure consisted of
four steps: (i) the stent retriever was crimped in a 1 mm
diameter rigid catheter, then (ii) it was positioned in the patient
vessel through a guide microcatheter, which crosses the clot.
Once (iii) the stent retriever was released by unsheathing the
catheter, (iv) it was retrieved along the vessel. Penalty contact
with friction coefficient of 0.3 was defined between the device
and the clot and between the device and the wall [5]. A quasistatic condition in each step was achieved as the ratio between
the kinetic and the internal energy was found to be less than 5
% during all the simulated cardiac cycles. A selective massscaling was adapted to keep the time-step at a constant 10-6 s
during the simulations.
The meshing procedure and the post-processing analysis
were performed with ANSA and META (BETA CAE System,
Switzerland), while the simulation was performed using the
explicit solver LS-DYNA (LSTC, USA).

In the in silico trial arena, modelling particular treatments in
virtual patients is becoming an important issue. The patientspecific simulation showed that our model can replicate the
thrombus
extraction.
Moreover,
the
implemented
thrombectomy model gives insights regarding the interaction
of the thrombus with the stent retriever.
The development of realistic and accurate patient-specific
models may be used to study the effectiveness of stroke
treatments in patient-specific models as a first step into a
personalized medicine approach and to estimate change of
successful recanalization, thrombus fragmentation and
procedure time in patient-specific configurations.
ACKNOWLEDGEMENT

III. RESULTS
The results of the thrombectomy procedure are shown and
confirmed the medical report of successful procedure. In
particular the stent was crimped (Fig. 3a) and positioned in the
vessel inside the guide microcatheter (Fig. 3b). It was released
(Fig. 3c) and retrieved along the vessel.
Furthermore, the simulation gave indications on the stresses
and strains on the clot, the stent and the vessel wall. The
stresses and strains on the clot could be useful to predict the
risk of fragmentation of the clot during the procedure.
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implantation into the vessel, which introduces a state of nonzero mean stress/strain. The results, in terms of stress and
strain tensors extracted from the centroids of the elements at
each increment of the fatigue cycle, were used to predict the
fatigue behavior of the stent. Four different fatigue criteria,
based on different mechanical assumptions, were considered
to compute a fatigue index (FI) based on the loads acting on
the stent: the equivalent von Mises (VM) alternate strain, and
the critical plane approaches of the Fatemi-Socie (FS), BrownMiller (BM) and Smith-Watson-Topper (SWT).

Abstract—The aim of this study is to investigate how the use of
different multi-axial fatigue criteria may affect the fatigue
assessment for Nitinol stents. The same stent model was subjected
to different proportional and non-proportional multi-axial cyclic
loads and the results were interpreted using the standard Von
Mises and three approaches based on the concept of critical
plane. The results showed that the Von Mises is the most
conservative criterion and critical plane criteria are preferrable.
Keywords—Nitinol, fatigue assessment, multi-axial, peripheral
stents, critical plane

I. INTRODUCTION

P

𝑉𝑉𝑉𝑉 =

HERIPHERAL stents are almost exclusively composed of
Nitinol, as its super-elasticity is suited for minimallyinvasive insertion and durable effect [1]. After crimping and
deployment, stents undergo complex cyclic loads imposed by
vascular and lower-limb motion [2]. This complex mechanical
environment might lead to metal fatigue and device fracture,
with severe consequences [3]. By regulation new endovascular
medical devices must be subject to fatigue testing and to
survive a fixed number of cycles, usually 108. Since
experiments are expensive and time-consuming finite element
analysis (FEA) could be exploited to increase available data,
in particular when a range of in vivo-like conditions. However,
the results of FEA must be interpreted through fatigue criteria
to assess the risk of failure, yet no unequivocal indication for
Nitinol device failure remains available. Four different fatigue
criteria, originally formulated for standard metals, were used
in this study to evaluate the fatigue behavior of a Nitinol stent
undergoing multi-axial loads and validated empirically.
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For each numerical simulation, a set of constant life diagrams
was built according to each criterion: all the FIs were
calculated for each finite element of the model and their values
plotted against the first principal mean strain. The obtained
points clouds were compared with the material fatigue strength
at 106 cycles experimentally deduced in [4] through fatigue
tests on ad-hoc specimens (Fig.1). As few specimens were
available it was not possible to investigate the material fatigue
behavior with respect to the number of cycles (ε−N diagram) only how the fatigue limit is affected by the mean strain for a
fixed number of cycles (constant life diagram- Fig 1a). The
choice of 106 cycles is justified by the Nitinol constant fatigue
behavior after 105 cycles [5]. A fatigue risk factor (RF),
defined as the normalized distance between the points cloud
and the fatigue strength, was calculated. Stent fatigue testing
replicating the numerical analysis was performed to conform
fracture induction and to determine which criteria most
correlated fracture with risk prediction.

II. MATERIALS AND METHODS
A stent FE model resembling the commercial Absolute
Pro® (Abbott Vascular, Santa Clara, CA) stent was employed.
Details regarding the model geometry, discretization and
material properties are available in [4]. Different multi-axial
(axial compression, bending and torsion) proportional cyclic
loads of varying magnitude, spanning in vivo conditions, were
applied. A preload phase was also simulated to mimic stent

III. RESULTS AND CONCLUSIONS
Fatigue prediction was strongly influenced by specific
criterion (Fig.1b): the von Mises always remained the most
conservative, with the highest risk factor, while Fatemi-Socie,
Brown-Miller and Smith-Watson-Topper conditions has
smaller and more similar risk factors, even as their fatigue
indices were based on different assumptions. Moreover, the
Fatemi-Socie and Brown-Miller indices were dependent on

Figure 1: a) Results of the fatigue tests on the dog bone samples plotted in a
constant life diagram: the green line interpolates the load conditions giving
no fracture, the red one the conditions giving fractures of all the tested
specimens. The red line was used for defining the limit curves used in the
constant life diagrams obtained from FEA applying the four fatigue criteria;
b) Numerical prediction regarding two load cases P1 and P2 according to
the four criteria and the corresponding experimental outcome. The same
fracture location was predicted and experimentally verified; c) Comparison
of the constant life diagrams obtained for the cases P1 and P2.
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empirical constants (K, S), whose value could influence the
prediction: herein they were assumed equal to 1, because
empiric confirmation was not possible.
IV. RESULTS AND CONCLUSIONS
Fatigue prediction was strongly influenced by specific
criterion (Fig.1b): the von Mises always remained the most
conservative, with the highest risk factor, while Fatemi-Socie,
Brown-Miller and Smith-Watson-Topper conditions has
smaller and more similar risk factors, even as their fatigue
indices were based on different assumptions. Moreover, the
Fatemi-Socie and Brown-Miller indices were dependent on
empirical constants (K, S), whose value could influence the
prediction: herein they were assumed equal to 1, because
empiric confirmation was not possible.
Regardless, all approaches agreed in recognizing the most
critical area of the stent, having the highest risk factor (color
maps in Fig. 1c) and all the experimental fractures occurred at
the same locations predicted by numerical simulations. The
experimental protocols indicated a better prediction capability
of the critical plane approaches, in particular the BM and
SWT, compared to the von Mises index. However, a larger
study involving non-proportional loads might provide more
precise insight over a broader range of conditions. The
coupling of experiments and numerical models allowed to
obtain more detailed information regarding the local state of
the device and it is a way to prove how the standard approach
for the Nitinol fatigue assessment could be improved.
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Abstract—The use of computational simulations is now
expanding into the clinical practice to investigate transcatheter
aortic valve implantation (TAVI) and to predict TAVI adverse
events. In this work, we make use of structural simulations to
compare the radial force of different commercial devices and to
evaluate the devices post-implantation performances when
implanted in idealized, and even calcified, aortic annuli. A
patient-specific investigation is also performed to predict TAVI
in a bicuspid aortic valve. The obtained results confirmed the
high potential of computer-based simulations to support clinical
decisions.
Keywords—TAVI, finite element analysis.

I

implantation into 21-23 mm native annuli diameters.
Each numerical simulation includes two steps: 1) crimping
of the stent into a rigid cylindrical surface achieved by
gradually reducing the radius of the cylinder in the radial
direction; 2) cylinder gradual re-expansion to allow stent selfexpansion to measure the forces produced by the stent on the
contact surface mimicking the native vessel. All simulations
have been performed using the finite element commercial
solver Abaqus/Explicit.

I. INTRODUCTION

n the last years, transcatheter aortic valve implantation
(TAVI) has become a feasible alternative for patients
affected by severe aortic valve stenosis who are not eligible
for open-heart surgery for valve replacement [1]. However,
there are still some complications related with TAVI (e.g.
paravalvular leakage, prosthesis migration, and aortic root
rupture) [2] which are difficult to be predicted a priori.
In this context, computational simulations could represent a
powerful tool [3] to obtain predictive information about the
behavior of the device during delivery and its post-operative
performance improving therefore surgeons’ decision making.
The research work will aim to investigate the behaviour
and the mechanical characteristics of different commercially
available devices and their performances when implanted in
both idealized and patient-specific aortic root models. The
whole study results from an on-going collaboration between
the Computational Mechanics and Advanced Material Group
of the University of Pavia and the Department of Clinical and
Interventional Cardiology of IRCCS Policlinico San Donato.

Fig.1: Reconstructed stent geometries: (a) CoreValve, (b) Portico, (c) Evolut
R, and (d) Acurate Neo.

B. Results
At each time instant, we computed the radial force as the
sum of the nodal reaction forces acting on the portion of the
cylinder which identifies the left ventricular outflow tract
(LVOT) in order to obtain the overall force response over
time. In Fig. 2 we plotted the radial force in comparison with
the changes of catheter diameter during crimping and reexpansion.
Focusing on the re-expansion curve, for annulus diameters
in range 21-23 mm (recommended implantation annulus), the
Evolut R exerted the greatest force, followed by CoreValve,
Acurate and Portico.

II. RADIAL FORCE ESTIMATION
A. Methods
Four different self-expandable devices are reconstructed
from micro-CT scans of real device samples (Fig. 1):
CoreValve size 26 (Medtronic, Minneapolis, MN, USA),
CoreValve Evolut R size 26, Portico size 25 (St.Jude
Medical, St. Paul, MN, USA), and Acurate Neo size 25
(Boston Scientific, Marlborough, MA, USA). A structured
mesh of hexahedral solid C3D8R elements in the Abaqus
library (Simulia, Dassault Systèmes, Providence, RI, USA) is
defined for each device model and NiTiNOL material
properties are considered according to the model proposed by
Auricchio et al. [4]. All the devices are recommended for
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Fig.2: Radial Force values vs cylinder diameters for the four different stents.
Black box highlights the re-expansion curves values in range 21-23 mm
(recommended implantation annulus).
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III. TAVI PERFORMANCES IN IDEALIZED ELLIPTIC ANNULI
Idealized aortic root models composed of three regions
(LVOT, Valsava sinuses VS, and ascending aorta AA) and
with three different LVOT eccentricities (ecc=1, 0.75, and
0.5) are modelled (see Fig. 3(a)). Moreover, three different
calcification spots are introduced (small, medium, and big as
depicted in Fig. 3(b)).

Medtronic Evolut R size 34 is reconstructed. Intra-operative
angiographic measurements are used to correctly position the
device inside the aortic root model. The numerical simulation
of TAVI involving stent crimping and stent self-expansion
inside the aortic root model is then performed using Abaqus
2017. In accordance with post-operative Doppler
examination, FEA outcomes showed moderate elliptical
expansion of the device which predicts risk of paravalvular
leakage formation.

Fig.4: Workflow of the computational framework to evaluate TAVI postprocedural outcomes.
Fig. 3: (a) idealized aortic root modes with three different degrees of
LVOT eccentricity; (b) idealized calcifications models.

These idealized aortic root models are used as initial
geometries for finite element simulation of TAVI to
quantitatively compare the performances of the four
commercially available devices (CoreValve, Portico, Evolut
R, and Acurate) represented in Fig.1.
Device performances are then measured in terms of:
• Stent-root interactions area;
• Von Mises stress distribution;
• Paravalvular leakage;
• Stent eccentricity.
IV. PATIENT-SPECIFIC FEA OF TAVI
While finite element analysis (FEA) of TAVI in idealized
aortic root models could be helpful to drive surgeons for the
optimal device selection in relationship with the degree of
annulus eccentricity and calcification, patient-specific
computational simulations based on pre-operative medical
images and should be performed during the pre-operative
planning to study complex clinical cases in order to predict
possible adverse events.
Bicuspid aortic valve (BAV) is the most common congenital
cardiac abnormality characterized by two abnormal leaflets
usually unequal in size. TAVI is now emerging as feasible
option to treat this population of patients, even if there are
still some concerns related to valve positioning and
expansion due to the asymmetrical nature of the leaflets and
the presence of calcifications [5].
In this work, we focus on a BAV patient who underwent
TAVI procedure at Policlinico San Donato. Following the
analysis framework already introduced in [6] (Fig.4), preoperative Computed Tomography images are used as starting
point to create a patient-specific model of the aortic root wall,
native leaflets, and calcifications. The geometrical model of a
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V.

CONCLUSIONS

The comparative evaluation of prosthetic devices and the
prediction of TAVI adverse outcomes in patient-specific
cases remain significant challenges that can improve device
selection and implantation outcomes.
On one side, following specific requests directly coming
from clinicians, we make use of computational simulations to
compare the characteristics of different commercial devices
in terms of radial response and to evaluate the devices postimplantation performances when implanted in idealized, and
even calcified, aortic annuli.
On the other side, we performed computer-based
simulations based on patient-specific geometries to obtain
predictive information about the behaviour of specific
devices in critical patients, as those suffering of BAV
pathology, with the aim of supporting interventional
cardiologists during pre-operative planning.
REFERENCES
[1]
[2]
[3]
[4]
[5]
[6]

M.B. Leon, C.R. Smith, M. Mack, D.C. Miller, J.W. Moses, et al,
Transcatheter aortic-valve implantation for aortic stenosis in patients
who cannot undergo surgery. N Engl J Med 2010, 363.17:1597- 1607.
S. Neragi-Miandoab, and R.E. Michler, A review of most relevant
complications of transcatheter aortic valve implantation. ISRN
cardiology, 2013.
P. Vy, V. Auffret, P. Badel, M. Rochette, H. Le Breton, et al, Review
of patient-specific simulations of transcatheter aortic valve
implantation. Int J Adv Eng Sci Appl Math 2016, 8.1: 2-24.
F. Auricchio, and R.L. Taylor, Shape-memory alloys: modelling and
numerical simulations of the finite-strain superelastic behavior.
CMAME 1997, 143.1-2: 175-194.
R. Das, and R. Puri. Transcatheter treatment of bicuspid aortic valve
disease: imaging and interventional considerations. Front Cardiovasc
Med 2018.
A. Finotello, S. Morganti, F. Auricchio, Finite element analysis of
TAVI: impact of native aortic root computational modeling strategies
on simulation outcomes. MEP 2017, 47: 2-12.

ESB-ITA Meeting 2019, 30 September – 1 October 2019, Bologna, Italy

1

In silico healthcare: first human simulations of
Cardioband® procedure for mitral regurgitation
E. Gasparotti1,2, E. Vignali1,2, E. Cerone3, S. Berti3, V. Positano1, L. Landini2, and S. Celi1
1

BioCardioLab, Bioengineering Unit, Heart Hospital, Fondazione Toscana Gabriele Monasterio, Massa, Italy;
2 Department of Information Engineering, University of Pisa, Pisa, Italy;
3 Adult Cardiology Unit, Heart Hospital, Fondazione Toscana Gabriele Monasterio, Massa, Italy;

annulus, ventricle and aortic root). Regarding the material
properties, different models have been adopted for the left
heart entities; the annulus ring, the left atrium and the aortic
root have been modelled with hyperelastic isotropic model [46], instead the anisotropic hyperelastic constitutive relations
have been used for the left ventricle [7]. The mesh model has
been constrained with fixed nodal displacements in the
interface areas between the right and the left ventricle. The
external loads are applied by the Cardioband® device at the
anchors. On the mesh model, each anchor is defined as a node
cloud obtained by a nodal spherical selection. The load
interactions have been defined by compatibility equations.
The behaviour of the Cardioband® device during the GW
cinching phase has been reproduced by the resolution of
equation system governing the physics of a simplified model
able to reproduce the interaction between the PS, the anchors
and the GW. These complex interactions have been simplified
by considering the GW as a 3D ideal cable with zero flexural
and torsional rigidity. The cable is also assumed as
inextensible and the external loads, applied by PS at the sewn
points, are assumed as point loads. Another feature of the
model is that the cable can slide through the sewn points during
the cinching phase. The PS has the function to link the anchor
to the GW. It is composed by a fabric able to transmit traction
loads only. For this reason, in the simulation, the PS is
considered as tie-rod structures connecting each anchor point
to the corresponding sewn point of GW (Fig. 1).

Abstract— The Mitral Valve (MV) regurgitation is a disease
produced by the dilatation of the MV annulus ring. In recent
years new techniques have been proposed to correct MV
regurgitation. Among these, the Cardioband® system (Edwards
Lifesciences, Irvine, USA) is a promising technique able to reduce
the MV regurgitation by using a transcatheter approach.
In this study we present an in-silico tool able to reproduce the
Cardioband® procedure. Our tool is based on the integration of
image processing and Finite Element (FE) Simulation. The
specific aim of this study is to evaluate the accuracy of the tool by
simulating the procedure of three different patients.
Keywords—Mitral valve, Cardioband®, Finite element
simulation, Annuloplasty.

M

I. INTRODUCTION

ITRAL valve regurgitation disease is one of the most
common heart valve pathology [1]. Cardioband® system
is a surgical-like direct annuloplasty adjustable device,
implanted via transcatheter on beating heart [2]. This
procedure consists by fixing the polyester sleeve (PS) of the
device around the mitral annulus through specific metal
anchors (about 12-17) and to contract the annulus by pulling a
guide-wire (GW) sewed on the PS. Due to the complexity of
the implant, this procedure requires skilled operators and an
accurate planning phase. Currently, the implant size (anchors
number) and the anchors position is defined on the base of the
CT dataset by analysing the site of access and the annulus
commissure to commissure length.
In this study, for the first time in literature, we have
developed an in-silico tool to fully reproduce the Cardioband®
procedure starting from conventional medical images and the
FE simulations. The accuracy of the tool has been evaluated
via simulation of the procedure performed on three different
patients underwent to Cardioband® procedure.
II. MATERIAL AND METHODS

Fig. 1. Cardioband® simplification scheme (a), Cardioband® and left heart
models (b)

The patients’ stereolithographic geometries (left atrium,
mitral annulus, left ventricle and aortic root) have been
obtained by the segmentation of the 3D CT pre-procedural
datasets at maximal diastolic opening of the valve. From the
stereolithographic entities, the patients’ CAD models have
been made using SpaceClaim® software (ANSYS,
Canonsburg) by a specific NURBS fitting operations.
The biomechanical behaviour of the left heart during the
Cardioband® procedure has been reproduced by the resolution
of finite element equations of left heart mesh model obtained
by the CAD model, meshed using 3D thick shell elements
(Triangular 3-node 18 DOF [3]) with different thickness and
material properties depending on the meshed domains (atrium,

A Matlab® routine has been developed to solve iteratively
the equation system composed by the Cardioband®, FE and
compatibility equations governing the Cardioband® device,
the heart structure’s behaviour, and their interaction during the
cinching phase respectively. Three different patients have been
simulated. To evaluate the accuracy of the developed routine
the initial anchor positions have been selected by the
registration between the 3D mesh of the left heart model and
the 2D anchors’ projection, visible in the pre-cinching 2D Xray Angiographic (XA) images. A similar registration process
of the 2D XA projection of radiopaque markers has been used
to select the sewn points. Finally, the resulting anchors and
sewn point positions have been compared with the
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corresponding ones found in the post procedure 2D XA
images.

Moreover, the results of FE simulations allow to evaluate
the influence of the device procedure on the left heart
chambers and vessels (Fig. 4). For all cases it is possible to
observe a left atrium displacement along the anterior direction
(maximum value: 20 mm) and a left ventricle compressive
displacement (maximum value: 10 mm). The left ventricle
apex does not undergo to any displacements as well as the
aortic root.

III. RESULTS
An example of pre-procedure registration (a), anchor-sewn
selection (b) and post-procedure comparison (c) for a patient’s
case analysed are depicted in Fig. 2. As regards the postprocedure, is it possible to observe a good overlapping
between the patient’s clinical procedure and the corresponding
simulation in terms of the anchor positions and wire curves.

Fig. 2. Pre-procedure registration (a), anchor-sewn selection (b) and postprocedure comparison (c)

Table 1 summarizes the assessment of the accuracy by
showing for each case, the position error has been evaluated as
the absolute distance between the simulated and actual final
position of the anchor and the sewn points. These values are
reported as the average ± the standard deviation. The average
value error is less than 2 mm both anchor and sewn positions.

Fig. 4. Left heart displacements

IV. CONCLUSIONS
The work presented here confirms that the FE routine of the
Cardioband® procedure can reproduce 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 sewn
positions, is mainly affected by the intrinsic errors of the
segmentation and by the identification of the anchors in the
XA projection. The variability of the cases’ outcomes
confirms that the Cardioband® device capability to reduce the
MV regurgitation is highly dependent on the patient’s
geometries, on anchors’ positions and on anchors’ number.
The routine permits to foresee the procedure outcomes in terms
of annulus shape, anchor reaction forces and geometrical
displacements; it gives the possibility to better understand the
influence of the anchors position on the final annulus shape to
increase the device effectiveness in the reduction of mitral
regurgitation during a pre-planning phase in a clinical
environment.

TABLE I
ERROR ESTIMATION FOR THE VALIDATION
Position error

#1

#2

#3

Anchors

1.6 ± 0.9 mm

1.9 ± 1.3 mm

1.8 ± 0.6 mm

Sewn points

1.9 ± 0.7 mm

1.7 ± 0.9 mm

1.9 ± 1.1 mm

The annulus shape analysis for each patient simulation
allows to estimate the reduction of transvalvular area (between
12% and 24%), the reduction of trigone to trigone distance
(between 9% and 18%) and reduction of posterior-anterior
annulus distance (between 5% and 10%) obtained by the
cinching phase of the Cardioband® procedure.
TABLE II
ANNULUS PARAMETERS
Parameter

#1

#2

#3

Area reduction

12%

24%

16%

18%

12%

9%

[1]

7%

10%

5*%

[2]

Trigone to Trigone
distance reduction
Posterior to Anterior
distance reduction
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Abstract— Arterial hemodynamics is markedly characterized
by the presence of helical flow (HF) patterns, whose physiological
significance has been investigated in recent years, in particular
with respect to the atheroprotective role played by specific HF
structures. However, a gap in knowledge still exist on the
significance of HF in coronary arteries, a prominent site of
atherosclerotic plaque formation.
The aim of this study is to carry out, in a representative sample
of 15 swine coronary arteries, a systematic analysis of HF and
wall thickness using computational fluid dynamics and
intravascular ultrasound imaging. In detail, here we investigate
possible associations of HF with (1) atherogenic wall shear stress
(WSS) phenotypes, and (2) atherosclerotic plaque progression (in
a follow up study). Our findings demonstrate for the first time
that: (1) HF naturally characterizes coronary hemodynamics; (2)
unfavourable conditions of WSS are strongly inversely associated
with helicity intensity; (3) HF intensity protects against
atherosclerotic plaque growth.
Keywords—atherosclerosis, WSS, helical flow, plaque growth.

Hemodynamic descriptors
Three descriptors of low/oscillatory WSS, i.e. time-averaged
WSS (TAWSS), oscillatory shear index (OSI), and relative
residence time (RRT) were computed (Table I). Additionally,
the following two descriptors quantifying WSS
multidirectionality were considered (Table I): transverse WSS
(transWSS), representing the time-averaged WSS component
orthogonal to the cicle-averaged direction of WSS vector [5],
and its normalized counterpart cross-flow index (CFI). Data
from all cases were combined to define objective thresholds
for ‘disturbed flow’: the upper (lower) 33th percentile was
identified for OSI, RRT, transWSS and CFI (TAWSS) [6]. For
each model, the percentage of luminal area exposed to
TAWSS values lower (higher for the other descriptors) than
the defined thresholds was quantified and respectively labeled
as TAWSS33, OSI66, RRT66, transWSS66, and CFI66.

I. INTRODUCTION

TABLE I
NEAR-WALL AND INTRAVASCULAR HEMODYNAMIC DESCRIPTORS
1
|𝐖𝐒𝐒| 𝑑𝑡
TAWSS
TAWSS =
𝑇

I

T has been suggested that HF (1) protects from
atherosclerosis by mitigating flow disturbances in human
arteries [1], and (2) an inverse association with atherosclerosis
at the early stage has been observed [2]. Challenged by the
physiological significance of HF in the arterial system, here
we investigate for the first time, the existence of a link between
HF and disturbed shear, and HF and wall thickness (WT) in a
follow up study, in a representative sample of swine-specific
computational models of coronary arteries. The ultimate goal
is exploring the significance of HF in coronary artery and its
potency in predicting plaque growth.

OSI

OSI = 0.5 1 −

RRT

RRT =

transWSS

CFI

II. MATERIALS AND METHODS
Five adult hypercholesterolemic pigs were put on a high fat
diet and underwent computed tomography (CT) angiography
and intravascular ultrasound (IVUS) imaging of the three main
coronary arteries at two time points (baseline - after 3 months
since start of the diet; T2 - after 9.4±1.9 months). The lumen
geometry of 15 imaged coronary arteries (5 left anterior
descending - LAD, 5 left circumflex - LCX, and 5 right
coronary arteries - RCA) was reconstructed at baseline [3].
Transient computational fluid dynamics simulations were
performed by using the finite volume method. Blood was
modelled as non-Newtonian Carreau fluid. Personalized
inflow and outflow boundary conditions were derived from
Doppler flow velocity measurements by applying the scaling
law proposed elsewhere [4].

h2

ℎ =

∫ |𝐖𝐒𝐒| 𝑑𝑡

1
1
𝐖𝐒𝐒 𝑑𝑡
∫
𝑇

transWSS =

CFI =

∫ 𝐖𝐒𝐒 𝑑𝑡

1
𝑇

1
𝑇𝑉

1
𝑇

𝐖𝐒𝐒 ∙ 𝐧 ×

∫ 𝐖𝐒𝐒 𝑑𝑡

𝑑𝑡

∫ 𝐖𝐒𝐒 𝑑𝑡

∫ 𝐖𝐒𝐒 𝑑𝑡
𝐖𝐒𝐒
∙ 𝐧×
|𝐖𝐒𝐒|
∫ 𝐖𝐒𝐒 𝑑𝑡

𝑑𝑡

|𝐯 ⋅ 𝛚| 𝑑𝑉 𝑑𝑡

𝒗∙ 𝝎
= 𝑐𝑜𝑠𝛾
|𝒗| ∙ |𝝎|
WSS is the WSS vector; T is the period of the cardiac cycle; V is the model
volume; n is the unit vector normal to the arterial surface at each element; v is
the velocity vector; ω is the vorticity vector.
LNH

LNH =

Intravascular hemodynamics was investigated in terms of
cycle-average helicity intensity (h2, Table I) [2]. Additionally,
local normalized helicity (LNH) was used to visualize
intravascular HF structures (Table I) [1].
Wall thickness vs. helicity analysis
The analysis was focused on the IVUS imaged arterial
segments, because of the higher accuracy in WT measurement.
Each IVUS imaged arterial segment was divided into 3mm/45°
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percentile) identified for OSI (0.002), CFI (0.066) and
transWSS (0.039 Pa) are very low, suggesting that WSS
multidirectionality is not a feature marking out local
hemodynamics in the 15 investigated coronary arteries.
From the analysis of WT at T2, it emerged that a low plaque
growth per month was associated with high baseline levels of
TAWSS and near-wall h2 (Fig. 2). No significant associations
emerged among plaque growth per month values and h2 values
integrated over the whole lumen of the vessel.

sector. h2 in the whole volume and in the near-wall region
(outer 10% of the local radius) was cycle- and volumeaveraged over each 3mm/45° sector. WT was evaluated by
subtracting the distance from the lumen centre of the outer and
inner (segmented) wall boundaries. The mean values of the
difference between T2 and baseline WT measurements was
evaluated for each sector and normalized to follow-up time
(ΔWT/month). Helicity data were divided into artery-specific
tertiles (low, mid and high) to perform a statistical analysis
using a linear mixed effects model. Significance was assumed
for p < 0.05.
III. RESULTS
HF patterns were visualized using cycle-average LNH
isosurfaces (Fig. 1). Notably, all 15 coronary artery models
presented two distinguishable counter-rotating HF structures
distributed all along the length of the artery, although with
different intensity. No marked difference among coronary
artery types was observed.

Figure 2. TAWSS, h2 and near-wall h2 vs. estimated plaque growth.

IV. CONCLUSION
Results from this study suggest that: (1) counter-rotating HF
patterns naturally develop in coronary arteries and are
negatively associated with descriptors of disturbed shear
stress, suggesting a beneficial, atheroprotective role for HF in
coronary arteries; (2) helicity intensity (h2) is protective
against WT and candidates as a potential biomechanical
predictor of atherosclerotic plaque growth.
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Abstract — The combination of musculoskeletal and finite
element modeling is a new and promising strategy in the field of
computational biomechanics; however, its application to wear
problems is still rare in the literature and some crucial issues
remain unsolved. This study aims at discussing a critical aspect
that has never been investigated before: the effect of the
musculoskeletal modeling choice on the contact pressure and
wear estimations in total knee replacements.
Three different generic musculoskeletal models were used to
simulate a gait task of a patient with an instrumented knee
prosthesis and to provide the boundary conditions to the three
dimensional finite element wear models of the knee implant.
Results showed that the relative percent range estimated for
the total wear volume obtained using different boundary
conditions was about 10%. The definition of the musculoskeletal
model thus proved to be a fundamental and critical step in the
combined modeling approach since it significantly affects the
contact mechanics and wear prediction.
Keywords — musculoskeletal modelling, finite element
ϴ
ϴ
analysis, wear predictions

I. INTRODUCTION
Wear damage is one of the main causes of failure of joint
replacements. Wear evaluation through laboratory tests is
usually based on simplified loading and kinematic conditions
(e.g. ISO 14243). Thus, numerical approaches are often
considered to investigate wear behavior in operating
conditions. A recent and promising approach to predict the
damaging process of total knee replacements (TKRs) during
their service life is based on the combination of
musculoskeletal (MSK) and finite element (FE) models [1].
FE analysis is a powerful tool to simulate contact
mechanics and wear, while the MSK modeling technique can
be used to estimate in vivo joint kinematics and loads during
specific tasks. The main idea of the MSK FEM approach is
that, by using the outputs of the MSK simulations as input
conditions for the FE model, it is possible to obtain more
realistic patient-specific wear predictions.
However, this novel approach is only marginally
investigated in the literature and much remains to be
understood and improved. One of the most critical aspects
concerns the definition of the MSK model: to the author’s
best knowledge, there are no studies in the literature that
investigate the effect of different boundary conditions on the
TKR contact pressures and wear estimation. This work aims
at filling this gap and represents a step for a more in deep
understanding of the combined modeling approach.

Fig.1. Three TKR FE wear models were developed using
simplified boundary conditions (BCs) obtained from three
different generic MSK models [2-4] implemented in
OpenSim [6] that mainly differ in the kinematic definition of
the tibiofemoral joint and in the muscle model
implementation. A gait task of a patient with an instrumented
knee prosthesis was simulated for this study [6]. The FE
analyses were performed in Ansys® MAPDL using its recent
wear routine. The three dimensional reconstruction of the
knee implant was obtained using some basic modeling
features implemented in the software Solidworks®. SOLID
285, CONTA173 and TARGE170 elements were used for the
mesh with a maximum element size of 6 mm and 2 mm far
ϴ
ϴ
ϴ the contact
ϴ
from
and
at theϴ contactϴ surfaces
respectively. In
order to reduce the computational cost of the simulations, the
wear submodeling technique was also adopted [7].
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Fig. 1 General workflow used for the study: simplified BCs for the FE
contact and wear analysis obtained from the outputs of the three different
OpenSim MSK simulations.

III. RESULTS AND CONCLUSIONS
Results showed that the developed TKR FE models can
predict wear of the polyethylene tibial insert with a good
level of accuracy compared to the values found in the
literature [1]. The relative percent range estimated for the
total wear volume obtained using different boundary
conditions was about 10%. This demonstrated that choosing a

II. MATERIALS AND METHODS
The general workflow used in this study is shown in
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MSK model is a crucial step in the combined MSK FE
approach since it affects the contact mechanics and wear
prediction. The wear submodeling routine recently developed
by the authors also proved to be an efficient, easy and time
saving method that can be applied to TKR FE wear
simulations.
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Abstract — The present study investigates two different insert
designs for total knee arthroplasty. A multibody model of the
lower limb was created including the prosthetic knee derived
from the two alternative insert geometries. For each resulting
model, dynamics and kinematics behaviours were evaluated
during a squat movement task. Successively, computed articular
forces were took as loading conditions for two respective finite
element models aimed to compare strain and stress distribution
in the proximal tibial bone.
Keywords — multibody, FEM, TKA, insert design.

B. Combined simulation approach
A combined computational approach was used to exploit the
advantages of both multibody (MB) and finite element (FE)
methods. As well known, the classic MB analysis allows to
perform dynamic and kinematic analyses with reduced
computational times, at the cost of not considering the
flexibility of the bodies involved. Vice versa, FE investigates
flexible bodies, providing information on their deformation
and tensional state, with the drawback of being
computationally expensive. Aiming to predict the mechanical
solicitations of the tibial proximal bone caused by different
insert designs, in this work the two approaches were combined
using the preliminary results obtained from MB simulations as
reliable loading conditions for FE simulations.

I. INTRODUCTION

T

HE total knee arthroplasty (TKA) represents a surgical
solution for degenerative processes that affect the
functional integrity of the articular cartilage. Nowadays, TKA
is considered as a successful procedure, although about 20%
of patients report dissatisfaction after surgery [1]. Generally,
TKA implants are composed of a femoral component, a tibial
component and a polyethylene insert acting as an articular
cartilage surrogate (Fig. 1a). To date, several configurations of
TKA implants are available whose designs came from clinical
and biomechanical considerations. In particular, in the last two
decades, research activities led to the development of
increasingly sophisticated geometries including the so-called
medial-pivot design, which aims to mimic the physiological
internal/external tibial rotation that occurs during the knee
flexion.
The present work focuses on the insert design and compares
two different insert geometries, namely, the ultra-congruent
(UC) and the medial-pivot (MP). Specifically, joint kinematics
and dynamics were evaluated for each insert. Furthermore,
stress distributions at the proximal tibial bone were
investigated since these are important determinants for the
implant success prediction.
II. MATERIALS AND METHODS
A. Prosthesis designs
The two considered knee implants are characterized by
identical femoral and tibial components, but fixed-bearing
inserts with different geometries. The MP insert (Fig. 1b) is
characterized by a reduced lateral congruence with respect to
the medial one. The purpose of this asymmetry is to replicate
the physiological tibiofemoral kinematics that involves the
tibial internal rotation during knee flexion. Conversely, the
UC insert (Fig. 1c) guarantees a high congruence between
femoral and tibial articular surfaces having a symmetric shape
with respect to the sagittal plane.

Figure 1. (a) Multibody model of the lower limb that shows the implant
components with the insert geometry in red; (b) medial-pivot insert
design; (c) ultra-congruent insert design.

C. MB models
The MB model of a prosthesized lower limb was created
assembling standard femur, tibia and patella geometries
(Sawbones, Malmoe, Sweden) with the TKA implant (Fig. 1a).
To measure the contact forces distribution on the inserts
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surfaces, inserts geometries were discretized into hexahedral
elements (with 3x3 mm cross-sectional area) using a purposemade macro [2]. The collateral ligaments and the patella
ligaments bundles were implemented as single vector forces
[3] and preliminary simulations of the knee during a passive
flexion movement were iteratively performed in order to
optimize the ligament balancing and the knee kinematics [4],
[5]. The so optimized model was completed by adding the
quadriceps action force [], which was modelled by means of a
PID controller, and a squat movement task was implemented,
considering a body mass portion equal to 40 kg applied on the
femur head. During squat, the tibial internal rotation with
respect to the femur condylar axis was measured considering
both the UC and the MP inserts. Moreover, the local contact
forces versus knee flexion degree were monitored, thus
obtaining the input loads for the subsequent FE analyses.

The normal force distributions acting on the tibial
component (Fig. 2) highlight that the UC geometry causes
forces concentration if compared to the MP geometry,
probably due to the specific insert curvatures in the medial and
lateral insert compartments.
B. FE simulations results
Figure 3 shows the Von Mises stress distributions on the
cortical and cancellous bone surfaces wen the UC and the MP
inserts are used. As expected, given the conformation of the
applied loads, the stress suffered by the bone is higher in the
case of a UC insert. Moreover, the stress under both inserts
grows as the flexion increases, essentially due to the increasing
action of the quadriceps muscle.

D. FE models
The tibia and the tibial component geometries of the TKA
used in the MB environment were meshed obtaining 938920
tetra elements. Cortical bone, cancellous bone and tibial
component materials were simulated as linear isotropic (elastic
moduli equal to 17 MPa, 10.4 MPa and 102 MPa,
respectively). On the tibial component surface, a 3x3 mm grid
was drawn to match the MB discretization and, for each
square, an rbe3 element was created, connected to a master
(dependent) node, for loads application. The loads obtained at
10, 20 and 30 degrees of knee flexion for the two analysed
inserts was imposed, while the distal region of the tibia was
completely constrained. The Von Mises stress distributions on
the upper surface of the cortical and cancellous bone were
finally computed and compared.
III. RESULTS AND DISCUSSION
A. MB simulations results
Kinematics results derived from MB simulations showed
ranges of internal tibial rotation equal to 3.4° and 4.2° for the
UC inset and the MP insert, respectively. As concerning
dynamics results, no significant differences between UC and
MP inserts were observed in total normal forces measured on
the tibial component. In particular, for both inserts, a
maximum value of about 2920 N were reached at 90° flexion.
In detail, medial and lateral normal forces increase during the
knee flexion from 409 N up to 1436 N and from 292 N up to
1482, respectively.

Figure 3. Distributions of the Von Mises stress on the bone surface, for
both insert designs at 10°, 20° and 30° of flexion.

IV. CONCLUSION
The here presented work shows the potential of a combined
MB-FE approach for the study of TKA. The preliminary
acquisition of reasonable loads in the MB environment allows
for a realistic investigation of the device performance,
essential for its optimization.
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cervical pains;
stiffness of the bachelor-humeral track and dorsal
rigidity;
tingling and numbness of the upper limbs;
with the passing of the years to these pains of origin
neuropathic and musculoskeletal can be add other
issues such as difficulties gastrointestinal and
respiratory.
The text neck scholars, to relieve stress due to posture (3),
suggest simple changes in lifestyle. Among the many tips, it is
suggested (a) to keep the devices in front of the face or at eye
level while watching the display and use both hands and two
thumbs to create a more symmetrical and comfortable position
for the spine. They are also recommended (b) by stretching
exercises and other basic physical exercises that help posture.
Tablets and in particular smartphones are equipped with a very
complex and heterogeneous sensor system, among the
different types of sensors we highlight those of motion such as
accelerometers and gyroscopes used by applications for the
analysis of movement (walking, running, step count) and the
two cameras (front and back). By means of the accelerometer
[12-15] sensitive to gravity acceleration, for example, it is
possible to have a measurement of the angle of the smartphone
with respect to the terrestrial vertical; it is this sensor that in
fact is used for the " display rotation" function, when you rotate
the smartphone from vertical to horizontal. The general idea is
to use the smartphone itself, as "a tutor who protects us from
the text neck", stinging us in holding the phone in front of the
face and advising us, for example, on exercises based on time.
Some examples of these types of applications, for example
available on Google Play (the store for Android and one of the
most used stores) are:

Abstract—The abuse of the smartphone technology is today
causing a new syndrome, called the text neck. This syndrome
damages the neuro-musculoskeletal apparatus. It is recorded in
subjects of different ages and in particular among young people.
Several Apps for the self-care in the text neck prevention has
been proposed. These Apps returns a biofeedback on correct
/incorrect posture. An instrumental device based on inertial
measurement units (IMU)s has been proposed for the assessment
of these Apps. It has been usually investigated on a first App and
a first sample of young subjects.
Keywords—text neck, inertial measurement unit,smartphone.

I. INTRODUCTION

T

he text neck is a definition used in these recent years to
describe repeated stress injuries and neck pain resulting
from excessive visionor from texting (typing) on devices
Mobile [1,2] used for an excessive period of time, coined for
the first time by Dean L. Fishman [3].This definition is now
more commonly used than the other of turtle necks [3]
probably because the before it is directly related to texting
activities in the smartphone, and among the various activities,
is what has been shown to be more involved in risk postural to
others, such as web browsing [4].
The main cause of this syndrome is the maintenance of the
neck tilted for too long during use of the smartphone, with
angles between 15 ° and 60 °[3, 4]. The negative effect of the
inclination on the cervical vertebrae was already known well
before the boom of the smartphone [5] and had been shown as
the angulation of the neck was related to excessive stress on
the cervical vertebrae. Subsequently, in full "smartphone age",
has been demonstrated, through the use of finite element
calculation software, that this syndrome can be associated with
an increase in load at the level of the cervical vertebrae, as the
angle of the neck increases, it goes from a tension of 49 N at
0 degrees of inclination up to 267 N at 60 degrees inclination
[6]. In a recent Editorial [7] it is launched so clear an alarm
related to this syndrome after having found, in many rather
young, various patients disturbances related to the use of the
smartphone, from the simple neck pain up to the herniated
disc. And it is precisely the young age that worries scholars for
the column vertebral in the process of formation [3] and for the
particular attraction to these technologies from a young age [8,
9]. Concern that has been endorsed by two others important
studies cited in the Alarm Editorial [7], which demonstrated
on a large population of young people the correlation between
text neck symptomatology and use of texting in the
smartphone [10] and the correlation between smartphone use
with incorrect posture and the presence of symptoms [11].
The text neck can give rise to various symptoms, among the
which [3]:
frequent headaches;

• Text Neck indicator.
• HeadUp - Protect your neck!.
• Text Neck

II. PROTOCOL AND RESULTS
A. The idea
The general idea was to design a tool for the assessment of
the neck angular improvement while using smartphones Apps
with biofeedback embedded acting as a tutor to prevent the text
neck.
The tool was based on IMUs with accelerometers and a
properly designed protocol based on the activity with the
smartphone.
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aspects of prevention and in particular how the smartphone
itself, thanks to the sensors it is supplied with, can function as
a kind of therapist to prevent it. A App for the self-care in the
text neck prevention was successfully investigated in terms of
effectiveness using a properly designed protocol and device.
The study will follow in different directions. The first
immediate direction is the evaluation on a first wide group of
subjects. Wearable instruments based on IMUs [12] will be
used to monitor the kinematics of the body-segments (not only
the head) with different postures and motor tasks while using
the smartphone. The second subsequent direction will be to
focus to the integration to the health care process, in order to
provide useful data for the medical knowledge.

B. The device
The device used to validate the App was based on an Inertial
Measurement Unit with accelerometers [12]. It consists on two
components. The first component is arranged in a helmet in
order to monitor in nautical angles the head-pitch and headroll. The second component has been designed to be affixed in
the back to monitor the back angles and to finally provide
information useful to detect the relative neck-back angle.
Figure 1 shows the helmet

Junction
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Figure 1 – The helmet with the IMU

C. The protocol
We focused to the App “Head up protect your neck”.
Fifteen young healthy subjects (max age 22, min age 15,
mean age 17.3) were monitored while using 1 hour the
smartphone while sitting on an ergonomic chair assuring a
vertical back position in two conditions:
C1) Without the App for text neck activated.
C2) With the App for the text neck activated.
Each trial associated to each condition was repeated 5 times
in different days.
The timing of the system was aligned with the time of the
smartphone; the screen lock was settled to 0s to don’t allow
pauses. The only instruction was to use the smartphone in
texting activity (the more critical according [6]) as chatting in
the social-networks. The use of the ergonomic chair avoided
the use of the second component of the device.
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specificity of about 63% and demonstrating that about 39%
of prophylactic surgical treatments were unnecessary. These
contributions demonstrate the potential of using CT-based FE
modeling for the determination of a fracture risk index for
metastatic femurs in clinical practice. Although FEA can
provide superior specificity compared to the current available
clinical standards, an open issue still remains, i.e., to what
extent a specific constitutive description of metastasis lesions
is necessary to improve the understanding of failure
mechanisms of femurs with metastatic lesions. This aspect
arises from the well-established evidence that the tumor
mechanical microenvironment is different from that of a
normal tissue [9] and it is characterized by accumulation of
solid stress and elevation of interstitial fluid pressure [10].
The presence of a metastasis may induce a degradation of the
material properties in the bone adjacent to metastasis and
mechanical forces exerted by metastasis and the high fluid
pressure may deform the surrounding normal tissue. As such,
the deformations induced by metastasis could affect the
overall femoral mechanical response and the corresponding
fracture mechanisms. Recently, an attempt of integrating a
refined description of metastasis into CT-based FE modeling
strategy of femur was performed by Falcinelli et al. [11].
There, a novel geometric/constitutive description was
introduced by modeling healthy bone and metastases via a
linearly poroelastic constitutive approach and prescribing a
graded transition of material properties between healthy and
metastatic tissues to account for the bone-metastasis
interaction. The authors showed the ability of the proposed
constitutive description to capture stress/strain localizations
within the metastatic tissue, revealing the model capability in
describing possible strain-induced mechano-biological
stimuli driving onset and evolution of the lesion. However,
that work was limited to one clinical case.
As such, this work aims to integrate a specific constitutive
description of metastasis into CT-based FE modeling and to
investigate to what extent that description can influence the
mechanical response of metastatic femurs.

Abstract—Advanced constitutive models of bone metastasis,
based on CT-based FE modelling, impact the macro-scale
femoral mechanical response highlighting local strain
accumulations connected to the lesion evolution. The proposed
approach may improve the femur failure prediction, allowing
the development of an accurate fracture risk indicator for
metastatic femurs to be used in clinical practice.
Keywords—Femur computational modelling, metastatic
femurs, femur mechanics, metastasis description.

I. INTRODUCTION

M

femurs are characterized by a significant
loss of mechanical integrity due to the presence of
altered tissue and thus by an increased fracture risk. As such,
the assessment of fracture risk is crucial to decide on the need
of a prophylactic surgery or radiation therapy [1]. Currently,
in clinical practice the fracture risk is mainly assessed by the
orthopedic oncologist that sometimes refer to clinical score
systems as the Mirels scoring system, which is of low
specificity [2-3]. As a result, the fracture risk assessment is
still a challenging task for clinicians.
Femur strength, microstructure, biomechanical environment
and physiological loads are some of the factors that affect the
fracture risk assessment and should be accounted for to
obtain a comprehensive understanding of bone failure
mechanisms and thus for developing an accurate fracture risk
indicator. Computed Tomography (CT)-based finite element
(FE) models of femurs, allow to account for personalized
mechanical fracture determinants, were widely developed and
validated by experimental measurements [4-5]. Recently, CTbased FE models were applied to clinical cases (in case of
osteoporotic or metastatic femurs) to investigate possible
improvements in fracture risk assessment over the available
clinical standards (e.g., bone mineral density, Mirels scoring
system) [6].
In the framework of metastatic femurs, a first attempt of
clinical application of CT-based FE modeling was performed
by Goodheart et al. [7] demonstrating superiority of this
technique over Mirels scoring system in identifying
impending fractures. A further retrospective clinical trial on
the use of FE methods to assess the likelihood of an
impending fracture in this context was reported in Sternheim
et al. [8]. The authors used a validated CT-based FE approach
on a retrospective cohort of fifty patients with metastatic
tumors localized to their femurs. Considering the ratio
between the absolute maximum principal strain in the
proximity of the tumor and the typical median strain in a
healthy bone region, a threshold level was introduced to
predict the pathological femoral fracture, indicating
ETASTATIC

II. MATERIAL AND METHODS
A. Patient
Femoral CT images of a patient with metastatic lesions
were obtained. The patient is a 54 years old female weighting
67 kg and a height of 163 cm with an adenocarcinoma
intrauterine metastatic lesion at her left femur located at the
middle shaft with an estimated Mirels score of 8. The right
femur was considered healthy (no evidence of a lesions). The
patient experienced a fracture within 3 weeks after the CT
scan at the tumor location.
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B. CT-based FE modelling
The femoral geometries have been reconstructed by
segmenting the CT images (ITK-Snap software). The
segmented bone geometries were discretized by second-order
displacements-based tetrahedral elements. In terms of
constitutive description, left and right femurs were first
modelled through an inhomogeneous isotropic linearly elastic
constitutive prescription (EL model). In this case, the
constitutive equation was characterized by an elasticity tensor
dependent on only two parameters, i.e. Young„s modulus (E)
and the Poisson‟s coefficient (ν). The heterogeneous E
distribution was derived from the CT images by interpolating
the Hounsfield Unit value of each CT voxel, whereas an
homogeneous Poisson‟s ratio of 0.3 was assumed. In
addition, an inhomogeneous isotropic poroelastic approach
based on the Biot theory (IB model) was employed only for
the metastatic femur. In this case femur and metastasis were
modeled using a poroelastic model for which the constitutive
equation was characterized by an elasticity tensor that
coupled specific material parameters of metastasis (E les and
νles ) to CT-based bone material information (E and ν). Such a
coupling was obtained using metastasis geometry-based 3D
shape functions that allowed to enforce different continuity
degrees in terms of material properties in the transition region
between healthy and metastatic tissues.

localizations with respect to the EL (see Fig. 2).

C. FE analyses
In all analyzed cases, a progressive damage procedure was
implemented to simulate a loading-induced failure process,
using a maximum principal strain failure criterion. The
results were analyzed in terms of fracture load and failure
mechanisms, as well as in terms strain localizations coupled
with the pathological environment. The FE modeling and the
FE analyses were performed by home-made codes
implemented in Matlab and coupled with the FE solver
within the Comsol Multiphysics environment.

[1]

Fig 2: Second deviatoric strain invariant in the metastatic region for the left
femur using the EL and IB models

IV. CONCLUSION
A refined constitutive description of the metastatic tissue
integrated into CT-based FE modelling seems to impact the
macro-scale behaviour of metastatic femurs. In particular, the
proposed strategy seems to be more predictable in terms of
fracture location and to be able to detect strain localization
mechanisms strictly related to mechanobiological stimuli
driving onset and evolution of the lesion. The analysis of a
larger cohort also supported by experimental measurements
will be performed to justify the integration of a such
description in the CT-based FE modelling strategy.
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III. RESULTS
Notable differences in fracture load between healthy and
metastatic femurs were obtained, comparing the EL model of
right femur versus the EL model of left femur (12%). This
difference increased when the IB model was employed for
metastatic femur (17%). For both healthy and metastatic
femurs, the EL model predicted a failure occurrence in the
subcapital region. Conversely, the IB model has shown a
fracture mechanisms that occurred at the tumor location in
according to the X-ray following the fracture (see Fig.1).

Fig 1: Radiograph after the pathological fracture

Moreover, in the femur with the metastatic lesion the IB
model seemed to be able to capture more notable strain
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ovariectomy and treated with parathyroid hormone) were
collected. Each tibia was microCT scanned (VivaCT80,
Scanco Medical; 55kVp, 145μA, 10.4μm voxel size, 100ms
integration time, no frame averaging) and subsequently
mechanically tested in uniaxial compression. Ten
preconditioning cycles were performed at 0.042Hz between
1N and 4N. Afterwards, the tibia was loaded until failure at
0.03mm/s [6] to measure stiffness and strength.
Three microFE models were generated for each tibia:
hexahedral mesh with homogeneous material properties,
tetrahedral mesh with homogeneous material properties,
hexahedral mesh with heterogeneous material properties. The
bone volume was defined from each microCT image by
applying a single level threshold. The bone volume was
meshed using either 8-noded hexahedral elements (element
size = 10.4μm) or 10-noded tetrahedral elements (maximum
element size = 50μm). Homogeneous linear elastic material
properties were defined as E=14.8GPa and ν=0.3 [2].
Heterogeneous material properties were defined based on the
microCT grey levels. A calibration law was applied to convert
grey levels into tissue mineral density (TMD). Subsequently,
a linear relationship was applied to convert TMD into Young's
modulus (adapted from [7]). A displacement of 1mm was
applied at the distal end. Stiffness was calculated as the
reaction force at the proximal end divided by the applied
displacement. Strength was estimated by assuming that the
tibia fails when 2% of the nodes reach a critical strain of either
-10300 με in compression or 8000με in tension [8].

Abstract—The mouse tibia is a common site to investigate bone
interventions preclinically. Micro-Computed Tomography
(microCT) based micro-Finite Element (microFE) models can
predict the bone mechanical properties non-invasively, but their
outputs need to be validated against experimental data. The aim
of this study was to validate both the structural mechanical
properties and the local displacements predicted by microFE
models in compression. Twenty tibiae were tested in uniaxial
compression in order to measure stiffness and strength. Six tibiae
were tested in stepwise compression in order to measure the local
displacements over the tibia volume using the Digital Volume
Correlation (DVC) technique. Three different modelling
techniques were compared (hexahedral or tetrahedral mesh,
homogeneous or heterogeneous material properties). The results
show that simple and efficient hexahedral homogeneous linear
elastic models provided good predictions of both structural and
local mechanical properties.
Keywords—MicroCT, microFE, mouse tibia, validation.

I. INTRODUCTION
Analyses of mouse bone properties are important for studying
bone remodelling and the effect of treatments preclinically. In
vivo micro-Computed Tomography (microCT) based microFinite Element (microFE) models can be used for predicting
the bone mechanical properties non-invasively [1]. Also,
microFE models can predict local displacements and strain
distributions, which can be related to the observed bone
changes over time [2]. Different approaches have been used
for generating microFE models of the mouse tibia, including
hexahedral [1] or tetrahedral [3] meshes, homogeneous [1] or
heterogeneous [3] material properties. However, until now the
validation of these models against experimental data is limited
and the prediction accuracy associated with each technique is
unknown. The experimental data for the models validation has
been obtained using either strain gauge measurements [3],
which may alter the local mechanical properties of the tibia, or
Digital Image Correlation (DIC) [4], which provides surface
measurements only. Therefore, a comprehensive validation of
microFE models of the mouse tibia is needed.
In this study, we evaluated the ability of different modelling
techniques to estimate the structural mechanical properties of
the tibia (stiffness and strength) under compressive load.
Additionally, we validated the model predictions of local
displacements using the Digital Volume Correlation (DVC)
approach, which can provide measurements of the three
dimensional internal deformation of bone specimens [5].

B. Validation of local displacements
Six mouse tibiae were stepwise compressed within a microCT
system. MicroCT images were acquired (VivaCT80, Scanco
Medical; 55kVp, 145μA, 10.4μm voxel size, 100ms
integration time, no frame averaging) in four loading
configurations: preloaded at 0.5N, and loaded at 6.5N, 13N
and 19.5N. Scans were started after 25 minutes from the load
application in order to reduce the effect of relaxation. Each
image of the loaded tibia was registered to the preloaded one
using a DVC algorithm (ShIRT-FE) with a nodal spacing of
50 voxels [8].
The image of the preloaded tibia was binarised by applying a
single level threshold. The bone volume was meshed using 8noded hexahedral elements (element size = 10.4μm) with
homogeneous material properties (E=14.8GPa, ν=0.3 [2]).
Boundary conditions at the proximal and distal ends were
interpolated from the experimental displacements obtained
using the DVC technique [8].
The local displacements measured using the DVC and those
predicted by microFE models were compared at corresponding
spatial locations.

II. METHODS
A. Validation of structural mechanical properties
Twenty tibiae from mice of different strains (C57BL/6 and
BalbC), age (16 and 24 weeks) and interventions (wild type,
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legend) under compression (load = 13N). The 1:1 relationship is
plotted in red dashed line.

III. RESULTS
A. Validation of structural mechanical properties
The three modelling techniques provided similar prediction
accuracy (Fig.1). For stiffness, errors of -4%±16% were
obtained using hexahedral models with homogeneous material
properties, 1%±17% using tetrahedral homogeneous models
and -11%±19% using hexahedral heterogeneous models. For
strength, errors were 6%±15%, 10%±15% and -1%±15%
respectively. The computational and experimental
measurements of stiffness were well correlated (R2= 0.65,
slope of the regression line = 1.02, Fig.1A). Nevertheless, the
models tended to overestimate the bone strength (R2= 0.62,
slope = 0.46, Fig.1B).

IV. CONCLUSION
Hexahedral models with homogeneous material properties
provided good estimations of both structural mechanical
properties and local displacements in compression. Given the
minimal pre-processing required for the model generation,
they represent the best compromise between accuracy and
efficiency. The dataset acquired in this study will be used to
optimise the failure criterion for predicting the strength of the
mouse tibia.
MicroFE models will be applied in longitudinal studies for
investigating the effect of bone interventions (e.g. anabolic
treatments) preclinically.
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Abstract— Babies affected by non-syndromic craniosynostosis
experience premature ossification of one or more sutures.
Scaphocephaly (long and narrow head, caused by ossification of
the sagittal suture) affects1.7 every 2000 births. These patients
are treated within the first 6 months by means of metallic
distractors (stainless steel springs) which help reshaping the
calvarium in a minimally invasive manner. Nitinol has the
potential to allow for a more controlled effect thanks to its
superelastic properties. We hereby present the design of a new
distractor which was tested in-silico in a virtual population.
Keywords—craniosynostosis, spring cranioplasty, nitinol.

I. INTRODUCTION

S

agittal craniosynostosis consists of premature ossification
of the sagittal suture, occurring during the first few months
of life, which leads to head deformity with subsequent brain
growth restriction. Extensive surgery is necessary to perform
head reshaping and improve aesthetic appearance: more
recently, Spring Assisted Cranioplasty (SAC) has been
introduced as a less invasive alternative. SAC entails skull
incisions to free the fused suture and insertion of two metallic
distractors (springs) which promote gradual cranial reshaping.
SAC has proved safe and effective in treating scaphocephaly
[1]: advantages include a reduce morbidity, hospital stay as
well as need for transfusion.
Main criticism of this technique is the sudden spring expansion
occurring in theatre: over 50% of the opening occurs on table
and over 75% occurs within the first day after insertion [1].
High forces are experienced by patient calvarium and the other
sutures are likely to rupture. Numerical modelling can be used
to predict the effect of springs: our group validated a finite
element model by means of on-table 3D scanning [2].
Nitinol is an equiatomic nichel-titanium (NiTi) alloy
exhibiting shape memory effect (SME) as well as superelastic

Figure 1: A) 3D models of patient calvaria for FE analysis; B)
Pre-operative CAD model (left); C) simulated spring
expansion for a representative patient

properties: our group designed an alternative to current
stainless steel (SS) springs using shape memory alloys (SMA)
and investigated its potential by means of in-silico modelling
in a retrospective patient population.
II. METHODOLOGY
A. Patient Population
Preoperative computed tomography (CT) images were

Figure 2: A) sample of SS spring; B) first prototype of NITI spring; C) mechanical testing of NITI spring; D) Finite Element Modelling for
material tuning; E) SS spring force-opening diagram, showing steep spring force decay in the region of interest; F) NITI spring forceopening diagram showing a wide plateau in the region of interest.
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retrieved for 10 patients: (age = 5.5±1.2): SCANIP®
(Synopsis, Mountain View CA) was used to create 3D models
of each patient calvarium (skull and sutures, figure 1A) by
means of automatic segmentation; each model was afterwards
discretized using linear tetrahedral elements. A logarithmic
growth curve was used to account for patient growth between
the time of CT and the time of surgical procedure (1.6±0.8
months) retrieved using a separate population of 24 patients
[3] and used to scale the calvarium of each patient of the study.
ANSYS® was used for simulation of spring expansion using
a previously validated methodology [4] (figure 1B): data
relative to spring model and osteotomy size and locations,
retrieved during surgery, were used to simulate spring
positioning. A viscoelastic material model was used to model
was used to model skull reshaping due to skull-spring
interaction [5].
Data relative to spring expansion at the time of surgery, at
follow-up 1 (on day 1) and at follow up 2 (on day 28±12) were
retrieved from surgical notes and x-ray measurements and
used to tune the model.

Figure 3: A) Three NiTI spring prototypes, having 1.5mm, 2.0mm
and 2.25mm wire thickness; B) comparison of skull reshaping ontable and at 1 day FU for SS and NITI spring; C) comparison of ontable suture strain for SS and NIT spring on a sample patient.

increase in creep time
constant (τSS/τNITI), showing a more gentle effect. Strain levels
on the coronal suture were 30.7%±16.2% lower when a NiTi
string was virtually implanted (figure 3C).

B. Prototyping
A first prototype of a nitinol spring, with similar shape and
dimensions to the device currently implanted (figure 2A) was
firstly internally prototyped and - afterwards - manufactured
(figure 2B) by an external company (Nordson Medical, OH).
Mechanical tests on the prototype - performed in a range of
deformation similar to those reported for the present spring [1]
were performed to assess the capability of the new prototype
to exert constant force during the unloading phase (figure 2C)
at body temperature. A finite element model was tuned (figure
2D) in order to extract material properties of this NiTi alloy.
Such results were afterwards employed to perform further
design of other prototypes by mean of design of experiments:
spring thickness and spring height were varied and the effect
on the distraction plateau value was investigated. Three further
models were produced, having a plateau distraction force
similar to the average spring force exerted by the current
distractor models (S10, S12 and S14, figure 2E); the
intermediate spring model was virtually implanted in the
patient population: spring insertion and expansion were
simulated by means of linear conditions retrieved using
experimental measurements for both SS and NITI spring and
compared.

IV. CONCLUSION
This work presents a design framework for a new
protoype of craniofacial distractor for the treatment of
scaphocephaly, manufactured and tested in-silico: virtual NiTi
spring implantation showed a different distraction kinematics
with a more gentle effect on the calvarium at the time of
implantation. The new device will allow for a better interaction
between distractor and skull, by exterting a constant low force
on the patient calvarium while achieving the same amount of
distraction: in-vivo studies will assess the effect on cranial
reshaping as well as patient safety.
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III. RESULTS
Each patient model was scaled using the growth curve to
compensate for head growth between the time of CT scan and
surgery. Three prototypes were produced , having the same
geometry but wire thickness equal to 1.5mm, 2.0mm and
2.25mm (NITI10, NITI 20, NITI225, figure 3A): these
prototypes had plateau forces equal to 2.47N, 6.13N, 8.83N
respectively. While current spring models exhibit a sharp
decrease in force soon after insertion (figure 2E), the NITI
spring exhibits a lower force at insertion which remains
virtually constant afterwards (figure 2F). Simulation in the
patient group showed that NiTi exhibit a lower on-table
opening (p<0.01) but eventually fully open (figure 3B).
Analysis of spring kinematics showed a nearly twofold
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hexahedron unit cells and a functional graded porosity, and,
finally, a scaffold model with rhombicuboctahedron unit cells.

Abstract— Scaffolds for bone tissue engineering are porous
biomaterials that imitate the structure and the properties of
natural bone and that are implanted into anatomic regions where
large volumes of bone – due to different reasons such as trauma,
primary tumor resections or selective surgery - are missing.
Scaffolds must be properly shaped and designed so that to
correctly bear the load acting on them as well as to promote and
favour formation of new bony tissue.
We propose a mechanobiology-based optimization algorithm
aimed at identifying the best geometry that a scaffold - subjected
to specific boundary and loading conditions - must possess to
maximize the amounts of bone forming within its pores.
Keywords—Hexahedron,
Rhombicuboctahedron,
Bipophysical Stimulus, Biphasic poroelastic material.

S

II. MATERIALS AND METHODS
A. The mechano-regulation algorithm
Following Prendergast et al. [3] the fracture domain was
modelled with biphasic poroelastic materials. If ɣ is the
octahedral shear strain and ʋ the interstitial fluid flow, the
biophysical stimulus S that triggers the process of tissue
differentiation is hypothesized to be a function of ɣ and ʋ
according to the following relationship:
(1)
= +
-1
where a = 0.0375 and b = 3 μm s are two empirical constants
found by Huiskes et al. [4]. Depending on the value of S the
following cell phenotypes and the corresponding new tissue
types are predicted to form:
S m
fibroblast s
fibrous tissue formation
(2)

I. INTRODUCTION

CAFFOLDS are porous biomaterials utilized to favour the
regeneration process in large defects of the bony tissue.
Two different scaffold categories are currently utilized in the
clinical practice: regular and irregular. Regular scaffolds
include unit cells with a specific geometry that repeat in the
3D space; irregular scaffolds include pores differently shaped
and sized. The regular scaffolds can be fabricated with 3D
printing techniques, while the irregular ones with conventional
techniques based on subtractive methods. While for the regular
scaffolds it is possible to control the dimensions of the single
unit cell, for the irregular ones, it is possible to control the
average dimensions of the pores.
Computational mechanobiological models were recently
proposed as possible tools to design and optimize the geometry
of scaffolds for bone tissue engineering. Adopting an in silico
approach, allows to avoid time expensive experimental
protocols and to gain deep insights on the specific
mechanobiological phenomena taking place within the
scaffold pores during the bone regeneration process [1], [2].
We propose a mechanobiology-based optimization algorithm
aimed at identifying the best geometry that a regular scaffold
must possess to maximize the amounts of bone forming within
its pores. In detail, the algorithm incorporates parametric finite
element models of different scaffold types, a computational
mechano-regulation model and structural optimization
routines. The scaffold geometry is iteratively perturbed by the
algorithm until the best scaffold geometry is identified, i.e. the
geometry that allows the formation of bone to be maximized
and hence the duration of the healing time to be minimized.
Mesenchymal stem cells were hypothesized to uniformly
occupy the scaffold pores. Three different scaffold geometries
were investigated: a scaffold model based on hexahedron unit
cells with homogeneous porosity, a scaffold model with

1
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n resorb

S

n mature

0

S
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osteoblast s
osteoblast s

osteoclasts

cartilagin eous tissue formation
immature bone tissue formation
mature bone tissue formation
bone resorbtion

The optimization algorithm was written in Matlab
environment and implemented the fmincon function available
in the software. Different iteration cycles were carried out and
in each of them the model geometry was perturbed. In each
cycle the amounts of bone forming within the scaffold pores
were computed. The optimization iterations terminated once
the model dimensions were found that allow the amounts of
the regenerated bone to be maximized.
All the scaffold models were hypothesized to undergo a
compression load. The lower surface of the model was
clamped.
B. The scaffold model based on the hexahedron unit cell,
homogeneous porosity
A scaffold model including hexahedron unit cells was built
and discretized into finite elements.
The model of the granulation tissue occupying the scaffold
pores (highlighted in green, Figure 1) was obtained with
Boolean operations of subtraction from the volume of the cube
enclosing the entire scaffold and the volume of the scaffold
itself. The geometric parameter that was optimized was the
diameter of the pores. Three different values of load per unit
were hypothesized to be applied on the upper surface: 0.1, 0.5
and 1 MPa.
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Figure 4(b) shows the trend of the optimal pore diameter
predicted for the scaffold with functional graded porosity.
Finally, Figure 4(c) shows how the optimal beam diameter
predicted for the scaffold with rhombicuboctahedron unit cells
changes for different load values.
(a)

(b)

Figure 1: CAD Model of the scaffold including hexahedron
unit cells, homogeneous porosity.
C. The scaffold model based on the hexahedron unit cell,
functional graded porosity
The dimensions D of the pores was described via a function
D=D(y) [5] being y, the coordinate oriented according to the
loading direction (Figure 2). With the optimization algorithm
we determine the best shape of the function D=D(y) that allows
to maximize the amounts of neo-formed bone. A compression
load of 1 MPa was hypothesized to act on the upper surface.

(c)

Figure 4: (a) optimal pore diameter vs load value predicted for
the scaffold based on the hexahedron unit cell; (b) optimal pore
diameter vs y location predicted for the scaffold with
functional graded porosity; (c) optimal beam diameter
predicted for the scaffold based on the rhombicuboctahedron
unit cell.

y

IV. CONCLUSION
The proposed optimization algorithm was successfully
implemented to optimize the morphology of regular scaffolds
based on different unit cell geometries.
Interestingly, the predicted results are consistent with
experimental evidences [7].

Figure 2: CAD model of the scaffold based on the hexahedron
unit cell, functional graded porosity
D. The scaffold model based on the rhombicuboctahedron
unit cell.
The model of a scaffold based on the rhombicuboctahedron
unit cell was built and parametrized [6] (Figure 3).
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cardiac tissue engineering
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features influence the electrical stimulation provided [3].
Finally, in terms of stakeholder needs, the stimulator should be
low-cost and easy to use by biological laboratory operators,
avoiding complex and cumbersome equipment and allowing
quick set-up and easy tuning of the stimulation parameters.

Abstract—A versatile electrical stimulator to deliver
physiologic-like cardiac electrical stimuli was developed. The
system has been designed to be reliable, easy to use, portable and
low-cost. Indirect monitoring of the current flowing between the
electrodes is also provided. ELETTRA could be coupled to
already existing dynamic culture devices, representing a
promising tool for providing combined physiological mechanical
and electrical stimulations for cardiac tissue engineering.
Keywords—cardiac tissue engineering, electrical stimulation,
bioreactors, versatility.

C

B. Configuration
The core of ELETTRA consists of an Arduino Due
microcontroller board (Arduino, IT), which runs a software
purposely developed to provide electrical stimulation
according to the parameters listed in Table I.

I. INTRODUCTION

ARDIAC tissue engineering aims to develop in vitro
biomimetic and functional substitutes of native
myocardium, to be used as in vitro models for investigation of
cardiac development and disease, and eventually for
functionally restoring the damaged heart [1]. For the
development in vitro of effective cardiac substitutes, alongside
the cells and the architectural and biochemical support
provided by scaffolds, a paramount role is played by the
physical stimuli applied. In native heart, the propagation of
electrical impulses across the tissue is essential for coordinated
contraction and heart rhythm maintenance. In vitro, several
studies demonstrated that electrical stimulation affects the rate,
duration, and number of action potentials of cardiomyocytes,
increasing the percentage of spontaneously beating cells and
promoting cell–cell coupling and calcium handling [1-4].
In this work we present the electrical stimulator ELETTRA,
designed for providing native-like electrical stimuli for cardiac
tissue engineering applications. The proposed system is highly
versatile, portable, compact in size, and allows the tuning of
stimulation parameters through a user-friendly interface. Due
to its versatility, ELETTRA could be coupled to already
existing dynamic culture devices to provide combined
mechanical and electrical stimulations in a physiologically
relevant way, which was demonstrated to be essential for
proper differentiation and maturation of cardiomyocytes [2].

TABLE I
ELETTRA STIMULATION PARAMETERS
Parameter

Range/option

Waveform type

Monophasic, biphasic

Amplitude

0.5-12.0 V

Frequency

0.5-10.0 Hz

Electrical pulse duration

1-10 ms

Biphasic pulses have 50% duty cycle, amplitude is intended as peak value

The Arduino platform was selected as it offers higher control
and the advantage of portability and cost-effectiveness
compared to commercial computer-based systems. An analog
circuit, based on the L272M operational amplifier (On
Semiconductor, USA), works as a differential amplifier taking
as input two analog signals from the microcontroller and
delivering the stimulation set. A user-friendly interface, based
on a push button and a rotary encoder, allows the tuning of the
stimulation parameters and a LCD display (Arduino, IT)
provides visual feedback of the selected values. Stimulation
and control subunits enable to separately increase stimulation
amplitude and deliver monophasic or biphasic pulses. The
proposed custom-built stimulator is embedded in a compact
plastic box (17.7 cm x 17.0 cm x 6.7 cm). Mounted on the
external frame, a standard DC plug allows for connection to a
24 V DC power supply, and banana sockets are used as output
ports. Using standard cables, the system can be interfaced with
several types of electrodes. To monitor the bulk current
flowing between the electrodes, a sensing resistor is placed
downstream of the reference electrode socket.

II. MATERIALS AND METHODS
A. Design requirements
The design of the electrical stimulator ELETTRA was
guided by specific requirements. Firstly, the stimulator should
provide a native-like electrical stimulation mimicking the
pulsatile electric field experienced by human cardiac cells in
vivo (resting rate = 1.0-1.7 Hz, electric field = 0.1-10.0 V/cm,
pulse duration = 1-2 ms [5]). Secondly, it should be versatile
to be used with a variety of setups, since the culture chamber
design, the culture medium composition and the electrode

C. Testing
To size the sensing resistor, a schematic diagram of the
global circuit was used (Fig. 1). In particular, Vtot is the total
voltage delivered by the stimulator and Vs is the voltage drop
across the sensing resistor Rs. The electrochemical behaviour
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of the electrode-solution system was modelled by a “Randles’
cell” equivalent electrical circuit, where Re represents the
resistance of the solution, Rp represents the electrodes’
resistance to corrosion, and Cp the capacitance of the non-ideal
double layer at the electrode/electrolyte interface [6].

decrease and a negligible offset. Figure 3B displays the plot of
the average current vs time, during monophasic stimulation (5
V, 1 Hz, 4 ms). The average current between the electrodes,
calculated from the measured Vs, increased instantly as the
electrical stimulation was provided. During the active phase, a
current decrease is observable. This is due to the induced
polarization of the solution and the consequent shielding effect
of accumulated charges at the electrode-solution interface.
During passive phase, current reversed its direction as the
accumulated charges were released in the solution. The
maximum current flowing between the electrodes varied from
29 to 79 mA, depending on the voltage set. For each condition,
the time constant calculated was always lower than 1 ms.

Figure 1. Schematic diagram of the global circuit.

To test the system in terms of provided stimulation and ease
of use, ELETTRA was connected to two carbon rod electrodes
(length = 2.5 cm, diameter = 0.3 mm) embedded in a silicone
holder at a fixed distance of 1 cm, and immersed in a Petri dish
filled with Hank’s Balanced Salt Solution (Sigma-Aldrich,
USA) (Fig. 2). Monophasic square waves (1 Hz, 4 ms) with
four different amplitudes (5.0, 7.5, 10.0, 12.0 V) were
imposed. A digital oscilloscope (GDS-2062, GW Instek, TW)
was used to measure Vtot and Vs. For each condition, 20
consecutive pulses were recorded. Data were exported and
processed with MATLAB 2017b software (MathWorks, USA)
to calculate the maximum flowing current and the time
constant.
Figure 3. Plots of A) Vtot and B) average current versus time during
monophasic stimulation (5 V, 1 Hz, 4 ms).

IV. CONCLUSIONS
The results show that ELETTRA delivers a controlled and
stable biomimetic electrical stimulation for cardiac tissue
engineering applications. The system provides control
accuracy, indirect monitoring, and portability at a competitive
cost. Moreover, versatility ensures the possibility of using
ELETTRA as part of modular dynamic culture devices.
Biological tests are ongoing on cardiomyocyte monolayers to
investigate the impact of the electrical stimulation on
maturation and organization of cardiac cells.
REFERENCES
Figure 2. Experimental testing setup. 1) ELETTRA; 2) Connectors; 3)
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Molecular dynamics simulation of gating in
model hydrophobic nanopores
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Abstract—Rare-event simulations of hydrophobic nanopores
immersed in water are presented, focusing on the mechanism
and kinetics of formation of nanoscale vapor cavities in simple
pore models. The effect of extreme confinement on the phase
behavior of water is assessed, revealing that nanoscale effects,
such as line tension, play a major role in accelerating the
formation of bubbles. The relevance of these preliminary results
for hydrophobic gating in biological ion channels is discussed.
Keywords—ion channels, hydrophobic gating, molecular
dynamics.

this class of simulation techniques might prove useful to
provide the electrophysiological response of given cells
starting from the structure of the ion channels.

I. INTRODUCTION
Biological ion channels are the gates of cells which allow the
exchange of ions and molecules across cellular membranes.
The typical size of the interior of biological channels is of the
nanometer or below, often characterized by hydrophobic
residues. Molecular dynamics simulations have reported [1]
that, in some ion channels, such confined conditions promote
the formation of a nanoscale vapor cavity which is capable of
blocking the flux of ions – giving rise to the so-called
hydrophobic gating mechanism [2]. While molecular
dynamics has proven an invaluable tool to connect the
structure of such channels with their function, an open
challenge for simulations concerns the timescales that can be
afforded on current architectures, still far from the
biologically relevant ones, typically in the millisecond range.

Fig. 1. Illustration of the thermally-activated formation of a nanoscale vapor
cavity within a generic ion channel, giving rise to hydrophobic gating, in
which the vapor cavity blocks ion currents. The free-energy profile shows
that the bubble formation is a “rare event”, i.e., it happens on timescales
which are not amenable of brute force simulation.

II. RESULTS AND DISCUSSION
In this work, molecular dynamics is combined with
specialized rare-event methods in order to access the long
timescales of the thermally-activated formation of vapor
cavities (Figure 1) in hydrophobic nanopores immersed in
water [3]. The mechanism and the kinetics of bubble
formation are investigated in simple pore geometries,
reproducing some salient features of biological ion channels
(Figure 2). The effect of extreme confinement on the phase
behavior of water is assessed, revealing that nanoscale
effects, such as line tension and enhanced hydrophobicity,
play a major role in accelerating the formation of nanoscale
bubbles. The relevance of these preliminary results for
hydrophobic gating in biological ion channels is discussed
together with more technology-oriented applications to
porous materials with controlled wetting properties [4].

Fig. 2. Model system – a hydrophobic cylindrical pore – used to investigate
bubble formation within a hydrophobic nanopore via rare-event molecular
dynamics simulations [3].
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Abstract — The use of 3D microscaffolds, such as the Nichoid,
in regenerative medicine is becoming more and more relevant,
as they mimic an architectural environment that recreates the
physiological stem cells niche. In this work, we investigated the
proliferation and stemness properties of hADSCs when grown
inside the Nichoid.
Keywords — stem cells, 3D microscaffolds, Nichoid
biomechanical manipulation, regenerative medicine.

I. INTRODUCTION
Stem cells (SCs) have shown great promises in the treatment
of various diseases, especially neurodegenerative ones,
although certain limitations exist regarding their difficult
retrieval. Human Adipose Derived Stem Cells (hADSCs) are
considered an interesting subclass of SCs representing a
promising source for cell therapy, especially as their isolation
is less invasive compared to extraction of other SCs. Indeed,
they can be obtained from lipoaspirate directly from the
patient without invasive procedures and re-implanted without
eliciting an excessive immune response [1], [2], [3]. In the
body, SCs reside in a specialized microenvironment or niche,
characterized by a unique combination of biophysical,
biochemical and cellular properties. Together, these features
allow the maintenance of stemness.
Recently, biomaterials have been used to create 3D micro
scaffolds, which mimic the biomechanical characteristics of
SC niches. Raimondi and colleagues applied two-photon
polymerization
to
fabricate
a
three-dimensional
microscaffold, called Nichoid [4]. The Nichoid has shown a
good ability to maintain and preserve the stemness of primary
rat mesenchymal SCs [5], human bone marrow-derived
mesenchymal SCs [6] and mouse embryonic SCs [7].
The aim of this study was to investigate the proliferation and
stemness properties of hADSCs following their cultivation in
the Nichoid.
II. MATERIALS AND METHOD
Nichoids were fabricated by femtosecond laser two-photon
polymerization (2PP) onto circular glass coverslips using a
hybrid organic-inorganic SZ2080 photoresist. The laser used
for 2PP was a Yb:KYW system producing pulses of 300 fs
duration and 1 MHz repetition rate at a wavelength of 1030
nm [6]. hADSCs were isolated from lipoaspiarate adipose
tissue (LS). Elective liposuction procedures were performed
in voluntary patients with full knowledge of the events. An
informed consent was supplied and signed by each patient.
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Stem cells were obtained by directly plating the LS, in 3 ml
of standard growth medium (αMEM supplemented with 20%
FBS, 1% Penicillin/Streptomycin, 0.3% Amphotericin B and
1% L- Glutamine) [3]. Isolated hADSCs were characterized
for mesenchymal markers expression as described in Carelli
et al. 2015 [3]. To investigate the hADSCs growth features
inside the Nichoid, cells were plated in standard growth
medium at two different densities (1.5 x 103 and 3.5 x 103
cells/cm2) for 7 and 14 days. The quantification of cells
numbers was done by counting cells detached with TrypsinEDTA 0.05%. Cell viability has been evaluated by trypan
blue exclusion and MTT assay, the mRNA expression has
been evaluated with Real time RT-PCR and the markers
expression has been investigated by immunofluorescence
analysis using specific antibodies.
III. RESULTS
hADSCs grown inside the Nichoid create a 3D carpet inside
the scaffold (Figure 1).

Figure 1: hADSCs grown inside the Nichoid

Seven and fourteen days after plating, at two different
concentration (1.5 x103 and 3.5 x 103 cells/cm2), hADSCs
grown inside the Nichoid show a significantly higher cell
viability and proliferation than in normal adherent standard
conditions (Figure 2).
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Figure 2: hADSCs proliferation curves for a different initial concentration
and related cell division plots. hADSCs were counted at day 7 and day 14.
Data are expressed as the mean of three independent experiments with
similar results ± SD. *p<0.05, **p<0.01, ***p<0.001. °p<0.05, °°p<0.01,
°°°p<0.001 vs control in standard adherent conditions.

Immunofluorescence analysis was performed in order to
evaluate the effect of the Nichoid on the expression of
mesenchymal and stemness markers. The staining showed in
figure 3 demonstrates that GFAP, VIMENTIN and !-ACTIN
(intermediate filament proteins) are present mainly in the
outermost part of the cells, highlighting a wide anchoring of
the cells on the Nichoid structure (Figure 3). Furthermore, the
expression of stemness markers SOX2, OCT4 and NANOG
indicates that the three factors resulted expressed in the
Nichoid, suggesting that the 3D microscaffold permits the
maintenance of stemness.

Figure 4: hADSCs retain the memory of the Nichoid. Proliferation curve of
hADSCs grow both inside the Nichoid and in standard adherent conditions
from 7 days and replated in standard conditions for 7 more days. Data are
expressed as a mean of three independent experiments with similar results ±
SD. ***p<0.001 vs control in standard conditions.

IV. DISCUSSION AND CONCLUSION
Together, these results demonstrate that the Nichoid allows
an increase in hADSCs’ proliferation capabilities and drives
stem cell multi/pluripotency maintenance without any
chemical media and/or feeder supplement. These results
represent a great promise for the Nichoid’s possible
application in the field of regenerative medicine.
ACKNOWLEDGEMENTS
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Figure 3: GFAP (green) and !-ACTIN (red) expression in hADSCs grown
for 7 days in standard adherent conditions or inside the Nichoid. Nuclei are
in blue (DAPI).

Furthermore, we expanded hADSCs inside the Nichoid for 7
days and re-plated them in adherent standard conditions for 7
more days. The number of cells reported in the graph showed
in figure 4 indicates that hADSCs, after being grown inside
the Nichoid, maintain an increased proliferation capability,
suggesting that cells retain a “memory” of the Nichoid
microenvironment (Figure 4).
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beaker, eventually reducing process duration and increasing
reproducibility and efficiency.

Abstract—An innovative, low-cost, 3D-printed sample-holder
is proposed for reproducible and effective stirring-based
decellularization of biological tissues. The sample-holder was
designed to be low-cost, easy to use with conventional laboratory
equipment, and manufacturable through 3D printing. During
stirring-based decellularization, the sample holder exposes the
samples to convective flow, enhancing the reagent transport while
protecting the samples from disruptive forces. Computational
fluid dynamics analyses were carried out to elucidate the
developing hydrodynamics. Explanatory tests, performed on
human cardiac tissue samples, demonstrated the effectiveness of
the presented device.
Keywords – Stirring-based decellularization, biological tissues,
3D printing, computational fluid dynamics.

II. METHODS
The design of the sample-holder was guided by the need to
satisfy specific requirements in terms of Good Laboratory
Practices (GLP), ease of use with conventional laboratory
equipment, performance, and 3D-printing. The design was
performed with a computer aided design software
(Solidworks). The manufacturing was carried out with a 3D
printer with double nozzle (Stratasys uPrint SE Plus), based on
fused deposition modeling (FDM) technology combined with
ABS and a soluble support material. The sample-holder is
composed by a cross-shaped base, with a central square shaft,
and four rectangular frames, designed to be bi-directionally
hookable to the shaft for cyclically exposing both sides of the
samples to the same flow fields. The modular structure permits
to manage each sample independently. For stirring-based
decellularization, the samples are loaded in commercial
embedding cassettes stuck within the frames, and the sampleholder base is equipped with a cross-shaped magnetic bar at
the bottom (Fig. I). Once assembled, the sample-holder is
immersed within a beaker placed on a magnetic stirrer and
filled with reagent solution. The stirring velocity is then
gradually increased, inducing the rotation of the sampleholder. Multiphase computational fluid dynamics (CFD)
simulations were performed to model the hydrodynamics
developing during the process. A finite volume method (Ansys
Fluent) and the standard k-ԑ turbulence model were applied to
a dynamic mesh to model the sample-holder rotation,
simulated at 50 ,100 and 150 rpm. Samples were modelled as
porous media, governed by the Ergun equation [5]. A
bidimensional section was considered for computational
convenience. Explanatory tests were carried out on human
cardiac tissue samples, adapting a previously developed
decellularization protocol [6]. Native and decellularized
samples were fixed and processed for Hematoxylin and Eosin
(HE) staining or snap-frozen for DNA quantification. Patients
provided written, informed consent and specimens were
collected following protocols approved by the Hospital and in
conformity with the principles outlined in the Declaration of
Helsinki.

I. INTRODUCTION

D

UE to their biochemical cues and three-dimensional

(3D) microarchitecture, decellularized tissues represent
promising biological scaffolds to support tissue regeneration
[1]. Decellularization processes aim to remove the cellular
content while preserving the native 3D extracellular matrix
(ECM), and are commonly based on chemical reagents
combined with dynamic methods, such as stirring in a beaker
or perfusion [2]. Compared to static approach, these methods
exploit convective flow for enhancing reagent transport
through the samples, assuring faster and more effective
processes [3]. However, in case of soft tissues, the stirring can
lead to the entrapment of the samples around the magnetic bar,
with consequent sample damage. To protect the samples,
embedding cassettes could be used, nevertheless, the random
suspension of the cassettes within the beaker can cause
irregular and uncontrolled solution transport through the
samples, leading to low process reproducibility. On the other
hand, perfusion needs native vasculature, not always available,
and complex, expensive pumping and control systems [4].
Here we propose a novel, low-cost, 3D-printed sample-holder
(patent pending) to overcome the limitations of the stirringbased decellularization of biological soft tissues. The sampleholder, inserted in a beaker placed on a magnetic stirrer and
containing the reagent solution, maintains up to four samples,
enclosed in embedding cassettes, immersed in a steady
position that prevents random floating. Equipped with a crossshaped magnetic bar, the sample holder rotates and enables to
homogeneously expose the samples to convective fluid while
protecting them from disruptive forces generating within the
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translucent-white (Fig. IIIA), typical of a thorough
decellularization. This qualitative result was confirmed by the
quantitative assessment of residual double stranded DNA
content (4.7±0.71 ng/mg of tissue in decellularized samples),
well below the accepted standards of 50 ng/mg of tissue [7]
(Fig. IIIB). HE staining confirmed that, compared to native
tissue (Fig. IIIC), treated tissue did not present any nuclei (Fig.
IIID) and the 3D structure of the decellularized ECM was not
affected by the process. Compared to previously performed
decellularization procedures based on samples enclosed in
embedding cassettes freely floating in the solution, the use of
the sample-holder led to a 30-50% reduction in treatment time.

Fig. I. Components and assembling procedure of the sample-holder: 1)
Sample; 2) Embedding cassette; 3) Frame; 4) Cross-shaped base with central
square shaft; 5) Cross-shaped magnetic bar.

III. RESULTS AND DISCUSSION
The sample-holder components were 3D-printed separately,
taking a global working time of about 12 h with an overall cost
of approximately 18 €, providing design flexibility and time
and cost efficiency. Ease of assembling and correct couplings
between components were confirmed, despite the surface
roughness characteristic of the applied FDM technology. Inhouse tests performed with the assembled sample-holder
immersed in the beaker, filled with water and positioned on the
stirrer, proved the operating performance, showing that its
rotation is stable up to 150 rpm (Fig. IIA). As regards the CFD
outcomes, Figures IIB and IIC show the total pressure and
velocity magnitude contours in the samples and in the solution
for a rotation velocity of 150 rpm, respectively. The CFD
revealed that the sample-holder rotation induces a pressure
drop across the samples, increasing with the radius, that
promotes reagent transport, showing the significance of
cyclically switching the samples to expose them to the fluid
transit direction. Pressure and velocity contours obtained for
the three simulated rotation velocities differed only for their
absolute values. Moreover, the CFD approach enabled an a
priori definition of the operating conditions, with time and cost
advantages.

Fig III. A) Human cardiac tissue samples before and after decellularization;
B) Residual double stranded DNA content; C) HE staining of native tissue; D)
HE staining of decellularized tissue.

IV. CONCLUSION
The novel 3D-printed sample-holder, proposed for stirringbased decellularization, met successfully the requirements of
cost-efficiency, ease of use, and functionality. In detail, CFD
investigation and biological explanatory tests demonstrated
that the sample-holder promotes the transport of the reagent
solution through the samples while protecting them, leading to
fast, reproducible and efficient decellularization processes.
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Abstract—The modelling of aortic tissue is fundamental for the
understanding and the analysis of different vessel pathologies like
ascending aorta aneurysms. Different techniques to obtain both
mechanical and structural information are present in literature,
but the possibility to obtain Real-Time microstructural data is
still lacking. In this work, an innovative experimental setup,
constituted by the integration of a Small Angle Light Scattering
(SALS) system with a biaxial traction system is presented. The
system provides microstructural information about the local
collagen fiber orientation and dispersion, synchronized with the
stress-strain biaxial data. The system has been used to test an exvivo aorta specimen. The fiber dispersion values significantly
variate as the traction is imposed. The corresponding
microstructural and mechanical data have been successfully used
to fit a given anisotropic constitutive model (R2 = 0.97).
Keywords—SALS, biaxial tests, tissue modeling.
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II. MATERIALS AND METHODS
A. Setup assembly
A specific custom setup is developed, composed by the
integration of a custom biaxial testing machine
(BioCardioTM2) and a novel SALS system. The overall setup
schematic is reported in Figure 1.
The BioCardioTM2 system is a fully controllable biaxial
testing machine designed for soft specimen as previously
described in [7]. Briefly, the BioCardioTM 2 is composed by
two axes (longitudinal (zz) and circumferential (θθ)) actuated
by four servomotors. The corresponding forces are recorded
by two load cells (full scale of 50 N). An optical system,
constituted by a CCD camera (resolution 0.0300 mm/pixel),
was adopted for tracking calibrated markers for the
deformations. A custom LabView routine was developed to
control the test protocol. The traction process is based on the
imposition of different tension ratios (𝑇𝜃𝜃 : 𝑇𝑧𝑧 ) with a tensioncontrol algorithm.
The SALS system is composed by an unpolarized HeNe laser
(wavelength λ = 632.8 nm, power P = 5mW), a circular
broadband dielectric mirror and an achromatic doublet
focusing lens. The laser setup was mounted on a motorized
plane with two axes of movement to permit the specimen
SALS grid scanning during the traction protocol. The SALS
data was directly recorded by the abovementioned CCD
camera.

I. INTRODUCTION

HE investigation of microstructural organization of artery
tissues plays a key role in the understanding process of
different vascular pathologies [1]. It has been demonstrated
that collagen is the main responsible for the anisotropic
mechanical response of artery vessels like aorta [2]. For this
reason, to obtain a correct constitutive model of the vessel
tissue, both microstructural (in terms of collagen fiber
orientation distribution) and mechanical (in terms of stress and
stretches) information have to be taken into account. Different
studies have been performed to characterize the mechanical
response of the aortic tissue in both healthy and pathological
state [3]. Biaxial traction testing is defined to be the best
approach for purely mechanical investigation, as it offers the
possibility to investigate the deep anisotropy of the aorta.
Concerning the collagen fiber distribution, numerous
techniques have been reported in the state of the art [4].
Microscopic techniques, like scanning electron microscopy,
are characterized by high accuracy but they are not suitable for
dynamic imaging. Small-angle light scattering (SALS) is an
established optical non-destructive technique able to provide
semi-quantitative structural information about fibrous tissues
[5]. The integration of SALS with a uniaxial traction of
specimens has been already implemented, however no realtime synchronization with mechanical stress data was used [6].
The aim of this work is to present an innovative experimental
setup constituted by the integration of a SALS system and a
biaxial traction machine to obtain synchronized
microstructural and mechanical characterization of soft
biological tissues in a real-time fashion.

Figure 1. Representation of the experimental SALS setup embedded on the
BTM system (a). Example of mounted specimen with optical markers (b) and
relative SALS laser irradiation (c).
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mechanical and structural data were successfully used to fit a
fiber-based model from literature. Additionally, the dynamical
microstructural data from SALS analysis confirmed the fiber
recruitment process during the biaxial traction.

B. SALS Algorithm
The SALS data processing is based on an automatic
segmentation-edge detection algorithm. The detected edge is
then automatically fitted with an elliptical model. The ellipses
inclination angle (α) and variation of eccentricity (ΔE) values
are registered as indices of local main fiber direction and
dispersion, respectively [8]. The value of α is referred to the
θθ axis (α=0o corresponds to alignment parallel to
circumferential direction).
C. Experimental tests
To validate the setup, a complete traction test of a fresh
specimen of porcine aorta was carried out. The sample was
harvested to obtain a square specimen of 30x30 mm area. Prior
to collecting data, the specimen was preconditioned through 9
loading and unloading cycles. Five different tension ratios
(1:1, 1:0.5, 1:0.75, 0.5:1, 0.75:1) were imposed according to
literature [9]. The SALS scanning grid was imposed through a
grid of 10x10 equi-spaced points with a spacing of 100 μm.
D. Modeling
The stress-strain curves from BioCardioTM2 protocols and the
fiber distribution from SALS were used to fit a fiber-based
constitutive model given by [10] and reported in Eq. (1):
𝑊 = 𝑐(𝐼1 − 3) + ∑𝑖=4,6

𝑘1
2𝑘2

{exp[𝑘2 (𝐼𝑖 (𝐇𝐢 ) − 1)2 ] − 1} (1)

Figure 2. Mechanical longitudinal (a) and circumferential (b) stress as a
function of stretch with relative fitting. Dynamic variation of SALS ellipses
eccentricity (c) and angle (d) at different tension traction values.

where I1 and Ii are the first invariant and fiber pseudo invariant
of the strain tensor, respectively. The c, k1 and k2 are the
mechanical parameters. The matrix Hi is the generalized
structure tensor for a planar distribution of dispersed fibers and
it is given by (2):
𝐇𝐢 = 𝑘𝟏 + (1 − 2𝑘)𝐌(𝛼𝑖 )⨂𝐌(𝛼𝑖 )
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where 𝟏 and 𝐌 are the two-dimensional identity and the fiber
preferential direction, respectively. The k and 𝛼𝑖 parameters
are the fiber dispersion and preferential angle respectively,
which were directly obtained by the fiber distribution obtained
from SALS data.
III. RESULTS AND DISCUSSION
The results from the validation test are reported in Figure 2.
The stress-strain behaviour was successfully fitted with an R2
value of 0.97 (Figure 2 a-b). This result confirms the
possibility to adopt the SALS data together with the
mechanical data for fiber-based model fitting. The dynamic
behaviour of average ΔE and α are also reported (Figure 2 cd). It is possible to note a ΔE increasement and an α decrease
for 1:1, 1:0.5 and 1:0.75 ratios. This result confirms that,
during the traction, the alignment of fibers becomes relevant
along the circumferential direction.
IV. CONCLUSION
With this study, the development of a custom setup for
simultaneous real-time characterization of biological tissue
microstructure under tension-controlled biaxial loading was
carried out. A successful feasibility test on a specimen of
porcine ascending aorta was performed. The relative
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In vitro evaluation of degenerated intervertebral
disc stability following treatment with
discoplasty
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the 6th was used for result analysis. Disc surface images were
recorded at 15 Hz by a 3D-DIC system (Q400, Dantec
Dynamics, Denmark). Image analysis was performed with the
associated DIC software using optimized parameters in
accordance with speckle dot size, camera field of view, and
specimen dimensions [4]. The resulting correlations were
performed with a facet size of 35 pixels, a grid spacing of 11
pixels and a local regression filter kernel of 19x19 pixels. The
displacements and the principal strains were computed [5].
The specimens were tested with the disc in three conditions:
the intact disc (INT), after having manually removed the
nucleus pulposus (NP) (simulated degenerated condition DEG), and with acrylic cement injected in place of the NP
through the incision performed at the precedent step
(discoplasty - DP).
The Range Of Motion (ROM) of the FSUs was also measured
at the peak load.

Abstract—Discoplasty (i.e. injection of acrylic cement inside
damaged intervertebral disc) has recently been proposed to treat
extreme degenerations. This study investigates the stability of
porcine lumbar spines after percutaneous cemented discoplasty
as a first insight of human degenerative disc disease treatment.
Functional spinal units were mechanically tested in flexion,
extension, and lateral bending, up to 5.4 Nm. A Digital Image
Correlation system measured the strain over the surface of the
specimen, focusing on the strain in the disc surface and in the
vertebrae. The behaviour (stiffness, range of motion, strain
distribution) was compared in healthy, degenerated and treated
conditions. Disc degeneration increased the flexibility and
showed larger strains on the disc surface. On the contrary,
cement injection inside of the intervertebral disc resulted in a
wider strain distribution over the disc while restoring its height.
Keywords—Discoplasty,
Intervertebral
disc,
Spine,
Biomechanics, Strain analysis.
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I. INTRODUCTION

OW back pain can be caused by nerve compression due to
stenosis of the foramen associated with intervertebral disc
degeneration. Invasive surgical solutions such as
interbody fusions can be used to improve the patients’ state but
cannot be performed on weak patients with comorbidities. A
less invasive approach, percutaneous cemented discoplasty
(injection of bone cement inside the disc), has been recently
developed for the elderly [1]. The mechanical impact on the
spine stabilization and surrounding tissues have not been
investigated yet.
The aims of this in vitro work were to: (i) develop a method to
simulate degenerated discs and (ii) test the stabilization of
spine segments after discoplasty.

ROI

Cell
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Flexion

F
Light

Camera

II. MATERIALS AND METHOD
Fig. 1: Experimental set-up for spine testing in presso-flexion. The Region
of Interest (ROI) of DIC is located around the IVD.

Porcine lumbar spines (from T13 to L6) were obtained at the
slaughter house from 7 healthy young animals. They have
been sectioned into 8 Functional Segment Units (FSU) (1 T13L1, 6 L3-L4, and 1 L5-L6 segments). All the soft tissues
around the vertebral bodies were removed, leaving intact the
anterior and posterior ligaments, and the facet joints. The
FSUs were aligned with the intervertebral disc horizontal; the
extremities were potted into acrylic cement following a
method already developed [2]. In order to measure surface
strains with Digital Image Correlation (DIC), a white speckle
pattern of water-based paint was sprayed over the specimens
previously stained by a methylene blue solution (Fig. 1).
The specimens were mechanically loaded in presso-flexion,
presso-extension, and lateral bending under 5.4Nm (maximum
force: 200N). A 1s loading ramp was chosen to mimic in vivo
motion [3]. After preconditioning, 5 cycles were applied and

III. RESULTS & DISCUSSION
Correlations and measurements were successfully
performed for all loading configurations and all the conditions
of the disc. For all motions, disc degeneration increased the
ROM (by 50% in flexion, 90% in extension and 7% in lateral
bending) while discoplasty constrained it (120%, 60%, and
60% of the intact condition respectively). The disc height has
been restored by discoplasty, thus restoring the width of the
foramens. While removal of the NP increased the flexibility
of the specimen, discoplasty restored the range of motion since
the cement tensed the fibres around as the NP was stretching
the AF in an intact disc. Vertebra motion was more affected by
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degeneration in flexion and lateral bending. By studying the
relative displacement between the 2 vertebrae during a cycle,
vertical displacement was more affected by disc degeneration
in lateral bending and flexion. Discoplasty was associated with
a vertical relative translation similar to INT and DEG cases
except in lateral bending which reached more than 5 times the
intact case. This could be explained by a reduced cement
amount in the bending side since the cement was injected from
the opposite lateral side. Thus, less cement would allow more
vertical relative displacement of the vertebra. More
investigations are going on to confirm this hypothesis. The
discs underwent large deformations, with different strain
distribution between INT, DEG, and DP (Fig. 2). Maximum
and minimum principal strains were respectively oriented
horizontally and vertically over the disc without any variation
of direction according the disc state. However, the condition
of the spine impacted the values of the strain. Degenerated disc
exhibited the largest strains. This is consistent with the
increase of specimen range of motion. Indeed, in an intact disc,
the NP has the role of tensor and puts the fibers of AF under
pressure whereas in case of degeneration, only the AF remains,
leaving a larger range of displacement for the fibres and thus
larger strains. Cement injection resulted in a wider strain range
over the disc, with a mean around -50000 microstrain for the
min principal strain, and some strain peaks that were different
from the intact disc.
Max principal strain [µƐ]

condition. However, abnormal results can occur due to the
cement distribution inside of the disc or the injection site. The
variability of the segment geometry is also to consider when
comparing the results. Further tests will allow to confirm the
observed trends and to establish the statistical significance of
the results. The strain measurement by means of DIC will
allow detecting if discoplasty is inducing any concerning strain
concentration on the remaining intervertebral disc.
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Fig. 2: Strain distribution during presso-flexion on intervertebral disc surface
(lateral view) in intact (INT), without NP (DEG), and cemented (DP)
conditions for max (up) and min (down) principal strains.

IV. CONCLUSION
These preliminary tests have demonstrated remarkable
differences before and after the discoplasty both in terms of
segment flexibility, and in terms of distribution of strains on
the annulus fibrosus. Degenerated disc presented the largest
strains in the annulus due to the lack of tension of the fibres
and after discoplasty the disc height was restored which should
be converted in a relief of pain for the patient. Indeed, by
filling the inner disc, discoplasty reproduces the nucleus role
and tenses the fibers of the annulus in a similar way. Thus, the
specimens after discoplasty have a flexibility closer to intact
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discarded preventively. To preserve the structural properties of
the tissues, the specimens were wrapped in Ringer’s solutionsoaked gauze and maintained at -20° until the day of testing
[4]. The study was approved by the local Institute Ethics
Committee.

Abstract—Anatomical
structures
inherently
present
anisotropy and inhomogeneity. This study investigated these
characteristics in human meniscus by using a fibril-network
biphasic material model based on unconfined compression test
performed on 7 samples. Several differences were found both
considering different meniscal regions (anterior horn, central
body and posterior horn) and compression directions (vertical,
radial and circumferential).
Keywords—Human meniscus, anisotropy, inhomogeneity,
unconfined compression.
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B. Specimen preparation
In preparation to the mechanical test, samples were thawed
at room temperature in Ringer’s solution. Once residual nonmeniscal connective tissue was removed, three macro regions
– characterized by an equal arc length in circumferential
direction [5], [6] – were identified on the meniscus surface: the
anterior horn, the central body, and the posterior horn (Fig.1).
The three regions were manually separated and 1-2 cubic
samples – approximately 5 mm sided – were carved from each
of them. The best region’s specimen was selected for
mechanical testing. On each specimen radial, circumferential
and vertical directions were clearly identified and marked
(Fig.1); faces dimensions were also measured obtaining a
mean face area of 19.3±2.5mm2. Before the beginning of
mechanical test, the cubic samples were left to equilibrate for
an hour in Ringer’s solution.

I. INTRODUCTION

NEE is one of the most complex and important structures
in human musculoskeletal system. Within this joint,
several tissues and articular elements need to collaborate to
allow a functional and safe mobility. Menisci play a key role
in knee joint biomechanics, including homogeneous
redistribution of vertical loads, friction reduction, nutrient
distribution, proprioception and shock absorption [1], [2].
These remarkable functions are the result of the peculiar
features of the meniscal tissue, especially its time-dependent
response to loads [1], which can be described through a
biphasic model, consisting of a solid extra-cellular matrix
interspersed by a fluid phase [3]. Although its
pathophysiological importance and the increasing interest in
designing novel meniscal implants, the basic knowledge
around this tissue is nowadays not fully exhaustive; for this
reason, a systematic mechanical investigation – considering
regional and/or directional variations and an appropriate
material model – of the human meniscal tissue is mandatory.
The purpose of this preliminary study is to fill the gaps about
inhomogeneity (i.e. dependency on the stressed region) and
anisotropy of human meniscus through an extensive
investigation on the contribute of solid and fluid phase, in
response to compressive load. To achieve this purpose, stressrelaxation behaviour of standard-shaped specimens – extracted
from different meniscal regions – was tested. In particular,
unconfined compression load was applied along the main axes
– vertical, radial and circumferential – of the extracted
specimens. Mechanical parameters were obtained by fitting
the force-time curves to the fibril-network-reinforced biphasic
model and compared among the extracted regions.

Fig. 1 On the left: anterior horn (AH), central body (CB) and posterior horn
(PH) regions of the meniscus and locations of the cubic samples are clearly
visualized. On the right: vertical (V), circumferential (C) and radial (R)
directions are identified with different colors (i.e. purple, red and no paint).

C. Biomechanical testing
Unconfined compression test was performed using a multiaxis mechanical tester (Mach-1, Biomomentum Inc., Canada)
equipped with a multiple-axis load cell (70 N range and 3.5
mN resolution on the vertical axis). The specimen was soaked
in Ringer’s solution bath within the measuring chamber and
maintained in position by means of a non-porous metal plate.
The mechanical test was conducted following a dedicated
procedure [7]: 5 compressive stress relaxation steps with 2%
incremental strain and ramp velocity of 0.4% strain/s were

II. MATERIALS AND METHODS
A. Sample tissue
In this preliminary characterization, 7 human lateral menisci
(age 59-76, mean 66 years) – harvested from patients
undergoing total knee arthroplasty – were collected and tested.
Samples presenting gross signs of degeneration were
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performed; relaxation stopped when a relaxation rate of 0.05
N/min was achieved [8] (Fig. 2). To avoid any bias, meniscal
regions and directions were tested in a random order. After
each testing session, each specimen was allowed to rest for 40
minutes in Ringer’s solution at room temperature to fully
recover the original dimensions (i.e. memory loss of the
loading history). Finally, the 2% strain relaxation ramps were
fitted (considering Poisson’s ratio=0.45 [9]) to the fibrilnetwork-reinforced biphasic model defined in [10] (Fig.2).
Relative fitting parameters were the fibril modulus Ef (MPa),
the matrix modulus Em (MPa) and the hydraulic permeability
k (10-12 m4/Ns). Ef and k varied exponentially with the strain
increment, therefore they were described as

for Ef_exp (p-value 0.026); central body vs. anterior horn in the
circular direction for kexp (p-value 0.048).
These findings suggested that both the solid and fluid phase
(modulus and permeability) showed a different behavior
depending on the meniscal region and direction. The lateral
meniscus can be described by a non-linear (i.e. strain
dependent) fibril-network-reinforced biphasic model,
transversely isotropic in the central body (isotropic plane
defined by vertical and radial directions, with mean E m 0.16
MPa, Ef_0 6.16 MPa, Ef_exp 19.18, k0 0.0065 10-12m4/Ns, kexp 34.21; circular direction with mean E m 0.16 MPa, Ef_0 2.54
Mpa, Ef_exp 14.83, k0 0.039 10-12m4/Ns, kexp -32.22), isotropic
in the anterior and posterior horns (mean E m 0.155 MPa, Ef_0
3.3 Mpa, Ef_exp 19.68, k0 0.018 10-12m4/Ns, kexp -37.83).

𝐸𝑓 = 𝐸𝑓_0 𝑒 𝑠𝑡𝑟𝑎𝑖𝑛∗𝐸𝑓_𝑒𝑥𝑝

IV. CONCLUSION
In this study, a complete mechanical characterization
revealed inhomogeneity and anisotropy in the human
meniscus, by describing the contribute of both the solid and
fluid phases to the mechanical response of the meniscal tissue.
Next step is trying to explain the highlighted tissue mechanical
behaviour by investigating its composition and structure on
histological sections derived by the various regions and along
the different directions of the meniscus.

and
𝑘 = 𝑘0 𝑒 𝑠𝑡𝑟𝑎𝑖𝑛∗𝑘𝑒𝑥𝑝
respectively, where Ef_0/ k0 are the initial values and Ef_exp/kexp
the exponential coefficients of fibril modulus/permeability,
while for Em the mean value on the five strain steps was used,
in analogy to what found for cartilage [11].
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Fig. 2 Stress-relaxation steps with fibril-network biphasic model fitting (blue
line). In the lower-right corner, a magnification of the curve is showed.

D. Statistical analysis
To assess the functional inhomogeneity and anisotropy of
the meniscal tissue, the parameters resulting by the analysis
(Em, Ef_0, Ef_exp, k0, kexp) were pooled both for region and
direction, and reported as mean SD (CV%). Distribution of
the data was then assessed through Kolmogorov-Smirnov test.
For each parameter, statistical difference between groups was
assessed by using two-sided Wilcoxon rank sum test with a
level of statistical significance α = 0.05 (p-value 0.05).
III. RESULTS AND DISCUSSION
Regarding the comparison between directions, the
following statistical differences were found: circular vs.
vertical in the central body for Ef_exp (p-value 0.002), k0 (pvalue 0.011) and kexp (p-value 0.048); circular vs. radial in the
central body for k0 (p-value 0.018). Regarding the comparison
between regions, the following statistical differences were
found: central body vs. posterior horn in the vertical direction
for Em (p-value 0.002), Ef_0 (p-value 0.002) and k0 (p-value
0.05); central body vs. anterior horn in the vertical direction
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Phantom UHS-12), the vertical impact force was recorded
using a load cell.
The specimens’ strength was estimated using finite-element
modelling, embedding CT-based BMD locally isotropic
material properties.
The fracture event was predicted using 3D models and a
theoretical impact force calculated as

Abstract—The current hip predictor failure in the clinical
practice (T-Score and FRAX) have low reliability. They are based
on average population and they do not take into account a
mechanistic description of the fracture. The aim was to compare
the T-score prediction, a prediction based on bone mineral
density and body anthropometry and the outcomes of an in vitro
sideways fall.
Ten femurs of ten different donors were used. The T-score was
evaluated for each femur. The BMD-based femurs’ strength was
estimated and compared with a theoretical impact force. Finally,
the computed theoretical impact force was carried on the femurs
for observing the outcomes.
The T-score correctly predicted 6 cases out of 10, the BMD+BA
prediction predicted 9 cases out of 10. The microstructure
analysis allowed to identify the potential fracture point location.
Body anthropometry and bone microstructure may play a
fundamental role in identifying the risk of femoral fracture while
falling on a side.

F = M*v/t;

(1)

where M is the body mass, v is the speed at touchdown and t
is the impact duration [3].
Specimens were categorized in high- and low-risk of fracture,
based on 1) DXA T-score (high risk: T-score
< -2.5) and 2) 3D models and theoretical impact force.
Predictions and fracture test outcomes were compared.
Fracture onset location was compared to the local internal bone
microarchitecture in the micro-CT images.

Keywords—hip, sideways fall, T-score, fracture risk.
TABLE I

I. INTRODUCTION

M

Specimens

OST hip fractures are associated with a side fall on

the femoral greater trochanter. Fracture onset is determined by
the local tissue properties and the dynamic load caused by the
fall.
The current standard for assessment of hip fracture risk,
areal Bone Mineral Density (aBMD, T-score) obtained by
Dual-energy X-Ray Absorptiometry (DXA), takes into
account only the tissue properties averaged in 2D and has
shown poor sensitivity and specificity [1].
The aims are to replicate a sideways fall scenario in vitro
and to compare
1) fracture outcomes with predictions using T-score;
2) and a combination of clinical CT measurements of BMD
and body anthropometry (BA).

T-score

CT BMD + body
anthropometry a

Experimental
observation

#1

N

Y

Y

#2

N

Y

Y

#3

N

Y

N

#4

N

N

N

#5

Y

Y

Y

#6

Y

Y

Y

#7

Y

Y

Y

#8

Y

N

N

#9

Y

Y

Y

#10

Y

Y

Y

Comparison of fracture risk estimate based on DXA (if T-score
< 2.5 indicated as “Y”, otherwise “N”), CT BMD and BA, and
experimentally observed fractures (N: non-fractured; Y: fractured).

II. MATERIAL AND METHODS
Ten specimens (DXA T-score range: -3.59, 0.77) were
scanned (Table 1) with a micro-computed tomography (microCT) (29 µm/voxel, Australian Synchrotron Clayton VIC,
Australia) [2] to visualise bone microstructure and with a
clinical CT (0.7 mm/pixel, Optima CT660, GE, USA) to
evaluate BMD.
The femurs were then tested in a sideways fall condition
using a drop-tower. Patient-specific energy at touchdown was
calculated from donor weight, height and soft-tissue thickness
for each specimen [3]. Fracture onset was video-recorded
using two high-speed cameras (20,000 Hz, Vision research,

III.

RESULTS

Six out of 10 specimens (#4, #5, #6, #7, #9, #10) showed
either a fracture or no-fracture, in agreement with the DXAbased predictions. However, two specimens identified as nonosteoporotic (#1, #2) did actually fracture, whereas one
osteoporotic specimen (#8) did not fracture (Table 1).
CT-based BMD and BA correctly predicted nine out of 10
specimens.
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Two different failure patterns were observed: sub-capital
and per-trochanteric (Fig. 1). Examination of the trabecular
microstructure suggested that failure onset might be linked to
the local trabecular bone architecture.

Load

fracture location on human femurs tested in vitro, J Biomech, 47: 353138, 2014.

(b)

SUB-CAPITAL

PER-TROCHANTERIC

(a)

Synchrotron µCT

Load

High-speed camera

(b)

PER-TROCHANTERIC

(a)

CT

High-speed camera

Synchrotron µCT

Figure 1: Different failure patterns: sub-capital (up) and pertrochanteric (down). High-speed camera images during the
tests (a) and synchrotron micro-CT images of the intact bone
(b). Red arrows: failure point; blue arrow: direction of
applied load.

IV. CONCLUSION
The clinical classification of osteoporosis (DXA T-score
<-2.5) only partially predicted (6 out of 10) the actual femoral
fracture observed in a simulated sideways fall. Predictions
based on CT BMD combined with body anthropometry gave a
better prediction (9 out of 10). Body anthropometry and bone
microstructure may play a fundamental role [4] in identifying
the risk of femoral fracture while falling on a side.
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Development of a virtual simulator for
analyzing TKA performance
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ligaments were represented with specific force elements in
order to simulate elastic and damping effects, while for the
patellar tendon also modular arrays of rigid bodies were used
to reproduce its deformability and its characteristic wrapping
effect [1,2]; all the mechanical properties attributed to
materials and soft tissues were extracted from literature.
A virtual testing rig was then implemented applying
constraints on tibial and femoral epiphysis, respectively using
a spherical joint linked to a point on a vertical rail (representing
the cranio-caudal axis) for the tibia and a cylindrical one
linking the proximal femur to a cart able to move along the
foresaid rail.
A 10 second squat movement up to 110° was then simulated,
applying a sinusoidal displacement (as reported in literature
and in previous experimental activities) to the femoral head
along the cranio-caudal axis while constraining the distal
extremity of the tibia: kinematic and kinetic results were then
extracted and the validation was performed comparing them
with literature, in detail with experimental tests [3-5] and
numerical studies [6] applying the same boundary conditions.

Abstract— Custom specific knee finite element models are
common and valid tools used by researchers to investigate native
and replaced knee joint, as an alternative to in-vivo or
experimental activities. Such approach is currently suffering by
the long computational time required to reach a solution. Rigid
body kinematics represent a possible numerical approach
characterized by a shorter required computational time
compared to finite element. Aim of this activity is to develop and
validate a virtual knee simulator, based on rigid multibody
kinematics, in order to analyse knee implant performance.
Keywords—TKA, rigid body simulation, performance, squat
motion.

K

I. INTRODUCTION

inematics and kinetics of knee joint are extremely
complex to analyze due to the mutual interaction between
bones and soft tissues, regulating the movement through
contact forces; nonetheless, their study is fundamental to allow
a better comprehension of the biomechanics during various
tasks and thus meeting the needs of the ever-increasing
diffusion of the Total Knee Arthroplasty (TKA) and the
request for improved performances. Custom specific knee
finite element models are common and valid tools used by
researchers to investigate native and replaced knee joint as an
alternative to in-vivo or experimental activities. Such approach
is currently suffering by the long computational time required
to reach a solution. Rigid body kinematics represent then a
possible numerical approach, being characterized by a faster
computing time to reach a solution.
In this study, a virtual knee simulator based on multibody
rigid-body simulation was developed in order to analyze
kinematic and kinetic during a squat; validation was then
performed comparing the results with literature studies.

II. METHODS
CT scans were used, obtaining thus a patient specific model,
to reconstruct bone geometries and a PS TKA (Link Gemini
SL, Waldemar LINK, Hamburg, Germany) comprehending
femoral and patellar components, tibial plateau and insert was
implanted following proper surgical protocols and patient
anatomy; bone cuts were then performed to reproduce the
surgical operation.
SimPack multibody software was then used to allow shorter
computational time compared to a finite element simulation
software; the model was assembled in the virtual environment,
contact forces among prosthetic components were applied and
force elements were used to reproduce the effects of the soft
tissues surrounding the joint, giving particular attention to the
wrapping effect involving the patellar tendon. Muscles and

Figure 1 – The components of the model in a frame of the
simulation
III. RESULTS AND DISCUSSION
Intra-extra rotation, antero-posterior displacement, tibiofemoral contact forces (medial and lateral), patello-femoral
contact forces and post-cam system interactions were recorded
along the whole motion, together with a graphical animation
of the movement showing the relation between every position
and the corresponding force value; the outputs hence generated
showed promising agreement with the experimental studies
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and data obtained with FEM; this result is a good incentive
because, together with the relatively low computing time
needed for this kind of simulations, it shows the potentiality of
the multibody analysis in kinematic and kinetic studies applied
to knee biomechanics.
a)

a)

b)
Figure 4 - Patello-Femoral Contact Forces from SimPack
Model (a) and from Literature (b)

b)
Figure 2 - Tibio-Femoral Medial Contact Forces from
SimPack Model (a) and from Literature (b)
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b)
Figure 3 – Tibio-Femoral Lateral Contact Forces from
SimPack Model (a) and from Literature (b)
IV. CONCLUSIONS

a)

The virtual model obtained can therefore be considered a
starting point for subsequent studies: dimensions and
positioning of prosthetic components and tissues mechanical
properties can indeed be considered as variable parameters in
order to study the consequences of their changes on kinematics
and kinetics; these data can then be used to predict the behavior
of the replaced joint and thus help the surgeon in pre-operative
decision-making process. The possibility of using bone
geometries extrapolated from CTs, moreover, allows the
process to be patient specific and therefore more flexible,
maintaining nonetheless computing times in a reasonable
range.

b)
Figure 5 - Intra-Extra Rotation from Simpack Model (a) and
from experimental tests(b)
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multi-segment foot and whole body kinematics was applied
[4]. For the musculoskeletal model, two 6DOF foot models
were generated: one with (Inner) [5] and one without (No
Inner) intrinsic foot muscles. The extrinsic muscle activation
was validated against experimental surface electromyography
[5]. Two FEMs, containing subject-specific structure and
tissues properties, one for the healthy subjects and one for the
diabetic subjects, were defined and subject-specific
kinematics, muscle forces and ground reaction forces were
applied as boundary conditions. Four phases of the gait cycle
were simulated [5]. External stresses on the foot sole were
validated against the experimental plantar pressure [5].
Student T-Test (p<0.05) was used for comparing results
among the two cohorts of subjects. RMSD was calculated
between measured and simulated plantar pressures.

I. INTRODUCTION

III. RESULTS

Chronic diabetes complications represent the most relevant
problem in terms of clinical management and healthcare
system costs linked to diabetes [1]. Ten years after disease
onset, between 20 and 50% type 2 diabetic patients develop
diabetes neuropathy, which is a major risk factor for diabetic
foot problems. This represents the most common cause of
non-traumatic amputation despite the fact that nowadays
various foot orthoses have been optimised to offload areas
with high plantar pressure [2]. With a re-ulceration risk of
65% in 5 years, there is an important potential to optimize
foot orthosis prescription by accounting for the diabeticspecificities affecting dynamic foot function [1]. The goal of
this study was to verify the role of intrinsic foot muscle
forces on foot internal stresses and strain, in order to use this
information as possible biomarker to track diabetic foot
disease progression.

Diabetic subjects displayed significantly higher internal
stresses at both soft tissue and bones (Fig. 1) and a higher
intrinsic muscles forces (Fig. 2). A maximum RMSD were
observed, with both models, on the hindfoot, but the Inner
model showed a lower value.

Abstract— Diabetic foot is a severe complication and
represents the most common cause of non-traumatic
amputation. The goal of this study was to simulate diabetic foot
behaviour and soft tissues internal stresses by taking into
account for muscle activation, muscle forces, altered foot
kinematics and loads. Gait analysis, musculoskeletal dynamic
simulations (Opensim) and foot FEM (Abaqus) were combined
to estimate the muscles forces, internal stresses and plantar
pressure distribution on diabetic feet. The comparison of
extrinsic and intrinsic muscles forces between experimentally
measured and simulated plantar pressure showed that the
interdependency of muscle force and tissue response justifies a
concurrent multiscale modeling approach.

II. METHODS
Gait analysis, musculoskeletal dynamic simulations
(Opensim) and FEM (Abaqus) were combined and muscles
forces, internal stresses and plantar pressure distribution
(external stresses) were estimated. Ten subjects (5 healthy:
mean±SD, age 44.20±16.66 years and BMI 21.53±1.13
kg/m2, 5 diabetic subjects: age 58.40±7.76 years and BMI
25.93±2.67 kg/m2) were analyzed [5]. Each subject received
a foot MRI scan. A stereophotogrammetric system (BTS)
synchronized with 2 plantar pressure (Imagortesi), 2 force
plates (Bertec), and a 16 channels surface electromyography
system (BTS) were used [4]. An extended marker set for 3D

Figure 1: Von Mises stresses in the different phases of the
Gait Cycle
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Figure 2: Flexor Hallucis Brevis Medialis Forces
(mean ± SD)
IV. CONCLUSION
Results showed that the Inner model provides more useful
information. Also, the interdependency of muscle force and
tissue response justifies a concurrent multiscale-modeling
approach. Moreover, subject-specific characteristics in foot
morphology, tissue mechanics and gait characteristics should
be accounted for to achieve optimal offloading.
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force on non-necrotic fibers in dystrophic muscle is not
seriously affected by dystrophy [1]. So, it is postulated that the
loss of isometric force and concentric stretch velocity is a
mechanical problem resulting from increase of matrix stiffness
and decrease of density fiber, lateral transmission force
efficiency [4] and fibers non-uniformity [5].

Abstract—Neuromuscular (NM) disorders as Duchenne
Muscular Dystrophy (DMD) affect muscle fibers and/or the
central and peripheral nervous system and the NM junction that
control the muscle fibers. A better understanding of the
mechanisms underlying the pathogenesis of muscle atrophy and
wasting associated with DMD represents an important first step
for the development of novel therapeutic approaches. In this
work, we develop a three-dimensional (3D) chemo-mechanical
mathematical model of skeletal muscle for DMD. The model is
inspired on the muscle biophysics and studies of changes in
muscle fiber structure and interaction, aiming to shade light into
the biophysical mechanisms regulating muscle contraction.
Preliminary results indicate the fibers inside the dystrophic
muscle are subjected to a higher stress than the fiber in healthy
muscle, during a concentric contraction.
Keywords—3D skeletal muscle model, 3D mathematical muscle
model, 3D model of Duchenne Muscular Dystrophy.

II. MATERIAL AND METHODS
The mathematical model of skeletal muscle is based on the
stiffness-distortion sarcomere model presented by Campbell et
al. [3]. The model is formed of two parts: i) the myofilament
[𝐶𝑎2+ ] kinetics (see Figure 1a), and ii) the mechanical model
of the muscle composed of the cross-bridge force generation
and the ECM passive response (Figure 1b).

I. INTRODUCTION

D

UCHENNE Muscular Dystrophy (DMD) is a muscle
degenerative disease caused by a mutation in the
dystrophin gene. Dystrophin is a cytoskeletal protein essential
for the stability of multinucleated myofiber membrane in
skeletal muscle, whose lack results in increased fragility of the
sarcolemma [1]. The chronic nature of the disease with
continuous cycles of muscle degeneration/regeneration
determines unsuccessful muscle regeneration, typically
characterized by persistent myofiber degeneration,
inflammation and fibrosis, which is essentially an excessive
accumulation of extracellular matrix (ECM) components
contributing to muscle weakness.
Significant advances in the mathematical model of skeletal
muscle have been produced in the last two decades [2], [3].
These models simulate the dynamic behavior of muscles with
mathematical equations inspired by cross-bridge contractile
mechanisms responsible for the active force generation.
However, these mathematical models have been developed for
healthy muscle, with little efforts regarding the DMD skeletal
muscle. Current modelling on dystrophic muscle is limited to
study the relationship between microstructural disease
adaptations and modifications in the mechanical passive
properties of muscle or strain in the cell membrane, not
accounting for chemo-mechanical interactions and active
muscle response.
The aim of this work is building a 3D chemo-mechanical
model of muscle-skeletal tissue amenable for modeling
dystrophic skeletal muscle. The model accounts for the
contribution of individual muscle fibers and the ECM. The
main supported hypothesis behind is that the myosin function
and the single fiber mechanics do not underlie the weakness of
the dystrophic muscle [1] and, consequently, the isometric

(a)
(b)
Fig. 1: Myofilament kinetics and muscle model.

The myofilament [𝐶𝑎2+ ] kinetics (Figure 1a) is described by a
three state model [3]. A state in which the myosin heads are
detached from actin filament (D), a state in which they are
attached in weak load bearing condition (A1) and a state in
which they are attached in power load bearing condition (A2).
The cross-bridge force generation are derived from a
distortional balance that accounts for distortion due to crossbridge cycling and shear motion between thick and thin
filaments in weak and power stroke states, A1 and A2.
The muscle stress-strain relation is derived by postulating
the existence of a strain energy function (SEF) taken to be a
function of the macroscopic deformation of muscle, 𝜆, and the
𝑤
cross-bridge active stretches, 𝜆𝑤
𝑎 and 𝜆𝑎 [2].The deviatoric
̅
part of the SEF, 𝑊 , is decoupled into a SEF related to fibers,
̅𝑓 , and a SEF related to matrix, 𝑊
̅𝑚𝑎𝑡𝑟𝑖𝑥 ,
𝑊
𝑝
𝑤 𝑝
̅ (𝐶, 𝑁, 𝜆𝑤
̅
̅
𝑊
𝑎 , 𝜆𝑎 ) = 𝑊𝑚𝑎𝑡𝑟𝑖𝑥 (𝐶) + 𝜌𝑓 ∙ 𝑊𝑓 (𝐶, 𝑁, 𝜆𝑎 , 𝜆𝑎 ), (1)

where 𝐶 is the right Cauchy-Green deformation tensor, 𝑁 is
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TABLE I
3D MODEL RESULTS

the structural tensor defining tissue anisotropy and 𝜌𝑓 is the
fibers density. Further, the fiber SEF is split into a passive
contribution due to the costameres and an active contribution
associated with the actin-myosin system. From total SEF, it is
possible to derive the second Piola-Kirchhoff stress tensor as,
𝑆=2

𝜕𝑊
𝜕𝐶

.

Isometric
(Weight >> iso )

(2)

̅𝑚𝑎𝑡𝑟𝑖𝑥 is assumed to behave isotropically, while the
The SEF 𝑊
passive behavior of the fibres is assumed to be anisotropic [2].
For the fiber active behavior, the SEF is assumed as the sum
of the two attached XBs states (A1 and A2) contribution [3],
2

2
1

2
1

2

2

+ 𝜂2 𝐴2 [ ln(𝐼4̅ ) −

𝑝
ln(𝜆𝑎 )]

2

,

(3)

where 𝜂1 and 𝜂2 are elastic constants for A1 and A2 states, and
𝐼4̅ (𝐶, 𝑁) is the fourth pseudo-invariant.
The model has been implemented within the commercial finite
element software ABAQUS (Dassault Systèmes®) as a user
subroutine.

iso Fiber
(kPa)

iso Matrix
(kPa)

Healthy muscle

67.73

Mdx muscle

22.66

Fiber50-HealthyMatrix

33.87

67.73

0.006

Fiber33-MdxMatrix

22.58

67.73

0.006

Concentric
(Weight = 0 kPa)

1
1
𝑝
𝑤
̅
̅𝑓,𝑎 (𝐼𝑎̅ , 𝜆𝑤
𝑊
𝑎 , 𝜆𝑎 ) = 𝜂1 𝐴1 [ ln(𝐼4 ) − ln(𝜆𝑎 )] +

iso
(kPa)

Vcon
(1/s)

con Fiber
(kPa)

con Matrix
(kPa)

Healthy muscle

-1.18

Mdx muscle

-0.84

Fiber50-HealthyMatrix

-1.18

22.55

-22.94

Fiber33-MdxMatrix

-1.17

38.29

-19.55

Preliminary results of mean stress and maximum velocity contraction.

IV. CONCLUSION
The preliminary results show that the stress acting on the
fibers increases, when the fibers density decreases and the
stiffness of the matrix surrounding fibers increases. This result
is in good agreement with reported data on dystrophic mice
that show a reduction in muscle fibers with the pathology
progression [6]. In addition, an increase of the stress on the
fibers may trigger inflammatory process leading to cell dead
and fibrosis [1], [7].
In future, the model will account for specific 3D aspects of
the muscle micro-structure i.e., fiber-to-matrix interactions,
that could play a significant role on the damage mechanisms
that compromise muscular function in DMD. These
investigations could be useful to better understanding the
impact of dystrophin lack and gaps generation observed at
tissue level.
Last but not least, another improvement will comprise
inclusion in the 3D model of the real fiber-to-matrix ratio in
order to increase the model ability to reproduce the dystrophic
muscle conditions.

III. RESULTS
We developed four models: a) healthy muscle composed of
100% force-generating fibers, b) dystrophic muscle composed
of 33% force-generating fibers, c) muscle composed of fibers
for 50% volume and healthy matrix for 50% volume (Figure
2), and d) muscle composed of fibers for 33% volume and
dystrophic matrix for 67% volume.
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taken by the Heart Team on the basis of clinical considerations
of the risk profile of the patient.

Abstract—The current generation of transcatheter heart
valves (THV), as the Edwards SAPIEN 3 Ultra (S3), are not
specifically designed for mitral position implantation and have
intrinsic geometry that may make mitral implantation
suboptimal. This study aimed to assess the hemodynamic
alteration induced by the obstruction of S3 Ultra THV in the left
ventricular outflow tract (LVOT) after transcatheter mitral valve
replacement (TMVR). Specifically, the S3 Ultra THV was
virtually deployed in the diseased mitral valve and then smooth
particle hemodynamic was adopted to assess hemodynamic
disturbance induced by the S3 elongation in the LVOT.
Keywords— transcatheter mitral valve replacement, FEA,
smooth particle hemodynamic.

I. INTRODUCTION

E

VOLUTION of catheter-based structural interventions
has given patients less invasive alternatives to surgery;
however, the current generation of transcatheter heart valves
(THV) are not specifically designed for mitral position
implantation and have intrinsic geometry that may make mitral
implantation suboptimal. Interventional cardiologists are faced
with unique challenges including valve deliverability,
embolism, and notably left ventricular outflow tract (LVOT)
obstruction. Transcatheter mitral valve replacement (TMVR)
can lead to THV elongation in the outflow tract of the left
ventricle, whereas the pre-existing “native” LVOT confined
by the most basal septum and the intervalvular fibrosa remains
unchanged [1,2]. The newly created elongation due to the
protrusion of the THV into left ventricle is confined posteriorly
by the deflected anterior mitral valve leaflet in TMVR. Such a
THV protrusion into LVOT can alter hemodynamic of the
aortic valve.
This study describes the case of a patient who underwent
successful TMVR with the Edwards SAPIEN 3 Ultra valve
(S3). The deployment of S3 into mitral annulus was simulated
and then smooth particle hemodynamic (SPH) technique was
adopted to assess the hemodynamic and structural mechanics
induced by the newly generated elongation of the THV into
LVOT.
II.

METHODOLOGY

A. Patient case
A 70 years old gentleman was hospitalized in our hospital
institution for mitral valve complications related to a
previously treated minimally-invasive annuloplasty ring band.
Pre-operative CT imaging was performed to assess the
feasibility of TMVR to measure mitral annulus (diameter of
19.7 mm). The 26-mm S3 THV was implanted with decision

B. Computational framework
The adopted computational framework to simulate TAVI in
BAV patients consisted of the following steps:
1) patient-specific reconstructions of the heart from CT
images;
2) parametric modelling of mitral and aortic valve leaflets
using 3rd-order NURBS curves;
3) crimping and deployment of S3 Ultra THV by means of
a moving cylindrical surface and then mapping of the valve
leaflets onto deployed bioprosthesis;
4) fluid-structure interaction analysis by smooth-particle
hemodynamic (SPH) of implanted S3 device in the mitral
valve to simulate hemodynamic induced by THV elongation
into LVOT.
Pre-operative CT images were processed by Mimics (v.21,
Materialise, Belgium) to reconstruct the left ventricle, left
atrium and aortic root anatomy using different greyvalues and
multiple masks. For the native heart valves, we used
parametric models based on anatomic measures as previously
described [3] since the mitral and aortic valves were not clearly
visible at CT scans. The geometrical model of 26 mm S3 Ultra
THV was acquired with a high-resolution micro-CT scanner.
For the numerical deployment of S3 Ultra THV into mitral
annulus, the heart and mitral valves were modelled as
hyperelastic and isotropic materials using a two-term Yeoh
constitutive relation using literature data [4]. Von Mises
plasticity and isotropic hardening was used for the S3 stent
frame. An elasto perfectly-plastic stress-strain model was used
for the cylindrical surface representing the outer sealing skirt
of S3 Ultra THV (surface thickness of 0.1 mm). Regarding
THV leaflets, the constitutive characteristic of bovine
pericardium was modelled with a linear-elastic material and
uniform thickness of 0.4 mm [4].
The numerical analysis of TMVR procedure was performed
with Abaqus/Explicit solver. Crimping to achieve catheter
diameter and expansion of S3 Ultra THV to the final diameter
of 26 mm was simulated using a cylindrical surface moved
radially under frictionless contact conditions. Frictionless
contacts were adopted between the S3 Ultra THV and the
cylindrical surface, as well as between the S3 Ultra THV and
the mitral annulus. After simulation of TMVR, the fluiddynamic study was performed using smooth-particle
hemodynamic (SPH) modelling the blood with density of 1060
kg/m3 and viscosity of 0.0035 Pa s For the blood flow, the
speed of sound is high compared to the bulk velocity of the
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blood so that an artificial sound speed of c0 =145 m/s was
employed to avoid very small computational time steps while
keeping density fluctuations within a small range and thus
maintaining the incompressible flow behaviour. SPH particles
were uniformly distributed in the fluid domain with a spatial
resolution of 0.8 mm. Two rigid plates were used to apply
pressure boundary conditions on the blood volume. For the
sake of simplicity, the heart was assumed rigid.
III.

RESULTS AND DISCUSSION

After simulation of TMVR, the newly created elongation of
the S3 Ultra, namely the “neo-LVOT”, was calculated in the
transversal direction with respect to the centreline of both the
aorta and LVOT. We observed that the S3 Ultra THV deflected
the anterior mitral valve leaflet to the basal septum of left
ventricle, thereby elongating the outflow tract toward the left
ventricle. This elongation referred to as the neo-LVOT was
confined by the basal septum and the septally-deflected
anterior mitral valve leaflet. Pre-operative planning of TMVR
by computer-aided design (CAD) highlighted an area
generated by the neo-LVOT equal to 367.2 mm2 as shown by
Figure 1.
Simulation of TMVR revealed a well-positioned TMVR
characterized by a regular circular shape at mitral annulus as
shown by Figure 2. Along the longitudinal axis, the S3 Ultra
THV revealed a conical shape with higher dimeter at distal end
of the bioprosthesis with respect to that seen at mitral annulus
(diameter of 16.9 mm at mitral anulus versus diameter of 17.6
mm at distal end of THV).

Figure 2: Deformed shape of TMVR simulation and Mises stress of S3
Ultra; red = S3 Ultra THV; green= left ventricle; white= aortic valve; light
blue= mitral valve

SPH investigation revealed altered motion of the noncoronary leaflet of the aortic valve during cardiac beating as
found in another study [5]. This was determined by the
protrusion of the S3 THV Ultra that inhibited the flow
circulating into LVOT.
IV. CONCLUSION
We conclude that computational modelling can be helpful to
assess the hemodynamic into LVOT after TMVR,
Computational modelling aims at improving not only the
efficacy of the implantation, but also the exploration of “offlabel” application as the TMVR based on THV designed for
the aortic valve.
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All model equations were solved with Comsol Multiphysics
4.2 with a denser mesh at the interfaces between various
domains and at the rPBB edges (Fig. 1c).

Abstract— Regenerative medicine has the potential to repair
or replace tissues and organs damaged by age, disease or
trauma, or even to remedy birth defects. In this field,
bioreactors play a central role because they may provide cells
with nutrients, and suitable biochemical and fluid-mechanical
cues. Radial flow packed bed bioreactors (rPBBs) are
particularly suited to engineer clinical-scale long bones
substitutes. In this work, the effect of medium feed flow rate on
the uniformity of scaffold perfusion was investigated by means
of 3D models describing flow and tracer transport in rPBBs as
tools to enable experimental validation of model predictions.
Keywords— flow, model, long bone, rPBB, tissue engineering.

P

a

b

I. INTRODUCTION

OOR bioreactor geometry and operation may cause
uneven supply of oxygen and nutrients to osteogenic cells
in porous hollow scaffolds in radial-flow packed-bed
bioreactors (rPBBs) for bone tissue engineering (BTE) [1-3].
This may affect the distribution of matter in the rPBB, it may
initiate uneven cell proliferation and ECM deposition
yielding non-uniform construct permeability as tissue
matures thereby hindering uniform construct maturation.
In this work, the effect of medium feed flow rate on the
uniformity of scaffold perfusion was investigated with novel
3D models describing flow and tracer transport in rPBBs
with practical lateral outlet as tools to enable experimental
model validation.

c
Fig 1. a) Scheme of an rPBB with lateral outlet and central inlet operated
by flowing medium outwards and counter-currently; b) prototype rPBB; c)
meshing of the rPBB model.

III. RESULTS AND DISCUSSION
Fig. 2a shows that the 3D flow transport model soundly
predicts that feeding medium to the prototype rPBB at
various flow rates yields a distribution of radial medium
velocity at the inner scaffold radius either skewed to the top
or bottom (i.e. Rein=0.5-5), or uniform (i.e. Rein=2).

II. MATERIAL AND METHODS
Steady flow transport in the three compartments of rPBBs
with a lateral outlet, operated by flowing medium outwards
and counter-currently (Fig. 1a), was described with a 3D
model in terms of Navier-Stokes and Darcy-Brinkman
equations in the void spaces and in the isotropic hollow
porous scaffold, respectively [4-6]. Dimensional analysis
yielded the dimensionless groups determining the rPBB
behavior. Then, a 3D model describing the unsteady state
transport of an inert tracer in the rPBB was developed, based
on the 3D flow model, to simulate tracer experiments. The
model equations were solved numerically for the geometry of
an rPBB prototype (Fig. 1b) under conditions expected to
yield radial velocity distribution at scaffold inner surface
along the rPBB length either uniform, or skewed towards
bioreactor top or bottom. They were obtained for modified
inlet Reynolds numbers Rein=2, 0.5 or 5, respectively. The
transient 3D model equations of tracer transport were solved
for the distribution of tracer in the rPBB under conditions
simulating a step challenge in the inlet tracer concentration.

Fig 2. Rein effect on the model-predicted rPBB fluid dynamics: a- uniformity
of radial flux distribution; b – Residence Time Distribution.
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Fig 3. Distribution of the inert tracer concentration inside the rPBB at
various times following the step challenge in the inlet tracer concentration,
and at various inlet medium flow rate (i.e. Rein): a) Rein=0.5; b) Rein=5.

The good qualitative agreement of radial flow and tracer
concentration distributions shown in Figs. 2 & 3 suggests that
tracer experiments may indeed provide information on the
distribution of the radial velocity profiles in the rPBB along
the bioreactor length and supports their use to validate the
model-predicted velocity profiles under any operating
condition.
IV. CONCLUSIONS
Tracer experiments may indeed provide information on the
actual pattern of scaffold perfusion with medium and may
help validate predictions of the 3D flow model to optimize
scaffold perfusion in rPBBs. Model predictions suggest also
that changing the inlet flow rate may effectively help control
scaffold perfusion during culture as the construct matures.
ACKNOWLEDGEMENTS
The scaffolds used for this investigation were kindly
provided by Lithoz GmbH, Vienna (Austria).

59

Donato, D., Falvo D'Urso Labate, G., Debbaut, C., Segers, P.,
Catapano, G. Optimization of construct perfusion in radial-flow
packed-bed bioreactors for tissue engineering with a 2D stationary fluid
dynamic model (2016) Biochemical Engineering Journal, 109, pp. 197211
De Napoli, I.E., Zanetti, E.M., Fragomeni, G., Giuzio, E., Audenino,
A.L., Catapano, G. Transport modeling of convection-enhanced hollow
fiber membrane bioreactors for therapeutic applications (2014) Journal
of Membrane Science, 471, pp. 347-361.
Calì M., Zanetti E.M., Oliveri S.M., Asero R., Ciaramella S., Martorelli
M, Bignardi C. “Influence of thread shape and inclination on the
biomechanical behaviour of plateau implant systems”, Dental
Materials, 2018, Mar; 34(3): 460-469
Caruso, M.V., Gramigna, V., Fragomeni, G. A CFD investigation of
intra-aortic balloon pump assist ratio effects on aortic hemodynamics
(2019) Biocybernetics and Biomedical Engineering, 39 (1), pp. 224233
Cima, L.G., Blanch, H.W., Wilke, C.R. A theoretical and experimental
evaluation of a novel radial-flow hollow fiber reactor for mammalian
cell culture (1990) Bioprocess Engineering, 5 (1), pp. 19-30
Fassnacht, D., Pörtner, R. Experimental and theoretical considerations
on oxygen supply for animal cell growth in fixed-bed reactors (1999)
Journal of Biotechnology, 72 (3), pp. 169-184
Birru, B., Mekala, N.K., Parcha, S.R. Mechanistic role of perfusion
culture on bone regeneration (2019) Journal of Biosciences, 44 (1), art.
no. 23

ESB-ITA Meeting 2019, 30 September – 1 October 2019, Bologna, Italy

1

Computational modeling of IntraValvular
Impedance sensing for heart valve prostheses
L. Cercenelli1,2, I. Benvenuto Greco1, B. Bortolani1 and E. Marcelli1
1Laboratory

of Bioengineering, DIMES-Experimental Diagnostic and Specialty Medicine Dept., University of Bologna, Bologna, Italy
2DIBINEM-Biomedical and Neuromotor Sciences Dept., University of Bologna, Bologna, Italy

II. MATERIALS AND METHODS
Abstract—This study presents the computational modeling of
the innovative IntraValvular Impedance (IVI) sensing applied to
heart valve prostheses for the continuous monitoring of valve
leaflet motion and its possible alterations due to subclinical valve
thrombosis after implant. We use COMSOL Multiphysics
simulation to study the optimal electrodes’ configurations
(number and position) for IVI measurement, to be integrated in
the structure of a bi-leaflet mechanical heart valve.
Keywords—heart valve prostheses,
electrodes, computer simulation.

impedance

A. Geometrical model for MHV and IVI sensing electrodes
Geometrical models of both the MHV and IVI sensing
electrodes were realized using the COMSOL Multyphysics
software (Comsol Inc.,Burlington, MA). For the prosthetic
valve model, a standard 27-mm bi-leaflet MHV (Carbomedics,
Sorin/Livanova) was used as reference. The electrodes were
modelled with circular shape and simulated as platinum
iridium (Fig.1). The inner wall of the valve ring was chosen as
the surface to place the IVI sensing electrodes in order to
concentrate the electric field lines in a region quite sensitive to
the interference caused by the moving leaflets. An insulator
layer (simulated as silicone) was interposed between the
electrode and the conductive surface of the valve ring, in order
to prevent the electric contact between the two. For the
insulator, an external thickness (Th) of 0.5 mm was chosen. In
order to avoid the direct contact between the electrodes and the
conductive leaflets when the valve is closed, a minimum
distance (d=1 mm) was imposed between the upper edge of the
valve ring and the upper surface of the insulator layer
surrounding the electrode (Fig.1). We simulated different sizes
for the electrodes, however making sure that their overall area
(Total Electrode Area, TEA) respects the imposed geometrical
constraints (d ≥ 1 mm, Th=0.5 mm) and is consistent with the
valve ring height (8.5 mm), i.e. TEA ranging within 9-33 mm2.

sensor,

I. INTRODUCTION

S

EVERAL conditions can negatively affect the functionality
of heart valve prostheses (HVPs) after implantation,
including thrombus or excessive pannus formation that may
reduce valve leaflet motion [1],[2].
Recently, many studies reported a reduced leaflet motion
after biological heart valve implantation, more in transcatheter
than in surgical valves, that might be associated with
subclinical valve leaflet thrombosis and increased risk of
stroke [3]–[7]. Of note, the reduced leaflet motion occurs in
patients not receiving anticoagulants, and it can be resolved
with a tailored anticoagulation therapy [3]. Also in mechanical
heart valves (MHV), the early detection of reduced leaflet
motion due to thrombus formation, may be useful to reveal
inadequate anticoagulant therapy. Currently, the reduced
leaflet motion after implantation can be early detected only by
high-resolution 4-dimensional multi-detector computed
tomography (4D-MDCT) [7], which however cannot be
proposed as routine imaging surveillance due to the potentially
harmful effects for patients (radiation exposure), and costs.
To this aim, we have recently conceived an innovative
sensorized HVP, able to continuously monitor the valve leaflet
motion after implantation, based on an impedance
measurement that we define IntraValvular Impedance (IVI)
[8], [9]. For IVI measurement, electrodes are embedded in the
structure of the HVP, and they are used to generate a local
electric field altered by the moving valve leaflets during the
cyclic opening/closing.
We have recently collected in vitro test results for the first
prototype of IVI-sensorized MHV used on a circulatory mock
loop system [10].
In this study, we presents a computer-based simulation to
study the optimal number and position of the electrodes
required for IVI measurement applied to a commercial model
of MHV.

Fig. 1: Geometry of IVI sensing electrodes for bipolar and quadripolar
impedance measurement configurations.

Two different impedance measurement configurations were
evaluated: bipolar (i.e. the same two electrodes used both as
source and receiver) and quadripolar (i.e. four electrodes, two
used as sources and the remaining two used as receivers). For
quadripolar configuration, we modelled a concentric geometry
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(about 20%) in case of quadripolar configuration (Fig.3). In
general, we observed that when increasing the TAE, also the
obtained ∆IVIMAX% increased, especially in case of Medium
and Lowest positions.

with a central receiver electrode (R) being surrounded by a
sourcing electrode (S) shaped as a circular crown and isolated
from R by an additional silicone layer (Th=0.5 mm).
B. Simulation conditions
The COMSOL Multiphysics software was used for the
electrical characterization of each component. The electrical
properties (conductivity, σ and permittivity, ε) attributed to
materials were summarized in Fig.2.

Fig. 3: Results obtained for simulation of IVI sensing in bipolar/quadripolar
configurations, with three different electrode positions in the valve ring.

IV. CONCLUSIONS
This preliminary computational study allowed to in silico
reproduce the novel IVI sensing principle applied to MHVs.
The obtained results give indication that the optimal
impedance configuration for IVI sensing is quadripolar and
that the most sensitive electrode position is the closest to the
upper edge of the valve ring. Further evaluations will be
performed to study in simulation the impedance variations
obtained for the overall dynamics of the leaflets between the
open and closed positions. Additional simulations will be
planned to study the effect of a simulated thrombus formation
on the IVI signal, and to model IVI sensing also for
bioprosthetic heart valves.

Fig. 2: Simulated materials and their electrical properties.

We simulated with COMSOL AC/DC module the electric
fields generated by the electrodes embedded in the modelled
MHV. The equivalent circuit models for both bipolar and
quadripolar configurations were implemented, and the
magnitude of the resulting impedance was obtained as output.
A low amplitude (18 µA) medium frequency (4 kHz) current
signal generation was simulated. A free tetrahedral meshing of
fine size was chosen, and a parametric sweep solver was used.
The chosen parameter was the leaflets angle (α) that may vary
from α=0° (valve closed) to α=60° (valve completely open).
Simulation results were collected for two static conditions
(α=0° and α=60°) and the maximum percent variation of the
impedance magnitude (∆IVIMAX%) when passing from valve
completely open to valve closed was calculated, as in Eq. (1).
∆"#"$%& % (

*+*,-° / *+*-°
*+*-°

∗ 100
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(1)

C. Simulation for selection of the optimal electrode position
We considered and compared three different positions of the
electrodes in the internal surface of the valve ring: 1) Highest:
electrodes as close as possible to the upper edge of the ring,
respecting the imposed geometrical constrains; 2) Medium:
electrodes in the middle between the upper and the lower edge
of the ring; Lowest: electrodes close to the lower edge of the
ring (Fig.3). For each position, simulations were performed for
TAE varying within the allowed range (9-33 mm2), with an
incremental step of 4 mm2, and ∆IVIMAX% were evaluated.
III. RESULTS
From results, quadripolar configuration showed the highest
∆IVIMAX%. When comparing the three possible electrode
positions along the valve ring, we found that the optimal one
was the Highest, which provided a remarkable ∆IVIMAX%
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In-vivo biomechanics of the femoropopliteal
artery due to limb flexion after endovascular
treatment of popliteal aneurysms
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Given this motivation, the present study aims at evaluating the
morphological changes of the femoro-popliteal axis due to
limb flexion in patients with endovascularly treated PAA using
a standardized protocol for CTA acquisition with both straight
and bent limb positions.

Abstract— The goal of our study was to evaluate morphological
changes of the femoro-popliteal arterial (FPA) segment due to
limb flexion in patients undergoing endovascular treatment of
popliteal artery aneurysms (PAA). Such information are vital to
understand vascular biomechanics after stenting.
Methods. We have considered seven patients who underwent
endovascular treatment of PAA with a covered self-expandable
polytetrafluoroethylene stent-graft. A standardized protocol for
CTA acquisitions with both straight- and bent-leg positions was
quantify changes in arterial shape induced by limb flexion. 3D
reconstruction of the FPA segment was performed to compute
mean diameter and eccentricity of the vascular lumen, and to
measure length, tortuosity, and curvature along the vessel
centerline.
Results. After limb flexion the FPA foreshortened in segments
between the origin of the superficial femoral artery and the
proximal end of the covered stent – segment A - (5.9%) and
within the stent-grafted segment - segment B - (3.9%); tortuosity
increased from 0.03 ± 0.006 to 0.05 ± 0.02 and 0.06 ± 0.03 to 0.15
± 0.09 in segments A and B, respectively. Mean curvature
increased 14.8% and 26.9% in segments A and B.
Conclusion. Limb flexion induces vessel foreshortening and
increases mean curvature and tortuosity of the FPA both within
and outside of the stent-grafted segment.

II. MATERIALS AND METHODS
A. Clinical Data
Seven patients who underwent endovascular treatment for
PAA at our center between January 2013 and December 2017
were selected for the study. During the follow-up, one
contrast-enhanced CTA of the lower limbs was acquired for
each patient in addition to the routine echo color-doppler
imaging. During such a CTA session, two scans were
performed few minutes apart. In the first scan, the treated
lower limb was placed in the standardized 90o position (bentleg configuration) using a dedicated foam-coated leg support
(see Figure 1A), while the contralateral limb remained straight.
Following bent-limb imaging, the treated limb was placed in
the 180o position (straight-leg configuration) to acquire the
second scan (see Figure 1B). All CTA images were acquired
with the same 64 multidetector-row CTA (General Electric
Optima 660). Adopted scan parameters were: thickness, 0.625
mm; increment, 0.625 mm; collimation, 64x0.625; pitch,
0.915; rotation time, 0.7 s; field of view, 35 cm; matrix,
512x512 pixel.

Keywords— popliteal artery aneurysm, peripheral stenting,
medical image analysis, limb flexion, biomechanics, structural
FEA, Computational Fluid Dynamics

P

I. INTRODUCTION

B. 3D Reconstruction

opliteal artery aneurysms (PAA) are the most frequently
encountered peripheral aneurysms. In elective cases, open
repair or endovascular treatment are often used when the
aneurysm reaches 2 cm in diameter. Results of the
endovascular treatment were initially disappointing but thanks
to technological developments endovascular PAA repair is
now indicated in selected cases. Clinical outcomes even in
these selected patients are still improvable: treatment failures
are often attributed to the severe repetitive deformations
experienced by the femoro-popliteal artery during limb
flexion. Such deformations can induce kinking and
compression of the endovascular prosthesis, promoting
thrombosis, stent fracture fostering treatment failure. These
considerations call for quantitative measurements of the invivo behavior of the femoral-popliteal artery (FPA) aneurysm
during limb flexion after endovascular repair. In this regard,
recently, Conti et al. used 3D Computed Tomography
Angiography (CTA) to measure in vivo femoro-popliteal
artery deformations during limb flexion exploiting these data
in a patient-specific stenting simulation for one case-study [1].

Post-operative CTA images were anonymized and transferred
to a workstation for image processing. Segmentation of the
FPA from the femoral artery bifurcation to the popliteal artery
bifurcation, leg bones, calcifications of the arterial wall (if
present), and the implanted stent-graft, was performed using
the open source tool Vascular Modeling ToolKit (VMTK). For
each patient, rigid-registration of bent leg structures on their
corresponding straight counterparts was automatically
performed by means of the Iterative Closest Point algorithm
implemented in VMTK (see Figure 1).
The femoral-popliteal axis was then divided into three zones
spanning the distance between the origin of the superficial
femoral artery and the proximal end of the covered stent (zone
A), from the proximal to the distal end of the stent-grafted
segment (zone B), and from the distal end of the covered stent
to the origin of the anterior tibial artery (zone C). Since all
stent-grafts were placed in the popliteal artery, in many
subjects zone C was the shortest of all three zones and
constituted on average only 4.5 cm in length.
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III. RESULTS
Segment A on average foreshortened 6% from 238.5±56.77
mm to 225.21±56.87 mm during limb flexion (p=0.001), and
the curvature (p=0.05) and tortuosity (p<0.05) increased 15%
and 67%, respectively.
Stent-grafted segment B on average foreshortened 4%, from
236.36 mm to 226.08 mm with limb flexion (p=0.001), and
when devices overlapped, the length of the overlapped
segment decreased 9% due to limb flexion. Similar to segment
A, limb flexion produced a significant increase in mean
curvature (from 0.026 to 0.033 on average; p=0.005) and
tortuosity (0.06 to 0.15 on average; p<0.05).
Segment C was 5-fold shorter than both segments A and B. No
significant differences in length, diameter or eccentricity with
limb flexion were detected in segment C.

Fig. 2 – Left. Result of structural Finite Element Analysis of a laser-cut stent
accounting for leg bending. Right. Results of Computational Fluid Dynamics
simulation of the FPA of a patient showing intrastent thrombosis in the
overlapping zone of two devices (Wall Shear Stress in dyne/cm2).

IV. CONCLUSION
We have measured the in-vivo behavior of the PFA segment
during limb flexion in patients undergoing endovascular
treatment of popliteal aneurysms with a covered selfexpandable polytetrafluoroethylene stent-graft. Our results
demonstrate that limb flexion results in arterial foreshortening
and increases mean curvature and tortuosity both within and
outside of the repaired arterial segment. Presented data can be
used in structural and hemodynamic simulations [2] to assess
device-artery (figure 2).
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Fig. 1 – 3D reconstruction of FPA lumen in straight- and bent-leg
configuration by analysis of CTA scan.
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geometries by Direct Numerical Simulation
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basal surface, aortic valve and arteria aorta is shown in fig. 1.

Abstract—Fluid dynamics is considered and important factor
that influences the myocardial adaptation during cardiovascular
disease and after surgical therapy. We aim to study the fluid
dynamics inside the left ventricle (LV) with healthy, prolapsed
and repaired mitral valve (MV). Geometries are extracted from
4D-transesophageal echocardiography and reconstructed in
MatLab. Analysis is performed by direct numerical simulations.
Results show that MV diseases alter hemodynamics forces and
energy dissipation, due to the formation of an irregular vortex
that is more unstable and breaks down quickly. The flow transit
analisys shows an improvement of blood stagnation inside the LV
after MV repair. This non-invasive method can improve early
detection of systolic dysfunction.
Keywords—Cardiac fluid dynamics, mitral valve repair, direct
numerical simulation.

F

Fig. 1 Complete geometry with LV, MV, atrium, basal surface, aortic valve
and arteria aorta

I. INTRODUCTION

dynamics is gaining increasing attention in
cardiology for the influence it may have on the long-term
outcome of several cardiac dysfunctions [1, 2]. Numerous
studies in literature reported how stresses due to the interaction
between flow and tissue play a primary role in the
development of embryonic hearts [3, 4, 5], and flow mediated
forces participate in the progression or regression of cardiac
pathologies in adult hearts [6, 7]. Given its potential
importance, it is foreseeable that measurements of intra cardiac
fluid dynamics will soon become an integral part of the clinical
evaluation process. We study the fluid dynamics inside the left
ventricle (LV) in patients with normal volumetric and
deformations cardiac measures after conventional mitral valve
repair (MVR) and NeoChord procedure (NC) for several levels
of mitral regurgitation. Moreover, we will analyze the washout of the LV as well as the residence time properties of the
blood that could reflect in additional risk factors [8].
LUID

The hemodynamic force and energy dissipation are calculated
in patients before and after reparation with MVR and NC
procedure. In this study we used the actual pre and post MV
and LV individually for each patients (fig. 2).

Fig. 2 Example of MV and LV pre repair (a-c) and after repair with
conventional procedure (b-d).

B. Numerical model
The fluid dynamics is evaluated by numerical solution of the
Navier-Stokes and continuity equations

II. MATERIALS AND METHODS

𝜕𝑣
𝜕𝑡

+ 𝑣 ∙ ∇𝑣 = −∇𝑝 + 𝜈∇2 𝑣

(1)

∇∙𝑣 =0
(2)
where 𝑣(𝑡, 𝑥) is the fluid velocity vector field, 𝑝(𝑡, 𝑥) is the
kinematic pressure field and 𝜈 is the kinematic viscosity
(assumed 0.04 cm2/s) of blood assumed as a Newtonian fluid.
The numerical solution is based on the immersed boundary
method (IBM), equation (2.2) is discretized in a rectangular
domain using a staggered, face-centered regular Cartesian grid
where spatial derivatives are approximated by second-order
centered finite differences. Boundary condition at the edge of
the computational box are set periodic in the x and y directions,
while they are zero pressure and normal velocity on the upper
and lower ends along z, respectively. Boundary conditions to
the velocity vector are imposed in the internal points

A. Geometries
Geometries of LV and Mitral Valve (MV) are extracted from
4D-transesophageal echocardiography. LV geometries during
all phases of the heartbeat are then described by the position
vector 𝑿(𝜗, 𝑠, 𝑡) of its endocardial surface, where the
structured parametric coordinates, (𝜗, 𝑠), run along the
circumference and from base to apex, respectively, 𝑡 is time
[9]. MV geometries are extracted in open and closed
configurations and the intraventricular fluid dynamics is
reproduced by a dedicated approach to direct numerical
simulation (DNS) that includes flow-tissue interaction for the
MV leaflet [10]. Complete geometry that includes atrium,
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corresponding to the moving immersed geometry. Time
advancement of fluid velocity and valve dynamics is obtained
using a third-order Runge-Kutta explicit scheme. The
continuity constrain (2) is then satisfied by a fractional step
method by solution of a Poisson equation [11].

important clinical indicator for LV contraction [12].
B. Analisys of flow transit
Analysis of prolapsed MV demonstrated the properties of false
regurgitation, blood that did not cross the open MV orifice and
returns into the atrium during the backward motion of the MV
leaflets, whose entity should be accounted when evaluating
small regurgitation [8]. The regurgitating volume is found to
be proportional to the effective orifice area, with limited
dependence of the LV geometry and type of prolapse. These
affect the percentage of old blood returning to the atrium
which may be associated to thrombogenic risk that reduces
with the reparation of the mitral valve.

III. RESULTS
A. Analysis of vortex formation
The increase of the peak energy dissipation after repair
reduced efficiency of the LV and this is due to the deviation of
the mitral jet that gives rise to an irregular vortex, that is more
unstable and breaks down quickly (fig.3).

IV. CONCLUSION
The assessment of blood flow after MV repair can identify
subclinical LV systolic performance and decreased
hemodynamic force during systole. This non-invasive method
can improve early detection of systolic dysfunction in
asymptomatic patients with severe mitral regurgitations and
normal LV dimensions. Finally, the analysis of the LV washout is an additional information that allows to quantify the
amount of stagnating blood that is associated with the risk of
blood aggregation and thrombus.
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Fig. 3 Flow field in the LV with MV pre (Baseline) and post repair
(Conventional repair and NeoChord procedure).

At the same time, the reduction of hemodynamic force is
associated at this increase of energy dissipation, especially in
systole (fig.4).

Fig. 4 Comparation of the Energy dissipations (a) and Hemodynamic forces
(b) for healthy (yellow) and post repair MV (Conventional repair (red) and
NeoChord procedure (blue)).

Finally, the reduction of longitudinal force is a know and
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QA method. Such method takes into account flow and area
information retrieved from a cross-sectional plane of a vessel
for the estimation of its stiffness in terms of PWV. In
particular, the PWV can be estimated as:

Abstract—Computational simulations of cardiovascular
intervention rely also on the correct implementation of the
mechanical response of the patient-specific implantation site. In
this study, we present a methodology, based on the flow-area
(QA) method, for the estimation of elastic module (E) from solely
magnetic resonance imaging (MRI). The QA-based tool was, first,
defined and parameterized in silico, carrying out several
simulations of a vessel model with different E values (EINPUT).
Then, the method was tested also with in vitro data. A 3D printed
deformable phantom was inserted within a mock circulation loop
providing pulsatile conditions. Phase contrast MRI of the
phantom were acquired and used as input for the QA-based
method to retrieve the E value of the phantom’s material. The
inferred E value was compared with the one assessed with
mechanical tests. Results of both in silico and in vitro tests were
encouraging, showing high agreement between inputted and
inferred E values. With further refinements, the present QAbased technique could enhance the translation of patient-specific
in silico models into clinical practice.
Keywords—Image-based, MRI, FSI, mock loop.

P

PWV = dQ⁄dA

(1)

where dQ is the incremental variation of the flow through a
certain plain and dA is the incremental variation of the crosssectional area. Such linear approximation is valid in the
reflection-free early systolic period. According to standard
formulation [7], an estimation of the elastic module (E) can be
derived from:
E(PWV) = 3 ρ PWV 2 (1 + A0 ⁄WCSA)

(2)

where ρ is the density of the fluid, A0 is the cross-sectional area
and WCSA is the wall cross-sectional area, both measured at
diastole. In this study, the efficacy of Eq. (2) was initially
tested in silico on models of large vessels with known elastic
module (EINPUT). Following the results of the numerical
campaign, the standard formulation was modified introducing
a non-linear, correction factor, namely K, which was
empirically derived as following:

I. INTRODUCTION

ATIENT-SPECIFIC computational simulations represent
a very promising tool for prediction and optimization of
minimally invasive cardiovascular intervention outcomes.
Despite this, the translation of numerical models such as finite
element (FE) analyses, into clinical practice is still limited [1].
Main challenges consist in the implementation of the correct
patient-specific conditions [2]. On one hand, advanced
imaging techniques allow to depict high-fidelity patientspecific anatomies. On the other side, the effective in vivo
subject-specific material properties, critical for a realistic
simulation, are missing. To date, the few ways to retrieve such
in vivo information from imaging are based on iterative FE
methods [3]–[4], which, due to the high computational cost,
might not be suitable for clinical applications.
In this study, we present a potential tool for inferring
mechanical properties of in vivo patient-specific great vessels
based on magnetic resonance imaging (MRI). The proposed
framework is based on the flow-area (QA) method [5]-[6],
itself able to retrieve a surrogate of vessel stiffness, i.e. the
pulse wave velocity (PWV). In particular, the proposed QAbased method was first defined and parameterized in a
controlled in silico environment and then tested in vitro and
validated against direct standard mechanical tests.

K = c RAC

(3)

where c is a constant parameter and RAC is the relative area
change. Hence, the corrected formulation, dependent on both
PWV and K values, states:
E(PWV,K) = K [3 ρ PWV 2 (1 + A0 ⁄WCSA)]

(4)

The predictive capability of Eq. (4) was tested in silico on a
wide range of materials and then used to infer the E value of a
3D printed deformable phantom. The inferred E was compared
to the one directly assessed via uniaxial tensile tests.
B. In silico campaign
A fluid-structure interaction (FSI) approach was adopted in
this study. Simulations were performed with LS-DYNA
(Livermore, USA). FSI models aimed to simulate flow within
an idealized blood vessel under pulsatile conditions. A range
of linear elastic isotropic materials, with EINPUT ranging from
0.5 MPa to 32 MPa, was modelled for the vessel wall. The
results of the FSI simulations were analysed with our QAbased method to retrieve the E value according to Eq. (4).

II. MATERIALS AND METHODS
A. QA-based method
The formulation we proposed in this study is based on the
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The elaboration of the two acquired PC MRI datasets resulted
in an E value of 0.51±0.04 MPa (n = 2), with a percentage error
of 2% in respect to the tensile tests outcomes (0.50±0.02 MPa,
n = 5).

C. In vitro test
A deformable phantom was 3D printed as replica of the
numerical model. The phantom was inserted in a mock
circulation loop providing cardiac-like pulsatile conditions.
Phase contrast (PC) MRI images of the phantom were acquired
in two experimental conditions. PC images were elaborated to
retrieve flow and area values along the cardiac cycle. Flow and
area information were used as input for our QA-based
methodology to infer the E value of the phantom’s material
according to Eq. (4).

IV. CONCLUSION
In this work, we presented a proof of concept of a QA-based
tool able to infer material properties of great vessels based on
routinely acquired PC MRI. The main advantage of the
presented method consists in its non-invasiveness, with no
further requirements (e.g. pressure) but imaging. Although
very promising results were achieved in this study, further
investigations of the described technique are necessary. Future
studies will be conducted on different geometries, including
patient-specific anatomies, and materials, considering also
more complex constitutive mechanical models (i.e.
viscoelastic and hyperelastic). These future works will help in
the refinement of the methodology, thus opening up its testing
on in vivo patients’ imaging data. The present study lays strong
basis for the development of an indirect and non-invasive
framework for the establishment of patient-specific material
properties from solely PC images, which are routinely
acquired in clinics. Such information would enhance the
confidence of patient-specific numerical models and their
translation towards clinical practice.

III. RESULTS
The QA loops resulted from the in silico campaign showed
a trend in accordance to the material stiffness (see Figure 1).
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FIGURE 1 – QA loops resulted from simulations, from stiffest (blue line)
to softest (dark red line) material.

REFERENCES
[1]

The comparison between the EINPUT values assigned in the
simulations and the inferred E as obtained from Eq. (3)
resulted in a mean error of 522%, while the application of the
Eq. (4) including the correction factor K reduced the average
difference to 7%. Also, the introduction of the K factor led to
a high linearity between inputted and inferred E values, with a
ratio EINPUT/E(PWV, K) very close to 1 (see Figure 2).

[2]

[3]

[4]

[5]
[6]
[7]

FIGURE 2 – Relationship between EINPUT and E(PWV, K) values (blue line with
circle markers) with linear fitting overlapped (dotted red line).

The excellent predictive capability of the described method
with the inclusion of the K factor was also confirmed in vitro.

67

C. Capelli, E. Sauvage, G. Giusti, G. M. Bosi, H. Ntsinjana et al.
“Patient-specific simulations for planning treatment in congenital heart
disease”. Interface Focus, 2018, 8:20170021.
W. Huberts, S. G. H. Heinen, N. Zonnebeld, D. A. F. van den Heuvel,
J.-P. P. M. de Vries et al. “What is needed to make cardiovascular models
suitable for clinical decision support? A viewpoint paper”. Journal of
Computational Science, 2018, 24:68–84.
H. Liu, G. Canton, C. Yuan, C. Yang, K. Billiar et al. “Using in vivo
Cine and 3D multi-contrast MRI to determine human atherosclerotic
carotid artery material properties and circumferential shrinkage rate and
their impact on stress/strain predictions”. J Biomech Eng, 2012,
134:011008.
A. Wittek, W. Derwich, K. Karatolios, C.P. Fritzen. S. Vogt et al. “A
finite element updating approach for identification of the anisotropic
hyperelastic properties of normal and diseased aortic walls from 4D
ultrasound strain imaging”. J Mech Behav Biomed Mater, 2016, 58:122–
138.
S. Vulliémoz, N. Stergiopulos and R. Meuli. “Estimation of local aortic
elastic properties with MRI” Magnetic Resonance in Medicine, 2002,
47:649–654.
S. I. Rabben, N. Stergiopulos, L. R. Hellevik, O. A. Smiseth, S. Slørdahl
et al. “An ultrasound-based method for determining pulse wave velocity
in superficial arteries”. J Biomech, 2004, 37:1615–1622.
S. Laurent, J. Cockcroft, L. Van Bortel, P. Boutouyrie, C. Giannattasio
et al. “Expert consensus document on arterial stiffness: methodological
issues and clinical applications”. Eur Heart J, 2012, 134:011008.

1

ESB-ITA Meeting 2019, 30 September – 1 October 2019, Bologna, Italy

Design optimization and validation of a new
point of care microfluidic device for platelet
function testing

Chiara Ferrari1* and Gabriele Mantica1*, Silvia Bozzi1, Yana Roka Moiia2, Mariangela Scavone3, Marco Rasponi1,
Marco Cattaneo3, Marvin J. Slepian2, Alberto Redaelli1
3

1 Department of Electronics, Information and Bioengineering, Politecnico di Milano, Milan, Italy
2 Department of Medicine and Biomedical engineering, The University of Arizona, Tucson, Arizona, USA
Divisione di Medicina 3, Ospedale San Paolo, Dipartimento di Scienze della Salute, Università degli Studi di Milano, Milan, Italy
*
the authors have equally contributed to the work

the MICELI (MICrofluidic ELectronic Impedance), was
developed by a joint collaboration between Politecnico di
Milano and University of Arizona.
The MICELI consists of a disposable cartridge, small
rectangular polydimethylsiloxane (PDMS) chip (13 mm x 20
mm) with an 8 mm reaction well, containing a commercial
siliconized stir bar (Chronolog type #311, Chrono-log
Corporation, Havertown, PA). The MICELI device works as a
miniature impedance aggregometer, recording the impedance
change in time within a small volume of PRP or WB (250 μl)
caused by platelet aggregation on two silver electrodes
inserted in appropriate holes, spaced by 1 mm.
The aggregation curves are acquired using an impedance
analyzer and commonly used aggregation parameters are
calculated using a Matlab code. The following output
parameters can be calculated: the Aggregation Unit (AU) [Ω],
that is the maximum height of the aggregation curve after 6
minutes from agonist insertion; the Area Under the Curve
(AUC) [Ω*min] that is the integral over time of the
aggregation curve (starting from agonist insertion until 6
minutes); the Lag Time (LT) [s] that is the time between the
agonist insertion and the starting point of the aggregation.

Abstract—Platelet function testing devices are vital in the
diagnosis and treatment of platelet disfunction related disease,
but they are not widely used due to their cost, operational
complexity, bulkiness, test timing and extensive blood processing
requirements. In this paper a new point of care microfluidic
device capable of fast platelet function assessment is presented,
tested and validated.
Keywords—Platelet, platelet function testing devices,
thrombosis, haemostasis, impedance aggregometry.

I. INTRODUCTION

P

latelets play a central role in normal hemostasis,
thrombosis, hemorrhage and many cardiovascular
diseases [1]. Thrombosis is a potentially fatal
complication for patients treated with blood contacting
devices: stents, blood oxygenators, mechanical heart valves
and mechanical circulatory support devices [2].
Nowadays, the ability of clinicians to detect, quantify and
monitor the prothrombotic tendencies and the patient-specific
response to antiplatelet drugs is still limited: this lack
represents a big unmet need for healthcare operators in terms
of better patient’s management and safety [3].
II.

STATE OF THE ART

Most of the existing platelet function testing (PFT) devices
consist in bulky and expensive bench top system, which
requires large amounts of blood, highly trained personnel and
time-consuming sample preparation [4] [5].
Light transmission aggregometry (LTA), the gold standard
method for PFT, detects platelet aggregation response induced
by biochemical agonists (i.e. adenosine diphosphate (ADP),
collagen, thrombin) in platelet-rich plasma (PRP) separated
from whole blood (WB) by mild centrifugation [6]. As light
passes through the PRP sample, light transmission is recorded
with a photometer; when platelets aggregate, PRP turbidity
decreases and the corresponding light transmittance increases
(measure of platelet aggregation). Impedance aggregometry,
instead, eliminates the need for WB processing into PRP and
measures the impedance between two electrodes both in WB
or PRP [7] [8]. Addition of agonist to the sample causes
platelets to aggregate onto the electrodes, with a consequent
increase in impedance.
III.

Figure 1: A: Typical aggregation curve obtained with the MICELI and
aggregation parameters: Area Under the Curve (AUC), Aggregation Unit
(AU) and Lag Time (LT). Z(t) is the impedance recorded at each time step and
Z(t0) is the impedance corresponded to the agonist insertion. B-C: microscope
images (4x) of the electrodes before agonist insertion (t0) and at the end of the
aggregation (tf).

B. Optimization and validation experiments
The current study was aimed at investigating four critical
settings of the experimental protocol: the stirring, the control
of blood temperature, the reliability of measurements over
time and the anticoagulant choice. Concerning stirring,
different ratios between the sample and the stir bar volumes
were investigated by WB tests with 20 μM ADP. The influence
of temperature on aggregation was tested comparing the
results obtained at 37°C and at room temperature. The same
experiments were also used to assess the influence of time

MATERIALS AND METHOD

A. MICELI system
Given this background, a new microfluidic impedance
aggregometer for point-of-care evaluation of platelet function,
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protocol was devised, addressing aspects such as the type of
anticoagulant, the time window for the experiments and the
temperature of the sample.
Finally, MICELI performance was compared with the
commercial impedance aggregometer (MultiplateÒ) obtaining
a high correlation between the dose-response curves of the two
devices. Keeping in mind that the MICELI is still a prototype,
these results are really satisfactory, suggesting that it can
become a compact, portable and low-cost PFT device.

from blood collection; measurements were repeated from
thirty minutes from blood collection until four hours. Finally,
different anticoagulants (acid citrate dextrose (ACD), citrate,
heparin and hirudin) were compared to find the most
appropriate for the MICELI aggregometer.
The validation experiments consisted in the i) evaluation of
aggregation induced by different agonists, ii) construction of a
dose response with ADP and collagen and iii) comparison with
Multiplate ®, a commercial impedance aggregometer.
C. Statistical analysis
Statistical analysis was performed with GraphPad Prism 8
(GraphPad Software, Inc., CA, USA). Normal distribution of
data was tested with the Shapiro-Wilk normality test. The Oneway Analysis of Variance (ANOVA) test was used when
normality hypothesis was satisfied for all the groups being
tested. Conversely, non-parametric Kruskal–Wallis one-way
ANOVA tests were performed. Statistical significance was
assumed for p-values at least lower than 0.05.
IV.
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RESULTS AND DISCUSSION

The results of the optimization experiments, in terms of AU,
AUC and noise, with different blood-stirrer volume ratios
suggested that a blood/stirrer volume ratio equal to 25 is the
best compromise between low noise and high aggregation.
Second, we demonstrated that MICELI measurements
depends on the temperature at which they are performed [9]
[3], and that, as expected, platelets at 37°C are more reactive
[10]. Third, we demonstrated that experiment results are also
dependent on the time lapse from blood collection: results
show that platelets activity decreases starting from the third
hour from blood collection; these findings are confirmed by
literature [11]. Fourth, we demonstrated that hirudin is the best
anticoagulant for platelet aggregation tests, in terms of both
AUC, AU and lag time, confirming what observed in previous
studies [9],[12],[13]. These results allowed for standardizing
the protocol for the MICELI, consisting in: a sample volume
of 255 μL, a Chronolog stir bar, hirudin anticoagulated WB at
corporeal temperature (37°C) and an experimental time
window of 2 hours from blood collection.
In terms of biochemical characterization of the device,
experiments performed with different agonists showed that
MICELI is able to investigate different pathways of the
coagulation process. ADP, TRAP-6 and Collagen were found
to be the best agonists, as confirmed by literature [14]. In
addition, the dose-response curves highlighted a good
sensitivity of the MICELI both with a weak agonist (ADP) and
with a strong one (Collagen).
To validate MICELI performance against a commercial
impedance aggregometer, the MultiplateÒ, the dose-response
curves were calculated with both the devices. The aggregation
results strongly correlate with each other (r = 0.91), indicating
that the MICELI is accurate and reliable.
V. CONCLUSION
The goal of this work was the optimization, characterization
and validation of a new impedance aggregometer, starting
from a preliminary prototype. The device design was modified
in order to maximize the platelet aggregation and minimize the
noise in data recording. An efficient and accurate experimental
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Abstract—Bariatric surgery is the most effective intervention
for severe obesity, which is one of the most serious health
problems. Laparoscopic Sleeve Gastrectomy is one of the
principal techniques. Nonetheless, major complications are
frequent, and weight-loss is not always successful. Non-optimal
intervention design and general anesthesia are the principal
cause of this situation. A novel approach is required, integrating
bioengineering and medical competences, aiming to engineering
design the procedure, to improve efficacy and safety.
Preliminary outcomes have been reported from activities that
are under development in the research field of stomach
mechanics and bariatric surgery. The results pointed out the
potentiality of computational methods for the investigation of
stomach functionality and the planning of bariatric surgery
procedures and techniques.

II. MATERIALS AND METHODS
A. FE model
A finite element model of the stomach developed by [4]-[5]
has been involved in the analyses. The numerical model was
developed considering hysto-morphological parameters and
data about the gastric tissue mechanical behavior. The
constitutive formulation was chosen taking into account the
anisotropic fiber-reinforced behavior and the stratification of
the gastric tissue in two main layers, the mucosa-submucosa
layer and the muscular layer [6]. Four-nodes tetrahedral hybrid
elements were adopted to mesh the stomach wall.

Keywords—Obesity, finite element model, endoscopy, bariatric
surgery.

O

I. INTRODUCTION

BESITY is a growing health problem associated with
high Body Mass Index (BMI) value (>30) and shortened
life expectancy. It is a condition that occurs in conjunction
with multiple co-morbidities, increasing risks of showing
metabolic and cardiovascular diseases, some cancers,
musculoskeletal disorders and psychosocial impairments. The
World Health Organization estimates that its prevalence is
nearly tripled between 1975 and 2016, affecting 650 million
people worldwide in 2016 [1]. This upward trend entails huge
healthcare costs due to obesity [2].
The use of bariatric surgery in the treatment of obesity is
increasingly applied throughout the world and has proved to
be the most effective treatment with respect to
pharmacological or life-style interventions in inducing excess
weight loss. However, beyond the periprocedural
complications of surgery, other risks can compromise surgery
success: weight regain, anatomic complications and
micronutrient deficiencies [3]. To deepen the influence of the
type of bariatric procedure on the stomach functionality,
computational analyses have been undertaken. Different
stomach conformations have been considered in order to
compare the Laparoscopic Sleeve Gastrectomy (LSG) and the
Endoscopic Sleeve Gastroplasty (ESG). Furthermore,
numerical investigations have allowed to consider new
possible scenarios regarding bariatric surgery, with particular
regard to novel endoscopic approaches to SG and hybrid
procedures between Adjustable Gastric Banding and
endoscopic SG. The undeformed physiological conformation
of the stomach experimentally and numerically investigated
[4] has been evaluated as term of comparison.

Figure 1: undeformed representations of the tested stomach
configurations. The endoscopic schematizations (b)-(f) have the
gastric walls in transparency with different colors according to layer
and position.

The final model consisted of about 370,000 elements and
74,000 nodes. The validation of the model took place by
comparing the numerical pressure-volume relationship with
the experimental one obtained during the insufflation tests on
pig stomachs [5].
Computational investigations were carried out by the
general-purpose finite element software Abaqus 2018
(Dassault Systèmes, Simulia Corp., Providence, RI).
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greater curvature of the stomach, as in Figure 1(b)-(c). Another
configuration in Figure 1(d) took into account a partial suture
of the proximal stomach. Moreover, endoscopic bandages
mimicked with wires fixed at a total of 4 anchoring points were
simulated. The bands were positioned in two ways, as in
Figure 1(e)-(f). The wires shortening was imposed up to 50%
of the initial length of each segment.
The numerical pressure-volume relationships were then
compared with the experimental statistical band relating to pig
stomach inflations in an unmodified physiological condition
and to the mean pressure-volume curve corresponding to the
post-SG tubular pig stomach inflation.
III. RESULTS
The analysis of numerical pressure-volume data
characterizing the pre-surgical conformation, the LSG and
EGS techniques and the innovative surgical approaches,
reported in Figure 2(a), reveals an alteration of the structural
stiffness of the stomach when subjected to bariatric surgery.
The numerical simulations provided pressure-volume trends
consistent with experimental data. They also allow the analysis
of stress-strain field distributions, which proved to be
technical-specific.
IV. CONCLUSION
The computational approach has enabled the extraction of
information that could not be provided by the experimental
methods. The distribution of the stress-strain states gives an
indication of the tissue locations subject to greater stresses
during the gastric filling phase and therefore crucial in the
communication of the sense of satiety through the gastric
mechanoreceptors. With regard to the analyzed configurations,
numerical simulations have provided a prediction of the
distribution of the characteristic strain field and an insight into
possible endoscopic approaches, showing the full potential of
computational methods in the study of bariatric surgery.
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like shaped backing containing a single sensor-equipped key
for measuring the force of the thumb or of the little finger. We
designed and constructed four devices, one keyboard and one
mouse for each hand (Figure 3).
The devices measured the force exerted by each finger while
pressing against the keys. The keyboard device was a flat box
of size 210 mm in width, 300 mm in length and 20 mm in
height. Five keys were equipped with metallic strain-gauge
sensors (Figure 3). The mouse (Figure 4) device was about 60
mm in width, 150 mm in length and 30 mm in height. It
contained a single key, mounted on a lateral part of the device.
The mouse was placed on a flat box, of the same size of those
of the keyboard. The keys were aluminium cantilever beams,
63.5mmlong, equipped with two 908 rosette strain gauges
(EA-13-062TT-350 Vishay Micro-Measurements, Luchsinger
srl, Italy), each pasted on an area near to the fixed terminal side
of the key (Figure 1).

Abstract—
Severe
neuropathies,
arthrosis,
tendon
inflammations, poor working practices, repeated use of working
devices and elderly pathologies can lead to severe damage to the
functionality of the hand and therefore to the need of the design
of appropriate tool for hand neuro-motion rehabilitation.
We have designed and constructed a kit for the assessment of
the hand–finger functionality in pressing tasks [9]. We have
integrated a new gamified biofeedback in order to improve the
compliance to the rehabilitation. The aim of the present study is:
Illustrate the hardware of the kit.
Present the new gamified biofeedback application.
Elucidate the clinical perpectives
At the moment we have tested the biofeedback software and are
planning the clinical use.

Keywords—motion analysis, fingers, measurement device.
I. INTRODUCTION

S

Evere neuropathies, arthrosis, tendon inflammations, poor
working practices, repeated use of working devices and
elderly pathologies can lead to severe damage to the
functionality of the hand and therefore to the need of design
of appropriate tool for hand neuro-motion rehabilitation. Many
commercial devices are designed to assess the overall hand
force, without investigating the force of the single fingers
involved in the motor tasks [1–3]. Ideally, functionality in
daily motor tasks (such as pushing buttons, pulling levers and
grasping objects) should be evaluated by quantifying the
individual finger force expressed in the tasks. Different
approaches have been reported in the literature, investigating
both the delivered force of single fingers and the finger force
coordination, and the grasping force [4–6]. Other studies have
described home-care systems for hand rehabilitation [7,8]. We
have designed and constructed a kit for the assessment of the
hand–finger functionality in pressing tasks [9].
We have now integrated a new gamified biofeedback in
order to improve the compliance to the rehabilitation. The aim
of the present study is:
1. Illustrate the hardware of the kit.
2. Present a new gamified biofeedback application.
3. Elucidate the clinical perspectives.

Figure 1 The key with the details of the sensorization

The
Mouse

The keyboard

II. THE SYSTEM
A. The design of the measurement devices
Two types of sensor-based measurement [9] devices were
constructed for measuring the fingers’ force in two different
hand postures (Figure 1-4). The first type was named the
keyboard and consisted on a flat box containing five sensorequipped keys for measuring the force of all fingers. The
second type was named the mouse and consisted of a mouse-

Figure 2. The complete system
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statistics such as the duration of the task, the minimum, mean
and maximal value of the exerted force. The software also
saves the trace of the acquisition.
Mouse
One virtual tank is interactively filled on the basis of the
exerted force of the inch. A goal of force can be fixed for each
finger before the execution of the exercise. The virtual tank is
filled as for the previous case.
As for the keyboard, the client side gives only the feedback,
however the software saves in asci format statistics such as the
duration of the task, the minimum, mean and maximal value
of the exerted force. The software also saves the singular trace
of the acquisition.

The keys

C. The stage of the integration
The kit comprehending the 4 devices [9-11] has been:
- Updated to the new operative systems and pc platforms.
- Updated with the new software developed by means of
Labview 2010 for the gamified restitutions through
exergames. The completed kit has been successfully tested in
performance, no failures have been detected. The Force
resolution is now 0,05 N , the maximal acceptable force is 100
N.

Figure 3 The keyboard with five keys

III. CONCLUSIONS
A new instrumental kit for the measurement of the hand forces
has been proposed. It allows both a measurement function and
a biofeedback restitution through an exergame designed to
motivate the subject involved in a rehabilitation process. The
next step will be focused to (a) the selection of clinical cases
to assess the efficacy of the kit in the rehabilitation protocols
with the particular reference to the (b) the functionalities of the
exergame.

The key
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Figure 4. The mouse-like-keyboard

B. The exergames
Two software applications have been proposed for the two
different devices (mouse and keyboard).
The application software was developed using Labview 2010
(National Instruments, USA). It allows the following
functions:
Keyboard
Five virtual tanks are interactively filled on the basis of the
exerted force by means of each finger. A goal of force can be
fixed for each finger before the execution of the exercise. The
fixed goal is used by the system to define the virtual tank. If
for example the inch goal is equal to 50 N, the virtual tank will
be totally filled only when the inch exerted force will be equal
to 50 N.
The client side gives only the feedback and the instantaneous
exherted force, however the software saves in asci format
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obtain gesture smoothness, weapon pointing and stability.
Dynamics: monitoring and recording the ground reaction
forces during the gesture, provides information about weight
distribution and the centre of pressure (COP).
Physiology: sweating is measured by GSR unit, saccadic
eye movements and gaze direction are acquired using a
combination of RGB and IR cameras worn by the athlete.
Times: the time elapsed from the target release to the first
shot, and the interval between two shots.
Outcomes: the athlete’s performance takes into account the
number of target hit and missed during a shooting session.

Abstract—This study aimed to design and develop an
integrated measurement system able to acquire and analyse, in a
quantitative manner, athlete’s performance in clay target
shooting discipline. The system aimed to provide correlation
between acquired information and obtained performances,
allowing to develop a specific multiparameter model able to
describe the shooter’s behaviour.
Keywords—clay target shooting, body movement, motion
capture, performance

C

I. INTRODUCTION

LAY target shooting involves several disciplines, some of
them Olympic, like trap, skeet and double trap. The
athletic gesture is, basically, composed of different
consecutive phases, lasting less than 1 second. Following the
call for release, a clay target is thrown from a trap 15 m from
the shooter, having an initial trajectory, velocity and angle a
priori unknown for the athlete. By seeing the target, the athlete
accelerates the barrels and tracks the flying object until the gun
is aligned to it, then pulls the trigger to fire the shot.
Concerning the assessment of the athlete’s performance,
scientific literature offers wide margins of development,
considering the limited number of available articles, directly
related to the discipline [1]. Previous studies primarily focused
on the kinematic aspect related to the shooting sports, by
analysing simple metrics related to the performance, such as
reaction time, shooting time [2], postural stability [3]–[6],
barrel’s displacements and body sway [7], [8], peak barrel’s
velocity and acceleration [8], anxiety and stress condition [9]–
[11]. Further analyses deeply studied biofeedback integrated
in simulation training, to optimize the intensity of the exercise
[12], [13]. The purpose of the study was to design and develop
an integrated measurement system, addressing trap discipline,
able to simultaneously acquire several multiple parameters,
thus to investigate their correlation with performance and
develop a specific multiparameter model able to describe the
athlete’s behavior.

B. Hardware and software selection criteria
Developing a measuring system for this discipline takes into
account several constraints. Shooting sports, such as trap,
have to be practised outdoors, in uncontrolled conditions, thus
requiring reliable and robust measurement systems, stable with
respect to external interferences. Moreover, the movement
lasts less than 800 ms, requiring defined synchronization
strategy among all the involved devices. Selection criteria used
to choose between different solutions follow a scoring
evaluation, ranging between 0 and 10, performed on each
device tested in real operative conditions. The identified
criteria were:
HW - Hardware integrability: meant as the instrument
installation easiness, both in the shooting field and on the
athlete.
ST - Setup time: it is considered as the time required to
make the device ready to measure including the time needed
for calibration.
CA - Calibration robustness: it indicates how much the
device calibration can be considered reliable even if performed
directly on site, instead of in a laboratory environment,
CO - Comfort: considering that measures are gathered
directly or not on athletes, the assessment of comfort plays an
important role; shooters should be able to perform the athletic
gesture as natural as possible even if wearing the device.
SY - Synchronization: it is intended as the possibility to
synchronize each device within the framework, via hardware
or software.
DH - Data handling: it indicates the complexity of the postprocessing needed to extrapolate meaningful physical
quantities from raw data.
CS - Cost: meant as the purchasing hardware and software
cost, considering the maintenance, training courses and any
licences.

II. MEASUREMENT SYSTEM
A. What are the parameters the system can acquire?
The set of parameters was defined by considering the state
of the art of the literature and of the available technologies
combing the instrumentation already involved in previous
studies and resources available for the project. The system is
able to provide:
MOCAP: recording the athlete’s movement performed
before the shot, in terms of position and trajectory of body
segments.
Accelerometry: combining mocap trajectories and
accelerations measured directly on the weapon is possible to

This selection process allowed us to identify the optimal
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solution for the proposed application.

signals, were detected using a master unit (NI Daq 9172 by
National Instruments). The whole devices coordination was
delegated to the master unit, gathering data through a single
time base. Each device maintained its own sampling rate,
ranging from 100 Hz up to 200 Hz. The shooter’s outcomes,
in terms of hit or missed target for the whole shooting
sequence, were collected by means of a mobile app (Shooting
Data by Fabbrica d’Armi P.Beretta). This integrated system
will allow to correlate all the acquired parameters with the
obtained performance.
IV. CONCLUSION
Exploiting the technology to learn, measure and investigate
the athletic gesture of clay target shooting, can lead to the
development of innovative training techniques to support
shooter and coaches.
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foot and ankle bones (Figure IB). Virtual slicing of the
collected data resulted in a set of DICOM images with a
minimum distance of 0.26 mm. These were analyzed in
AMIRA (Zuse Institute Berlin, FEI Visualization Sciences
Group), for manual segmentation of all 32 bone segments,
resulting in a 3D model of the distal leg and of the entire foot
in STL format. The ground plane was also segmented, and
used as transverse anatomical reference plane. The STL files
were imported in Matlab (Mathworks Inc., Natick, MA,
USA) for further analysis (Figure IIA).

Abstract— Modern Computed-Tomography (CT) devices
allow 3D geometrical measurements of the foot and ankle under
physiological load, finally giving access to the overall bone
architecture in weight bearing. Previous measures were limited
either by the non-weight-bearing standard CT scans in supine,
or by the 2D projection implied in the X-ray radiography. These
latter radiographic measurements shall be reconsidered now
taking advantage of the 3D nature of these new CT devices.
Applications are expected in musculo-skeletal modelling, and in
functional assessment of surgical or orthotic treatments. The
present investigation reports original methods for bone
architecture measurements, and on relevant exemplary
measurements.
Keywords—Cone-Beam CT, human foot, bone architecture,
radiographic angles.

FIGURE I
SNAPSHOTS FROM DATA COLLECTION SESSIONS

I. INTRODUCTION

T

he foot skeleton is a complex bony structure, and the
relative alignment between bones change significantly
from unloaded to weight-bearing condition [1]. Visualization
and quantification of the 3D orientation of bones are now
possible in upright single or double leg weight-bearing
postures by means of the modern cone-beam computed
tomography (CBCT) technology [2,3]. Before this
technology was developed, radiographic-based measurements
[4] were largely affected by operator-dependent identification
of anatomical references. An international scientific
community, the 3D Weight Bearing Computed Tomography
(WBCT)
based
on
cone-beam
technology
(https://www.wbctsociety.org), is already recommending
standards for geometrical definitions and experimental
protocols. Applications of this technique are expected in
musculo-skeletal biomechanical modelling, and in
quantitative analysis of surgical or orthotic treatments. This is
particularly relevant to the 3D assessment of the foot and
ankle the posture of which is significantly affected by the
weight-bearing condition.
The present study aims at proposing a thorough approach
to 3D weight-bearing measurements of the foot and ankle,
including a new nomenclature and a number of relevant
definitions for axes, reference frames and angles.

A
B
(A) A subject in up-right single-leg posture during CT scan of the foot and
ankle. (B) 3D volume reconstruction (some spherical markers used for gait
analysis measurement are visible in the 3D volume reconstruction)

B. Anatomical references and bone position and orientation
A foot anatomical reference frame (FootAF) can be defined
with the vertical axis orthogonal to the ground, and the
antero/posterior as the line segment on the ground plane
joining the projections of the most plantar points of the
calcaneus and second metatarsal head (Figure IIB). Foot bone
segments were then realigned with respect to FootAF (Figure
IIC).
FIGURE II
SCREENSHOTS FROM DATA ANALYSIS IN MATLAB

II. MATERIAL, METHODS AND INITIAL EXPLOITATIONS
A
B
C
(A) The 3D model of the entire foot in STL format once imported, thus in the
reference frame of the CBCT device. (B) Identification of the vertical and
antero/posterior axes of the overall foot anatomical reference frame FootAF. (C) The same 3D model, but in the FootAF (a nearly sagittal view).

A. CT scans and STL file generation
CBCT scans (‘OnSight 3D Extremity System’, Carestream,
Rochester, NY-USA) are performed on subjects in up-right
single-leg posture (Figure 1A). A number of normal and
pathological feet have been scanned; a few minutes later,
automatic image processing results in a 3D rendering of the

Anatomical axes and coordinate reference frames of all
bones of interest are also defined (Figure IIIA). A Principal
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2D views, as for example the medial-longitudinal-arch
(Figure V).

Component Analysis (PCA) was performed to determine the
approximate orientation of each bone. In case of the
calcaneus, due to its anatomical conformation, the PCA
identifies the axis of maximum variance as that along a
longitudinal direction, nearly antero/posterior; the axis of
second largest variance as that along a vertical direction,
nearly dorsi/plantar, and the smallest variance as that about a
medio/lateral direction. This preliminary analysis can
determine, without manual definitions or selections from an
operator, a first calcaneus anatomical reference frame, where
the first two axes define the sagittal plane for this bone.
For the calcaneus, as well as for each other bone, also
width, length and height, the distance from the ground, and
the absolute and relative orientations are calculated. For the
latter, in addition to PCA-based axes, anatomical landmarks
and mid-diaphyseal axes are used (Figure IIIB). For relative
orientations, i.e. joint angles, ISB standards [5], and planar
angles in all three anatomical planes or in 3D are calculated.

FIGURE V
NEW APPROACHES TO THE MEDIAL-LONGITUDINAL-ARCH

A
B
(A) 3D definition via three anatomical landmarks. (B) 3D definition by the
long axes of the calcaneus and of the 1st metatarsus, projected in the sagittal
plane in case.

III. DISCUSSION AND REMARKS
The automatic definition of landmarks, axes and reference
frames removes any subjective variability and bias in the
assessment of the foot bone architecture. This can now be
investigated in weight-bearing and in 3D, thus opening the
door to a number of new biomechanical and clinical
investigations [2,3,6], representative of the physiological
loading conditions. Moreover, the easy-to-adjust positioning
of detector of the present CBCT device allows scanning of
the knee, elbow and wrist joints in different loading
conditions.
Exploitations of this technique are in progress for the
surgical correction of the flat foot, for the assessment of the
risk of ulceration in the diabetic foot (together with
kinematics and baropodometric measurements), for the
design of custom total ankle replacements, and in the
assessment of the outcome of surgical stabilization of the
patello-femoral joint.

FIGURE III
ANATOMICAL BONE REFERENCES FRAMES BY PCA OR LANDMARKS

A
B
(A) A large set of PCA-based bone reference frames. (B). A definition of the
calcaneus reference frame based on anatomical landmarks.

C. Mimicking radiographic angular measurements
This novel data-set from CBCT devices and relevant
possible measurements on 3D foot bone models in weightbearing can establish new measures aimed at mimicking
corresponding 2D standards on radiograms (a few examples
in Figure IV); these have the advantage of being in 3D, more
anatomically representative, and less operator-dependent.
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FIGURE IV
RADIOGRAPHIC ANGULAR MEASUREMENTS AND CORRESPONDING IN 3D
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(A) Sagittal and (B) transverse views of the talo-calcaneal angle are
depicted: traditional angles from 2D views from radiographs (left), and
snapshots of the corresponding from 3D foot models (right).

In addition new multi-planar measurements are finally
possible, overcoming previous limitations of the traditional
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Foot Posture Index [4].

Abstract—The medial longitudinal arch (MLA) is the foot
most notable feature characterizing the foot shape.
Asymptomatic low- and high-arched feet are rather common in
the healthy feet population and, normally, cannot be classified
as pathological alterations. It is expected that feet showing
morphological deviations from the normal arch shape may
result in different biomechanical behaviour and foot-tofootwear interaction. Understanding how the foot arch shape
affects foot function is critical to designing better orthotics and
footwear respecting the biomechanics of each foot type. This is
particularly important for improving the design of safety shoes
which, due to their “safety” features, are intrinsically
uncomfortable and heavy.
Keywords—medial-longitudinal-arch, foot shape, plantar
orthotics, 3D scan.

B. Acquisition protocol
The main foot dimensions, MLA height, length and width
in the medio-lateral direction, and height of the talo-navicular
tuberosity, were measured in semi-weightbearing using a
custom measuring box. All measures were normalized with
respect to foot length or foot width. The 3D shape of the
plantar aspect of the foot was acquired in the same conditions
using a custom Microsoft Kinect-based foot scanner [5].
Plantar pressure was recorded using a 2304-sensor plate (Pwalk, BTS) sampling at 50 Hz in five comfortable-speed
walking trials for each left and right foot of each volunteer.
C. Data processing
Skanect (Ver. 1.8, Occipital) was used to acquire and preprocess the raw point-cloud of the plantar aspect of each foot
and to export corresponding STL files to Matlab (R2016a,
Mathworks) as m x 3 matrices, where m is the number of
points. A Principal Component Analysis was used to
determine the three main directions of variation of the 3D
dataset. This allowed to align the point cloud with respect to
a common reference frame, with those points in proximity of
the ground translated to the x-y plane (i.e. z = 0). The points
were 2D interpolated over a 2 x 2 mm grid, and mapped to a
common 255 x 102 matrix using a custom Matlab script. The
script allowed automatic calculation of the main foot
dimensions and of the Arch Index [6]. The foot scans were
pooled according to the Arch Index in three groups: low-

I. INTRODUCTION

T

he medial longitudinal arch (MLA) is perhaps the foot
most notable feature. Shape and mechanics of the MLA
affect the plantar contact area, the foot-to-ground and foot-tofootwear force distribution, and the capacity to absorb and
release elastic energy [1-3].
While low and high-arched foot types are typical
morphological variations of the human healthy foot, little is
known on their average shape and with respect to the
interaction with different types of footwear. Comfort of
safety shoes is particularly critical due to several design
constrains, affecting foot ailments and working performance.
Therefore, improving our understanding of the foot shape
and mechanics with respect to morphological variations may
help designing better footwear and orthotics in terms of
comfort and energy optimization.
The main purpose of this study was to establish the
average plantar foot shape and plantar pressure distribution of
the three main foot types. The secondary aim was to assess
whether insoles, featuring an arch-support matching specific
foot types, are appropriate to improve comfort of safety
shoes.
II. MATERIAL AND METHODS
A. Population
Forty-four asymptomatic healthy volunteers (age 20 – 63
years; BMI 22 ± 3 kg/m2; shoe size 36 – 45 EU) with no
history of foot and lower limb trauma and surgery were
recruited in the study. The feet of each volunteer were
clinically assessed using a podoscope and the clinical score

Figure 1 Left to right, average plantar pressure distribution in lowarched, normal-arched and high-arched feet superimposed to the 3D
average shape of the corresponding foot types. Average 3D shape
and peak pressure data during normal walking are from 44 right foot
samples.
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arched (n = 11), normal-arched (n = 22) and high-arched (n =
11). The average 3D shape of each foot type could be
determined by averaging the z-value across all matrices of the
same group. The average peak pressure across subjects of the
same group was determined according to what reported in [7]
and superimposed to the average 3D shape of the
corresponding foot type (Fig. 1).
Kruskall-Wallis test was used to assess differences in
morphological parameters between the three groups (α =
0.05).

population of asymptomatic healthy feet allowed to
determine the average 3D shape and the morphological
parameters characterizing the three main foot types. Lowand high-arched feet differ from normal-arched feet both in
morphological parameters, such as arch height, length and
width, and in plantar pressure distribution and magnitude.
While the MLA height was previously investigated, the
present study has revealed that also length and width of the
MLA differ according to the foot type. It is therefore
reasonable to assume that plantar orthotics better fitting the
shape of specific foot types may be suitable to increase the
contact area, optimize the pressure distribution and improve
the overall comfort. This hypothesis was preliminary
confirmed by this investigation, and will require further
validation on a larger population also via analysis of the inshoe plantar pressure distribution.

D. Arch support-specific plantar orthotics
Three plantar orthotics were designed using the average
foot dimensions of each foot type and molded in
polyurethane (Fig. 2). These insoles were fitted in safety
shoes (Base Protection, Italy) and blind tested in nine
subjects with asymptomatic normal (n = 3), cavus (n = 3) and
flat-feet (n = 3). Each subject performed several motor tasks
while wearing each of the three insoles, and filled a VAS of
comfort [8] after each test.
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Figure 2 Left, top to bottom, high-arched, normal-arched and lowarched support plantar orthotics. Right, measuring the in-shoe
plantar pressure distribution while wearing the safety shoes fitted
with the plantar orthotics.

III. RESULTS
The low-, normal and high-arched feet recruited in this
study, which were pooled according to the arch index value,
showed no significant difference in length and width (p >
0.05) but presented statistically different dimensions of the
MLA. The normalized arch height was larger in the normal
(6.9 ± 1.2 % foot length) and in the high-arched foot (7.8 ±
1.2 % of foot length) with respect the low-arched foot (6.0 ±
0.9 % of foot length; p = 0.05). Arch width was the largest in
the high-arched foot (72 ± 22 % of foot width) and the lowest
in the low-arched foot (48 ± 4 % of foot width). Peak
pressure distribution and contact areas differ between the
three foot types. In general, the midfoot contact area
decreased and rearfoot peak pressure increased from lowarched to high-arched feet. According to the outcome of the
VAS of comfort, each of the three subjects found more
comfortable the footwear-orthotics combination consistent
with its own arch type.
IV. DISCUSSION
Morphometric analysis based on the 3D scans of a
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bones geometry was reconstructed by the segmentation
(Simpleware ScanIP-ScanFE -v.5.0) of a previously acquired
foot MRI [4] of a subject with the same type of foot. The foot
and insole 3D shapes were meshed in Geomagic DesignX
with tetrahedral elements according to the literature [4] and
imported into Abaqus (Simulia,v.6.14) (pipeline in Figure 1).
A rectangular element was created in Abaqus to simulate the
ground support. Materials properties were adopted from
previous literature [4] and from material characteristics
declared by the insole manufacturer.

Abstract— Foot insoles are frequently prescribed in routine
clinical practice to prevent or treat foot deformities or
functional alterations. Currently adopted procedures for foot
insoles manufacturing vary among clinical practitioners and
manufacturers and decisions are mainly left to the experience of
the ortho-prosthetic technician. Design frequently involves the
use of cad-cam systems and, in the best case, static or, better,
dynamic plantar pressure maps are considered. On one side
they require extensive skilled manual labour and on the other
one computer driven technology are adopted. The aim of this
study was to propose a pipeline which included plantar
pressures dynamic measurement and finite element model
simulation of both an insole and foot subject-specific models to
guide the insole’s design.

C. Simulations
Four different phases of the stance phase of gait (heel
strike, loading response, midstance and push off) were
simulated [4] by applying the loads registered during gait on
the foot model without and with the insole inserted between
the foot and the ground support. Validity of the models was
assessed through the comparison between the experimental
plantar pressures and the simulated ones (peaks and maps).
Von Mises stresses in plantar soft tissues were also extracted.

Keywords—Foot FEM, insole, finite element analysis.

I. INTRODUCTION

C

USTOM-molded foot insoles are frequently prescribed
to treat or prevent foot deformities or abnormal loading
patterns [1]. The latter are frequently identified as
biomechanical alterations in static or dynamic conditions and
insoles have the aim to spread the peak plantar pressures [2].
However, the design and production of foot insoles may vary
among clinical practitioners and manufacturers according to
experience. The experimental approach might be difficult or
invasive, but a computational approach such as the finite
element (FE) method provides efficient evaluations of soft
tissue deformation, plantar pressures or internal stresses in
relation to the proposed insole shape and material [2-3]. The
aim of this study was to propose a pipeline for practical use
in ortho-prosthetic technician routine, where subject-specific
geometry and loads can be registered from the subject and
used as input for the model in order to simulate the insole
behaviour prior to the subject’s use.

III. RESULTS
Results of the simulations are reported in figure 2 (loading
response phase as example). A good agreement was reached
between the experimental and the simulated plantar pressure.
Simulated insole succeed in spreading the plantar surface
loads and in reducing the Von Mises stresses.

II. METHODS
A. Subject and experimental setup
Insoles were produced and customized according to the
standard procedure of an expert manufacturer for a healthy
subject (female, age 26 years, shoe size 37, BMI 19 Kg/m2).
The subject underwent the acquisition of plantar pressures
(PedarX system, Novel Gmbh, 100 Hz) during static posture
and gait on a treadmill walking at 5km speed, without and
with the insoles inserted onto the shoes.
B. Model generation
The foot geometry and the shape of the customized
produced insole were acquired through a 3D scanner. Foot

Figure 1: Pipeline for the FEM creation. B (right)
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Figure 2: Results for the heel strike phase without and with
insole.
IV. CONCLUSION
The insole behaviour in response to a subject specific loading
was successfully simulated with the proposed pipeline: this
can be used to promote plantar foot orthoses’ optimization.
The FE proposed process can be beneficial in the
development of the design of foot insoles as it can reduce the
required subjective input from technicians and allow for the
validation of potential insole designs prior to fabrication.
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The simulated motor tasks affect hip cup
primary stability and strain distribution around
the acetabulum
F. Morosato1 and L. Cristofolini1
1. Department of Industrial Engineering, School of Engineering and Architecture, Alma Mater Studiorum - Università di Bologna, Bologna, Italy

used. After the testing on stable implants, specimens were
over-reamed to mimic a very unstable configuration and the
testing were repeated.

Abstract— The acetabular hip stability is affected by many
factors. The aim of the present study was to compare the effect of
different motor tasks (walking vs stand up from seated) on the
implant stability and the strain distribution around the
acetabulum. Composite specimens were prepared in a standard
fashion and tested. The loading protocol was devised so as to
apply packages of increasing load, in a critical direction. The
digital image correlation was used to measure the implant motion
and the strain distribution over the tests. The measurements were
processed to calculate the permanent migration and the inducible
micromotions as well as the strain distribution around the
acetabulum. Results showed that the stand up from seated motor
task was more critical than level walking both in terms of implant
stability and strain distribution in the periacetabular bone.
Keywords—Hip acetabular
stability,
Digital
Image
Correlation, Strain Distribution, Biomechanical test

M

III. RESULTS
The DIC was able to measure strains and displacements
throughout each test, even for the unstable configuration.
The permanent migration and the inducible micromotions
between Walk and SUp were different. When stable implants
were tested, the SUp was more effective in terms of cup
rotations, while cup translations were similar to Walk (Fig. 1).
When unstable implants were tested, cup translations and
rotations increased up to two order of magnitude, with
permanent migration and inducible micromotions measured in
SUp test higher than permanent migration and inducible
micromotions in Walk test (Fig. 2). The measured principal
strains increased from stable to unstable implants and from
Walk to SUp test. In Walk test the highest principal strains
occurred in the superior aspect of the acetabulum and never
exceeded ±1500 microstrains. In SUp test the highest principal
strains occurred in the superior-posterior aspect of the
acetabulum and in the posterior column, reaching up to ±2500
microstrains (Fig. 3).

I. INTRODUCTION

OST of the hip reconstructions fail due to the loosening
of the acetabular component1. Such late failure can be
assessed through in vitro testing. As the load bearing around
the acetabulum is not homogenous, changes in the direction
and magnitude of the applied force may influence the implant
stability. The aim of the present study was to compare the
effect of two motor tasks relevant for the early post-op period
on the cup stability and on the strain distribution around the
acetabulum.
II. MATERIAL AND METHODS

Composite hemipelvises were used to allow highly
repeatable tests. Twelve specimens were aligned following a
standard procedure2 and implanted with commercial primary
implants. The specimens were randomly divided in two
groups. The same loading protocol was applied in each group,
constituted by packages of increasing cyclic load. Two
different motor tasks were investigated: level walking (Walk)
and standing up from seated (SUp). The direction of the
maximum resultant force for each motor task was identified.
In order to performed conservative tests, the maximum force
applied reached half of the peak load measured in vivo (i.e 1.5
BW for Walk and 2 BW for SUp). To allow DIC work properly
a high-contrast black-on-white speckle pattern was prepared3.
A commercial DIC system was used to measure the strain
distribution on the surface of the periacetabular bone and to
measure the implant and bone motion during the test. In order
to quantify the 3D relative cup/bone components of translation
and rotation for the permanent migration and the inducible
micromotions a dedicated Matlab script was developed and

Fig. 1: Comparison between the permanent migration and
inducible micromotions computed for the test on stable
implants in Walk test and SUp test. permanent migration
and inducible micromotions are expressed in terms of
translations and rotation along/about three anatomical
axes: antero-posterior (AP), cranio-caudal (CC) and
medio-lateral (ML) as well as the resultant displacement.
Each column represents the mean and s.d.of 6 specimens,
after excluding the outliers.
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IV. DISCUSSION
Results between Walk tests and Sup test on stable implants
were significantly different in terms of stability and strain
distribution. In particular, it emerged that SUp was generally
more effective in terms of permanent rotations while
translations were not statistically different (Fig. 1).
Conversely, implant motions during the tests on unstable
implants were not statistically different, but were one or two
order of magnitude larger than the tests on stable implants both
for Walk and SUp test (Fig. 2). The principal strains measured
in Walk and SUp when stable implants were tested never
exceeded the physiological range for the bone cortex4, even if
the strain distribution was different (Fig. 3 (top)). When stable
implants were tested the principal strains generally increased
if compared with the tests on stable implants. In particular, in
Walk test, the principal strains reached 1500 microstrains,
while in SUp test doubled the principal strains measured in
SUp tests on stable implants, overcoming the physiological
range (Fig. 3 (down)). Such results showed that the cup
stability and the strain distribution on the surface of the
periacetabular bone is significantly affected by changes in the
loading direction and the force magnitude. In particular, the
stand up from seated motor task resulted to be more critical
than level walking motor task.

Fig. 2: Comparison between the permanent migration and
inducible micromotions computed for the test on unstable
implants in Walk test and SUp test. permanent migration
and inducible micromotions are expressed in terms of
translations and rotation along/about three anatomical
axes: antero-posterior (AP), cranio-caudal (CC) and
medio-lateral (ML) as well as the resultant displacement.
Each column represents the mean and s.d. of 6 specimens,
after excluding the outliers.
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Biomechanical analysis of different femoral stem
length in a hinged knee prosthesis: a finite element
study
F. Armaroli1, B. Innocenti1
1

BEAMS Department, Université Libre de Bruxelles, Bruxelles, Belgium

Hamburg, Germany was analysed.
Conventional stem lengths (50, 95, 120 and 160mm), two types
of fixation (cemented or press fit), physiological and
osteoporotic bone properties were examined, for a total of 34
configurations. A further configuration, in which no stem was
implanted, was also analysed as control.
The bone stresses distribution in several regions of interest
were analysed at 0° and 90° of flexion under physiological
load condition (respectively 700N and 2144.12N, derived
from experimental analysis [2]). Similar to a previous study,
in all the models the femoral head was considered fixed and
the force was applied on the distal tibia [3].
The analysis was performed in Abaqus 2014 (Dassault
Systèmes, Vélizy-Villacoublay, France) by means of finite
element modelling that were defined, in terms of the geometry
and materials (Table 1) by following a previously validated
model [3], [4].

Abstract—Longer and thicker stems could be used to achieve
joint stability in hinged revision total knee arthroplasty (TKA).
Industry provides different stems in terms of length and surgical
technique that could be used by the surgeon to fit the different
patient anatomies. However, proper guidelines for their
appropriate use in clinical situations are not currently available.
Therefore, the aim of this study is to investigate with finite
element analysis the change in bone stress induced, in a hinged
prosthesis, when different stem designs are used during
different daily activities.
The results show that the presence of cement reduces the peak
stresses in each region of the bone and that a longer stem
induces higher stresses compared to a short stem at both flexion
angles. Only in the 95mm stem configuration the two implant
interfaces return similar stress values.
Keywords—biomechanics, finite element, hinged TKA, stems.

R

I. INTRODUCTION

evision total knee arthroplasty (TKA) substitutes a failed
primary implant with a new prosthesis. Such procedure
is more complicated than a primary implant as reference
points miss and it requires specialized implants.
Among the different possibilities of revision implant, when
the collateral ligaments are compromised, a possible solution
is the hinged knee prosthesis; it consists in a femoral and
tibial component, which are physically linked, at the level of
the flexion axis with a hinged constraint, enabling only intraextra rotation and flexion-extension movement.
Due to the presence of such joint, to guarantee stability and a
good transfer of the stress from the implant to the bone,
longer and thicker femoral and tibial stems are usually
present.
Industry provides for surgeons several options of stems, in
terms of length and bone implant interface (cemented or
press-fit). However, a proper guideline is still missing to help
the surgeon in the right selection of the stem, from a
biomechanical point of view, for a specific situation.
Therefore, the goal of this study was to investigate the
change in bone stress induced, in a hinged revision TKA,
when different stems are used, using finite element analysis
(FEA).

TABLE I
MATERIAL MODELS AND PROPERTIES USED IN THIS STUDY.
Material

Material
Model

Elastic
Modulus
[GPa]
E1=11.5
E2=11.5
E3=17.0

Poisson
Ratio
ν12=0.58
ν13=0.31
ν23=0.31

Cortical bone

Transversally
isotropic

Cancellous
bone

isotropic

E=2.13

ν=0.30

CoCr

isotropic

E=240

ν=0.30

UHMWPE

isotropic

E=0.69

ν=0.40

PMMA

isotropic

E=3.0

ν=0.30

III. RESULTS
Average and maximum compressive and Von Mises stresses
were extracted along the femoral length for each configuration.
In general, the presence of the cement reduces the peak stresses
in each region of the bone up to 62%. To confirm this, in figure
1 are represented the extension and flexion configurations,
each with the control and one of the stem configurations
(50mm cemented and press-fit). It can be noted that the stress
distribution in extension and in flexion is different and that the
cement reduces the stress on the femur both in extension and
flexion.
A longer stem induces higher stresses compared to a short stem
at both flexion angles (max increment up to 350% in press-fit
stems).

II. MATERIALS AND METHODS
The model is based on a previously validated finite element
model [1]. The bone geometries were obtained by threedimensional reconstruction from CT images of a patient, while
the three-dimensional geometries of the prosthesis were
generated in SolidWorks 2018 (Dassault Systèmes, VélizyVillacoublay, France), starting from industrial design provided
by the manufacturer.
In the present study a left, size medium Endo-Model hinged
knee prosthesis by WALDEMAR LINK GmbH & Co. KG,
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These configurations could be made for both the physiological
and the osteoporotic femur, even if the configurations with the
osteoporotic femur show greater stress values on the bone (up
to 30%). In figure 3 are reported the risks of fracture of each
configuration for both physiological and osteoporotic bone.
The osteoporotic values are greater than the physiological
ones, but all far below the limit of fracture (circled in red in
the figure 3).

Figure 3 Maximum RF values for all the configuration
analyzed in this study for both physiological and osteoporotic
bone.

Figure 1 Von Mises stresses are reported in extension and
flexion for the 50mm stem configuration (cemented and pressfit) compared to the control.

IV. CONCLUSION

As it can be observed in Figure 2, stresses were higher when a
small press-fit stem was adopted; longer stems guarantee a
better fixation; however, a small cemented stem is already
enough to reduce implant stress (up to 62%).
The absence of stem induces higher stress; therefore, this
situation should be avoided.
The press-fit trend from 95mm stem configuration reaches a
maximum stress value almost constant. However, for the
cemented configurations it can be observed that the trend
increases with increasing stem length, except for the 95mm
configuration.
Generally, the cemented configurations present lower stresses,
excluding for 95mm configuration, in which the two surgical
techniques return similar stress values. A higher difference is
observed with the short stem, where the interaction area
between stem and bone is smaller, as found also in a previous
study [3].

During a revision TKA it is important to implant longer and
thicker stems to provide stability. Several solutions are
available on the market for different lengths and implant
interfaces (press fit or cemented). However, few studies are
nowadays available to provide possible guidelines based upon
biomechanical studies on the effect of stems on femur stresses.
In this study the analysis of different stem lengths and surgical
techniques was performed to provide a guideline for the
surgeon for the right selection of the stem. The results show
that the presence of cement reduces the peak stresses in each
region of the femur and that a longer stem induces higher
stresses compared to a short stem at both flexion angles.
Therefore, a good uncemented solution is achieved when a
95mm stem is implanted. To conclude, if surgeons need to
select a femoral stem in a hinged TKA, aiming to good
stability and lower bone stress, according to this study, the
preferable option is a small cemented stem.
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Abstract— The amputees of upper or lower limbscan be
treated withtraditional prostheses or osseointegrated devices.
The first onescould limit the patientsduring normal activities in
daily life. Moreover, when the stump is too short, the socket
could not be easily hooked. In these cases, it could be better to
use an osseointegrated prosthesis. The aim of this paper is to
analyze the influence of the length of the stump on the stress and
strain distributions inosseointegratedtrans-humeral implants.
The interface between the intramedullary stem and the
surrounding bone has been investigated in depth to detect too
high stress values that may cause adverse events such as the
loosening of the osseointegratedstem.Three CAD models of the
residual humerus have been achieved starting from a 3D CTscan of a left humerus and varying the level of amputation.
ACAD model of anosseointegratedprosthesis has been created
following the guidelines of the OPRA implant. FEM numerical
analyses have been performed to evaluate the stress and the
strain distributions on the bone and the prosthesis. Two
different fall scenarios have been simulated.The maximum
stress and strain values increase on the prosthesis and decrease
on the bone as the length of the residual bone decreases. At the
bone/implant interface, the maximum values of the von Mises
stress and strain are always quite constant in all the analyzed
cases.Analyzing the results, it is possible to observe a slight
decrease of von Mises stress and strain in shorter stump.
Keywords— Osseointegration, prosthesis, amputees, upper
limb, Finite Element Method, amputation level.

W

Figura 1. CAD model of the complete osseointegrated implants
(Bone length: A.210mm, B.180mm, C.150mm).

III. RESULTS
As regards the von Mises stress distribution on the bone
(Fig. 2), the maximum values are on the external zone under
the humeral head and range from about 135 MPa to 145 MPa,
as the length of the residual bone increases.

I. INTRODUCTION

Figura 2. Trend of von Mises stress distribution on the external
region of the humerus.

HEN the residual limb is too short to couple with a
traditional external prosthesis, an osseointegrated
device is a good and functional solution. In literature, there
are already some studies that analyze the influence of the
amputation length on trans-femoral osseointegrated implants
[1]. The aim of this paper is to study and analyze the
influence of the length of the stump in the von Mises stress
distribution and von Mises strain distribution on the
osseointregrated implant, and on the bone, identifying the
most stressed areas.

On the prosthetic implant, instead, the maximum value of
the von Mises stress has been calculated in the area between
the coupling part and the distal end of the fixture (Fig. 3).
Conversely to what occurs in the bone, the maximum stress
on the prosthetic implant increases as the length of the
residual bone decreases (Fig. 3).

II. METHODS
Three CAD models of the residual humerus have been
achieved starting from a 3D CT-scan of a left humerus and
varying the level of amputation. One CAD model of the
osseointegrated implant has been created following the
guidelines of the OPRA Implant. In the FEM Analysis, the
applied loads, acquired during a previous study [2], have
been applied to the entire 3D model (Fig.1), composed by the
bone and implant models.

Figura 3. Trend of von Mises stress distribution on the
osseointegrated device.

IV. DISCUSSION AND CONCLUSION
The results obtained in this study show two areas subjected
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to relatively high stress that could carry out to specific
phenomena [2],[4]. From the analysis of the whole boneprosthesis system, the equivalent stress acting on the bone
decreases as the length of the residual bone decreases.
Conversely, the equivalent stress acting on the prosthesis
increases as the length of the residual bone decreases. These
phenomena can be very important because osseointegrated
prostheses were designed also for amputees with particularly
short stumps where it is difficult to hook the socket [5]–[7].
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A white-on-black speckle pattern was prepared on the
surface to allow the measurements of strain through a digital
image correlation, DIC (Q400, Dantec Dynamics) [3].
The vertebra was loaded in a universal testing machine in
presso-flexion up to reaching strains in the range of 1000-2000
microstrain (range of physiological strain) on the anterior
surface of the vertebral body (a very conservative load was
imposed to prevent any damage that would compromise
further clinical analysis) [4]. The maximum and minimum
principal strains were evaluated on the anterior surface of the
vertebral body with an optimized Digital Volume Correlation
approach.

Abstract— The stability of vertebrae affected by primary
tumor is defined by mechanical conditions. The fracture risk
associated to the tumor precense is still a challenge. This work
aimed to evaluate the strain distribution in an ex vivo vertebra
affected by a chondrosarcoma.
The vertebra was prepared with a dedicated speckle pattern in
order to compute the strain distribution using a full-field
measurement technique. The vertebra was loaded in a uniaxial
testing machine in order to reproduce the strain associated to
physiological load.
The strain distribution showed a weak portion in proximity of
the tumor lesions and a homogeneous regular behavior in the
region far from the lesion. In particular, peak strains were
obtained with a load lower than half the donor’s weight. This
analysis can create a knowledge for helping in the evaluation of
that cases of uncertain surgical procedure in the clinical practice.
Keywords—spine, vertebra, tumor, strain analysis.

I. INTRODUCTION

T

HE treatment of bone tumor is a multifactorial problem

Load

based on neurologic, oncologic, mechanical and systemic
parameters [1]. Due to the improvements in terms of diagnosis
and treatments, the life expectation increased and it pawed the
way to questions related to the life quality of patients affected
by tumor.
From a biomechanical point of view, the vertebra is
weakened by the presence of neoplastic tissue: its
microstructure is not optimized for load bearing and has poor
mechanical competence. The identification of the mechanical
effects due to this pathology and the clinical dilemma between
the risk of a complicate surgery and the risk of a paralysis is
still a challenge [2].
The aim of this work was to assess the strain distribution in
case of vertebral primary tumor.

Fig. 1 – Left: CT scan of the patient; the green box indicates
the vertebra affected by chondrosarcoma. Right: the specimen
prepared with the speckle pattern for DIC strain measurement,
inside the loading jig. The red arrow represents the direction
of the load generating presso-flexion
.
III.

RESULTS

The vertebra reached the physiological strain condition with a
force of only 320N (bending moment of 2.5 Nm), while
usually it can resist up to 4/5 body weights.
The strain maps (Fig. 2) showed a very irregular distribution
of strain: the cortical portion of the vertebra closer to the tumor
was much more strained then the neighboring healthy tissue.
The maximum and minimum principal strain in front of the
tumor region were, respectively, 1000 and -6000 microstrain.
The maximum and minimum principal strain in front of the
healthy tumor region were, respectively, 500 and -1500
microstrain.

II. MATERIAL AND METHODS
The patient (M, 62 y.o.) was affected by a chondrosarcoma
at the vertebra T12. He was scanned with a clinical CT (fig.
1) to identify the Spine Instability Neoplastic Score (SINS =
11 – indeterminate stability). The vertebra was removed as
part of the planned surgical treatment. The retrieved specimen
was used in this pilot work, after ethical approval.
The specimen (consisting of part of T11 down to part of L1)
was aligned following a reliable and validated procedure and
its extremities were potted in bone cement for allowing loading
tests (fig. 1).
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Fig. 2 - Strain distribution measured on the anterior surface
of the vertebral body during the flexion: maximum (top) and
minimum (bottom) principal strains. The tumor is on the left
side in the picture, the healthy tissue is on the right side.

IV. CONCLUSION
Through the evaluation of full-field strain maps, we showed
the high risk of fracture of a vertebra in presence of bone
tumor. In particular, the reported peak strains were obtained
with a load lower than half the donor’s weight, while usually
they are obtained with loads four-fold the donor’s weight [5].
While healthy vertebrae exhibit a very uniform distribution of
strain [5], the tumor was associated with high inhomogeneity
and severe stress concentrations. More tests are planned, in
relation with the clinical cases.
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(GE MEDICAL SYSTEMS/LightSpeed16, 140 kV) of 69years-old man’s lower limbs with 0.9766 mm of resolution on
xy-plane and on z-axis. After having highlighted a portion of
the right femur with a minimum of user interface, the volume
is exported and elaborated to obtain a virtual solid model. The
CT data representing the bone region enclose the x, y and z
coordinates of the central point of each voxel and its associated
HU value and are arranged in a 3D slice structure with
MATLAB 2018b (MathWorks Inc., MA, USA) to store
information about the spatial allocation of HU values

Abstract— Accurate finite element (FE) models are great
potential tools in ensure the reliability in presurgical planning of
interventions and in prediction of stress and strain fields, through
a non-invasive method. Patient-specific biomechanical models, in
terms of geometrical structure and material properties, are
increasingly in demand for real-time applications, especially in
orthopaedics and in implantology. The main challenge pertains
to the reliable characterization of bone mechanical behavior. An
almost automatic procedure is defined, which provides a
description of bony structures by combining Computed
Tomography (CT) data segmentation strategies and
micromechanics modeling techniques. In details, the algorithm
gives information about the distribution of bone tissue
orthotropic elastic properties, derived by the Hounsfield Unit
(HU) value, and the principal material directions, derived by the
analysis of the local HU values distribution around the considered
location.
Keywords— Bone mechanics, Orthotropic elasticity, CT
segmentation, Micromechanical modeling.

N

B. Material Mapping
To define the constitutive tensors, the formulation adopted
is described in [2]. The procedure provides a voxel-specific
orthotropic tensor related to each HU value. The threshold
HUBM for the calculation of the bone volume fraction is
patient-specific and based on a statistical analysis of the HUfrequency of CT scan utilized. It corresponds to the limit value
for which the vascular porosity can be considered almost zero.
In this case, it is set at 1285 HU. Moreover, the non-zero
components of the pure cortical bone tensor vary depending on
the bony structure and have been customized for femoral study
thanks to ultrasound experimental analysis [3]. This strategy
has been adopted for both cortical and trabecular bone tissue.

I. INTRODUCTION

UMERICAL models, characterized by high degree of
precision and patient-specificity, ensure the reliability
and the effectiveness of surgical interventions and devices by
predicting stress and strain distribution and help clinicians in
the pre-surgical planning. Procedures which propone patientspecific FE modeling are present in literature and it is
concluded that further studies are necessary to render them
routine clinical tools. The main limit includes the lack of fully
automatism of the procedure [1]. The aim of the reported
activities consists in the development of an almost automatic
procedure which provides volume segmentation, virtual solid
model generation, bone tissue property extraction and material
assignment of bony structures with an element-based approach
from in vivo CT data. The orthotropic elastic constants and
principal material directions are extracted from voxels’ HU
values, and their local distributions, and assigned to each
element of FE model.
The size of the CT voxels may have a significant effect on
the material mapping accuracy. It is therefore necessary to use
CT data whose nominal resolution is a good compromise that
allows a detailed analysis without going in the μ-range.

C. Principal Material Directions
For each HU value, a discretized spherical neighborhood
composed by the voxels whose centroids fall into the volume
of the sphere is isolated for the calculation of the three
principal material directions (Fig. 1-b). The dimension of the
spherical neighborhood is dependent on the voxel size of CT
scan and on tissue structure of the skeletal element under
analysis. It is supposed that the diameter dimension must be in
the order of the meso-structure (500µm-10mm) to identify
systems of osteons in the cortical tissue.
The HU values are treated as “masses” and an “inertia”
matrix for each spherical neighborhood is calculated. The
eigenvectors of the matrix are normalized and treated as the
local orthotropic reference system of the voxel.
This approach explores the distribution of masses at the
regional level, the minimum inertia axis is considered as the
principal loading direction. It is based on the hypothesis that
HU values depend on the X-ray attenuation and on density and
a set of HU values reflect the non-uniform structural properties
of bone tissue.

II. MATERIALS AND METHODS
A. Volume Segmentation and Geometry Model
The procedure involves the use of an in vivo CT scan file
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D. FE Model and Material Assignment
FE discretisation is processed by Abaqus 2018 (Dassault
Systèmes Simulia Corp., Providence, RI). An unstructured
mesh is generated with linear tetrahedral elements (C3D4) of
2 mm mean element size (37827 elements and 7478 nodes).
To each gauss point, the averaged material properties of the
voxels which fell within the volume of the mesh element are
assigned. With this method, the dependence of the procedure
on the size of the mesh element decreases and the
disadvantages of not having control over the size of the
elements in inland regions due to the unstructured mesh are
reduced. However, some elements may have a small, distorted
volume such that no CT voxels fall inside. If this happens, the
material properties of the nearest voxel to the barycenter of the
element, in terms of Euclidean distance, are assigned.

The distribution of elasticity tensor and orthotropic directions
has been computed for the overall femur region. Young
modulus E3 magnitude is extracted from the constitutive tensor
and it is assigned to the corresponding element. The
differentiation between cortical and trabecular tissue, visible
from CT scan (Fig. 1-a), well corresponded to model data (Fig.
1-d). The maximum elastic stiffness direction is consistent to
experimental ultrasound data for cortical regions [4] and
detects the orientation of systems of osteons (Fig. 1-e) whose
presence defines the non-isotropic behavior of the bone tissue.
To quantify the accuracy of the procedure, an estimate of the
error committed is computed. The error is calculated as the
ratio which has as numerator the absolute value of the
difference of the Young's moduli E3 between each mesh
element and the corresponding nearest voxel and as
denominator the E3 of the latter. The results are show in Figure
1-c and it is noticed that more than 60% of the CT voxels is
affected by an error lower than 10%.

III. RESULTS

IV. CONCLUSION
An almost automatic procedure which performs an
orthotropic material mapping and extracts principal material
direction from CT data has been implemented. An accurate
characterization of the bone tissue conveys the reliability of
the computational models, in fact different studies prove that
the isotropic or anisotropic characterization of bone tissue in
FE models changes numerical results. Great differences are
shown for the maximum equivalent strains which are sensitive
to the orientation of the axes of orthotropy [5]. The application
of the implemented protocol can be extended to the study of
any bone structure after adjustment of the mechanical
properties such as non-zero components of the pure cortical
bone tensor.
There are still open questions regarding the size of the mesh
element and the optimal number of voxels to be considered for
the calculation of the principal material directions. Moreover,
the high accuracy of the model, linked to the high
computational cost, does not make the procedure a routine
clinical instrument usable in real time yet.
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Abstract—Spinal immobilization is one of the most common
prehospital procedures in the setting of trauma, aiming at
preventing possible subsequent lesions. Despite the variety of
spinal devices designed to this purpose, no quantitative method
for assessing quantitatively segmental mobility during this
procedure has been defined. Human movement analysis methods
and wearable inertial technologies can respond to this need,
supporting both personnel training as well as comparison and
design of spinal devices. This work aims at identifying
quantitative metrics, based on inertial sensor measurements, for
the assessment of segmental mobility when using different
commercial immobilization systems.
Keywords—inertial sensors,
quantitative assessment.

immobilization

II. MATERIAL AND METHODS
A. Experimental protocol
Four different spinal immobilization devices were selected:
1-Stila, not requiring cervical collar;
2-Najo Spineboard + cervical collar Wizlock Ferno;
3-Scoop EXL65 + cervical collar Wizlock Ferno;
4-Vacuum spine board + cervical collar Wizlock Ferno).
Five healthy subjects (3M/2F, 172±15cm, 69±23kg) and three
volunteering emergency medical technicians participated in
the study. Five wireless tri-axial inertial sensors (Opal,
APDM, USA) were positioned along the spinal axis of each
subjects (on Forehead, C7, T12, L5, S2) and one sensor was
fixed on each stretcher (Figure 1). 3D acceleration and 3D
angular velocity were recorded at 128Hz by each inertial
sensor during each trial.
During each trial, the analysed subject was lying prone on the
floor, technicians were asked to perform a typical
immobilization procedure (log roll- and stretcher-lifting
manoeuvres), following the standard procedure guidelines of
each disposal. The task was repeated three times per stretcher
and per participant (stretcher order randomized). Three
different phases of the procedure were identified:
A) Log-roll,
B) Tiding,
C) Lifting.
The Review Board Committee of the authors’ institution
approved this study, and signed informed consent was
obtained from the participants.

procedures,

I. INTRODUCTION

S

PINAL immobilization is the safest method to prevent
lesions subsequent to trauma [1]. Despite being widely
used, the most consolidated methods of spinal immobilization
have limits [2] and rigorous scientific evidences for supporting
the choice among the different available devices are missing
[3]. In clinical practice, different and innovative devices are
used for ensuring spinal immobilization, of the cervical tract
in particular. However, still no effective way to prove their
efficacy in minimizing segmental mobility is available; only
scarce studies have been published presenting contradictory
results [1,3]. Human movement analysis methods and
wearable inertial technologies can fill this gap. Inertial sensors
allow to quantify and monitor human movement for
instrumented testing, complementing the information derived
from qualitative observations with that derived from
quantitative biomechanical parameters. The present study
aims at identifying quantitative methods and metrics for the
assessment of segmental mobility when using different
commercial systems for spinal immobilization with the final
goal of supporting personnel training and choice among
systems. Four different commercial systems were analysed in
this preliminary study.

Fig.1 Sensor placement.
B. Data analysis
Angular velocities around the cranio-caudal axis (ωCC) of the
sensor on the forehead was plotted versus ωCC of each lower
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sensor: ellipses of inertia (same weight per each velocity point)
were calculated for each trial and each phase.
Ellipse area (area), center (x,y), semi axes (a,b) and main axis
inclination (slope) were estimated. In ideal conditions of
effective immobilization, area, center and b should be 0, a can
be different from 0 if slope=1.
III. RESULTS
All the devices showed negligible area values during phase B,
with respect to other phases. Results highlighted consistent
trends over subjects per analyzed device. Table I and II show
median [min max] results for Forehead-T12 sensors during
phase A and C.
Fig.2 Median and interquartile area results during phase A
and phase C.

TABLE I
PHASE A
Device
Area
a
b
slope
x
y

1
0.06
[0.04 0.08]
0.45
[0.41 0.47]
0.15
[0.13 0.17]
1.23
[0.86 1.28]
0.00
[0.00 0.01]
0.00
[-0.01 0.01]

2
0.04
[0.04-0.11]
0.43
[0.34 0.60]
0.14
[0.11 0.22]
0.99
[0.87 1.43]
0.01
[0.00 0.01]
0.00
[0.00 0.00]

3
0.01
[0.00 0.01]
0.12
[0.09 0.15]
0.08
[0.05 0.12]
0.10
[-0.05 2.31]
0.00
[0.00 0.01]
0.00
[0.00 0.00]

4
0.02
[0.02 0.03]
0.23
[0.18 0.25]
0.12
[0.10 0.14]
0.62
[0.50 1.42]
0.01
[0.00 0.01]
0.00
[0.00 0.00]

Fig.3 Exemplificative results (devices 1 and 4) during phase C
(lifting). ωCC data of Forehead (abscissa) and T12 (ordinate)
in grey, ellipses of inertia in black.

Median [min max] values for each device during phase A.

TABLE II
PHASE C
Device
Area
a
b
slope
x
y

1
0.06
[0.04 0.08]
0.50
[0.44 0.57]
0.18
[0.09 0.19]
1.01
[0.90 1.11]
0.02
[0.00 0.02]
0.00
[0.00 0.00]

2
0.06
[0.05-0.08]
0.59
[0.53 0.68]
0.12
[0.09 0.19]
1.05
[0.95 1.07]
0.02
[0.00 0.03]
-0.01
[-0.01 0.00]

IV. DISCUSSION
3
0.10
[0.06 0.14]
0.58
[0.54 0.72]
0.24
[0.14 0.25]
1.36
[0.94 2.08]
0.01
[0.00 0.02]
0.01
[-0.01 0.01]

Present results support the usability of inertial wearable
sensors for the quantitative assessment of segmental mobility
during immobilization procedures. Further ongoing research
will quantify relative kinematics through Kalman filter
modelling, offering quantitative threshold for defining limit
values for ellipse parameters. Vibration transfer during
maneuver will be also investigated through data analysis in the
frequency domain. These methods will support personnel
training and innovative design of spinal devices.

4
0.14
[0.11 0.17]
0.68
[0.55 0.76]
0.27
[0.18 0.31]
0.80
[0.45 0.84]
0.04
[0.02 0.05]
0.00
[-0.01 0.00]
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Median [min max] values for each device during phase C.
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Abstract— Thanks to the wonderful developments in
information and communication technologies through tablets
today , unthinkable applications in industry, consumer goods and
healthcare are possible; but a new pathology of the neuromusculoskeletal apparatus due to the abuse of the technology
called "text neck" is recorded in subjects of different ages and in
particular among young people. This syndrome consists of a
series of disorders caused by the excessive use of wearable and
portable tablets with incorrect postures kept too long and too
frequently. The study focuses on the "text neck" and proposes
and apply a methodology, based on an electronic survey to
investigate the knowledge on the biomechanical risks related to
the smartphone.
Keywords—Insert up to 4 keywords, separated by commas.

I. INTRODUCTION

Figure 1 The tension on the neck with the neck inclination change

B. The biomechanical risk and the young people
Among the peculiarities of these technologies emerge: (a) a
reachability of information anywhere on the globe, as far as
where the operator coverage; (b) a user-friendly approach to
different services using your fingers to navigate in the socalled finger-based mode; and (c) a significant approach from
the young fin from childhood to ICT. Just the features of these
devices there make them attractive to young people. Indeed,
thank you it is possible to use games, the connection to social
networks and chat tools that have a lot of grip on young people.
Therefore the latter which, by virtue of their life expectancy,
they will use these more technologies and will be exposed in a
particular way related risks. Among the mobile technologies
the most used is certainly the smartphone. The latter confirms
it most widespread technological tool in our country [12] it has
a 75.7% Italians; instead the owners are less than half of tablet
/ipad (43.3%). As for young people, in the USA, 87% of young
people own a smartphone between 14 and 18 and 79% of those
between 12 and 15 years in the UK .

T

HE "text neck" syndrome was introduced for the first time
in 2008 by Dean L. Fishman, a scientist in the treatment
of technology injuries. This definition was designed to explain
the consequences of repeated solicitations to the human body,
caused by the excessive use of portable devices of all kinds,
such as smartphones [1-7].
A. The smartphone and the biomechanical risks
Dean L. Fishman formulated this term [8] after beginning to
see an increase in the frequency of young people complaining
of discomforts such as headaches, pain in the neck and arms.
In detail the text neck [9-11] can cause:
• Frequent headache.
• Cervical pains.
• Stiffness of the scapulo-humeral girdle and dorsal rigidity.
• Tingling and numbness in the upper limbs.
• With the passing of the years to these pains of neuropathic
and musculoskeletal origin, other problems such as
gastrointestinal and respiratory difficulties can be added.
From a biomechanical point of view it is evident that this
problem is due to an excessive tension on the part of the
cervical spine due to incorrect motor/postural tasks exercised
during the use of the smartphone [9-11]; in particular it has
been shown that this tension increases with the inclination of
the neck (Figure 1) [10].
Scientists suggest simple lifestyle changes to alleviate stress
due to the 'text-neck' [9-11]. For example, it is advisable to
keep mobile phones in front of the face, or at eye level, while
looking at the display, and using two hands and two thumbs to
create a more symmetrical and comfortable position for the
spine. Also recommended are stretching exercises and other
exercises that focus on posture to keep the spine under control.

II. METHODS
The general idea was to focus on the young subject and to
set-up an investigation methodology based on an electronic
survey to investigate their knowledge and predisposition to the
above described risks.
The tool was based on a dedicated questionnaire that
generally was divided into two sections:
Section 1) The smartphone addition.
Section 2) Knowledge and predisposition to the
biomechanical risk.
According to literature [12-13] the items faced in the two
sections are strictly related. For example the increasing of the
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use in non vocal activity (section 2) generated to an addiction
(section 1) increase the probability of a biomechanical risk
(section 2).

III. RESULTS AND DISCUSSION
A. The electronic survey
The questionnaires were organized using an electronic
methodology based on Forms (Microsoft,USA).
This methodology is particularly useful for the electronic
surveys: it allows an easy sending of the questionnaire using
for example WhatsApp or other messengers [14].
The data are automatically stored in a database, a report is
automatically updated with graphics and statistics. This is the
link to the section 2 of the electronic form developed using
Forms (Microsoft, USA).
https://forms.office.com/Pages/ResponsePage.aspx?id=DQ
SIkWdsW0yxEjajBLZtrQAAAAAAAAAAAAZ__ghPqE5U
REtDQTVUMURTQklUWE8wU1ZGNDlDUDlPMC4u
B. Preliminary outcome
Figure 1 and 2 shows the section 2 of the survey. The survey
was submitted to 190 subjects with an age comprised between
14 to 21 years. All of them were smartphone owners. The mean
time spent with the smarphone was equal to 3,21 h in mean
value. The principal activities were WhatsApp and social
networks. The questions related to the knowledge on postural
risks 6-8 received an assessment of 2,78 in mean value (<3).
The question 9 related to a good practice of exercise received
a very low assessment in mean value equal to 1,96 (<3).

Figure 2 Part 2/2 of the survey

The assessment of the survey was equal to 5,78 in mean
value, demonstrating the subjects appreciation for the study.
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or orthodontics reasons, only 12 of them were selected for the
geometric reconstruction. The inclusion criteria concerned the
absence of caries and occlusal abrasions. Since molar crowns
are subjected to higher chewing stresses (and therefore to
higher failure rates), the study group included teeth in the
posterior region of mouth, rather than in the anterior one. Each
selected tooth was duplicated two times by using a stainlesssteal master die filled with polymethyl-metacrylate (PMMA)
resin. Then, the 24 duplicate teeth, divided in two groups (A
and B), were prepared to receive a complete crown restoration.
One operator, using a constant water spray and the same
specific sequence of burs, executed all preparations manually.
The teeth belonging to group A underwent the preparation
design usually adopted for ceramic crowns. In depth, after
having cut a 1 mm groove along the central fissure, a line was
marked on the buccal and palatal cusps from the cusp tips. This
line was connected to the bottom of the groove prepared in the
first step with a tapered diamond bur [4]. A wall taper of 6
degrees was applied to the preparation until the CEJ that was
completed with a finishing margin. Conversely, for the teeth
in group B, the restoration design hinging on the principles of
AFG modelling was used. In particular, the first step consisted
of the anatomical details and geometric landmarks
identification. Subsequently, the superficial anatomical design
was eliminated and triangles on the sides of the primary crests
were prepared. Grooves of 1 mm were cut on the top of the
crests and on the furrows according to the AFG modelling
guidelines. The same lines were applied to the axial walls until
CEJ. After the elimination of undercuts, the preparation was
completed with a finishing margin.

Abstract — In the field of prosthodontics practice, dental
restoration treatments are of major importance. The high
frequency in the application of such techniques can be
attributable to a plethora of reasons, especially tooth fractures. A
comparative analysis between the anatomical-functionalgeometry (AFG) restoration technique and the standard one is
carried out, highlighting advantages and criticalities of each
preparation. In this framework, a non-linear finite-elementbased approach has been developed, in order to evaluate the
influence of dental preparation technique on the treated tooth
mechanical response under loads simulating either functional or
parafunctional typical conditions. To simulate crown failure,
luting cement is modelled through a brittle damage approach
implemented via an iterative displacement-controlled
incremental technique.
Keywords — Dental restoration, non-linear finite-element
modelling, cement damaging.

I

I. INTRODUCTION

N dental clinical practice, prosthetic crowns may be placed
for several reasons. After porcelain (used over the past four
decades) and metal-ceramic crowns, all-ceramic systems have
been developed as a response to the increasing concern in
dentistry for superior esthetics, biocompatibility, translucency
and optical properties of the restorations. Such an improving
enabled a reduced axial preparation depth and new prosthetic
design [1]. The anatomical-functional-geometry (AFG)
technique inspired this new crown-shape design [2]. By
extrapolating the geometric basis of this preparation technique,
a framework design standardized and reproducible from each
clinician has been developed. One of the advantages of the
AFG modelling approach is the preparation of the restored
teeth in a more conservative and anatomical way, owing to the
presence of standardized anatomical landmarks.
In this context, finite-element-based numerical analysis
(FE) turned out to be effective in the assessment of mechanical
performances of all-ceramic restorations [3]. Therefore, in
order to perform a comparative evaluation between the AFG
restoration technique and the standard one, FE simulations
were carried out. Hence, the influence of the preparation
design on the failure of all-ceramic crowns was assessed.

B. Numerical modelling
From a mechanical point of view, each analysed tooth is
considered as a three-dimensional continuum body subdivided
into two subdomains, namely the ceramic crown and the
prepared tooth. Geometry of each sample is reconstructed in
an automatic way, by combining CAD techniques and tools
with optical scanner technology. Both the tooth and the crown
are assumed to behave as an isotropic homogeneous and
linearly-elastic material, with mechanical properties set to
values in agreement with the specialized literature [5]. Pulp
and root canals carrying the nerves and the blood vessels are
modelled as voids, because of their negligible stiffness.
Due to its high fineness and in order to simplify the
numerical simulations, cement layer joining the crown and the

II. MATERIALS AND METHODS
A. Sample preparation
Out of 112 human teeth, extracted for periodontal diseases
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tooth is modelled as a thin interface carrying elastic properties,
rather than an actual solid medium. Cement’s Young’s
modulus E and Poisson’s ratio ν are assumed constants for
each point and equal to values provided by the supplier. Local
distribution of cement thickness is directly computed from the
CAD geometries of the various teeth considered in this study.
The same modelling approach was adopted for the periodontal
ligament (PDL), considering this latter as a thin elastic
boundary region connecting the tooth root to a fixed ground
(the alveolar bone). As highlighted in several studies, an
appropriate modelling of PDL’s non-linear mechanical
behaviour is needed. To this aim, the approach based on an
elastic tangent modulus dependent on the local strain values
adopted in [5] is implemented.
The response of each treated tooth under three different
physiological load conditions (bucco-lingual, intrusive and
extrusive) is analyzed through displacement-controlled
incremental simulations. Moreover, in order to compare the
two proposed restoration techniques in terms of crown failure,
a brittle damage constitutive response for the luting cement is
taken into account. In detail, when the maximum principal
stress reached its limit value within a particular element
(discriminating tensile stress conditions from the compressive
ones), this latter was “killed” by assigning to it a very low
value of Young’s modulus. To achieve this objective, a homemade MATLAB code, integrated within the COMSOL
environment, is developed in order to perform non-linear
numerical simulations based on an iterative approach.

the two preparation types is thus numerically assessed and
compared by subjecting the prosthetic device to the three
physiological load conditions. In such a manner, a first
estimate of the influence of dental restoration technique on the
mechanical response resulting from tooth-bone load-transfer
mechanisms has been provided.

(a)
(b)
Figure 1: Cement fracture pattern at a bucco-lingual
displacement value of 0.25 mm for a pre-molar tooth restored
with AFG technique (a) and standard technique (b).

III. RESULTS
Since the aim of this work is to evaluate and compare the
effectiveness of the two different proposed restoration
techniques (AFG and standard) under the three abovementioned load conditions, the distributions of stress and
strain are evaluated during the post-processing phase of each
numerical simulation. Nevertheless, the main result concerns
the number and location of damaged elements within the thin
tooth/crown cement layer. As an example, Fig. 1 depicts the
pattern of damaged elements for a restored pre-molar tooth
under a bucco-lingual displacement value of 0.25 mm. In
particular, Fig. 1(a) refers to the AFG preparation, whereas
Fig. 1(b) to the standard preparation. On the other hand, in Fig.
2 the damage pattern for the same aforementioned pre-molar
tooth and at the same displacement value is shown; in this case,
however, the AFG-restored tooth (Fig. 2(a)) and the standardrestored one (Fig. 2(b)) are both subjected to a vertical
intrusive displacement condition.

(a)

(b)

Figure 2: Cement fracture pattern at a displacement value of
0.25 mm for a pre-molar tooth restored with AFG technique
(a) and standard technique (b), subjected to a vertical intrusive
load condition.
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Since the force variation on the crutches due to step initiation
is not clear enough to identify the gait phases, a Camboard
Picoflexx (PMD Technologies®) depth camera was mounted
on each crutch. The camera contains only the depth sensor
(which is based on Time-of-Flight, ToF, principle), which
makes it small and lightweight (68 x 17 x 7.25 mm and 8 g
only). The camera has a resolution of 224 x 171 pixels and a
viewing angle of 62° x45°. The measurement range goes from
10 cm to 400 cm, and the frame rate from 5 fps to 45 fps. The
Picoflexx has a USB 2.0/3.0 interface and does not require any
extra power supply. Depth images were acquired using
Raspberry PI 3B+ board. The camera software directly
computes the depth information. The camera shows an average
measurement accuracy of 37 mm, comparable with gold
standard ToF cameras, such as the Microsoft Kinect v2 [10].
Gait phases were obtained from depth images thanks to an
algorithm based on machine learning techniques. The
algorithm classifies depth images splitting and labeling them
into stance and swing.
Force and depth images acquisition systems were mounted
directly on the crutches (figure 1). In the current prototype, to
test the feasibility of the process, forces and depth images have
been coupled manually comparing the crutches orientations
measured by the inertia module (synchronized with the force
sensors) with those obtained by the depth camera images.

Abstract— Powered exoskeleton can restore locomotion to
spinal cord injury subjects, but measuring their impact on the
upper limbs is critical, since repeated excessive loads are strongly
correlated to chronic pain at shoulder level.
This paper presents a novel set of instrumented crutches, able
to measure force exerted on the upper limbs and correlate it with
gait phases thanks to embedded depth cameras and force sensors.
The force sensors, along with an inertial module, assess the
force acting on the upper limbs, while the time-of-flight cameras
detects the gait phases looking at the feet position.
The aim is to provide an affordable measuring system, without
requiring a fully instrumented gait-lab, allowing the user-robot
interaction to be measured in a more natural setting, closer to the
foreseen working condition.
The instrumented crutches are fully independent of any other
instrumentation to allow a comparison of different exoskeleton
models in terms of upper limb involvement.
Keywords—Exoskeleton, gait phases, upper limbs load,
machine learning.

I. INTRODUCTION

T

HE loss of locomotion is one of the major impairments
that could result from a spinal cord injury. In recent years
more and more exoskeletons are being developed with the aim
to overcome this limitation [1]. A few are also commercially
available [2], and their efficacy and long-term health effects
were investigated in different studies [3].
Most of these studies are performed in specialized gait lab,
using motion capture, acceleration data and force platforms to
acquire a full kinetic and kinematic definition of the humanexoskeleton system [4]–[6].
This approach has, however, been limited to indoor
application, in a small, constrained space, and only for a
limited number of walking sessions.
To overcome this problem a set of wireless instrumented
crutches has been developed [7]-[8], with the aim of allowing
the measurement of upper limbs involvement during assisted
gait in a more natural setting, and without relying on the
exoskeleton specific model or capabilities.
II. EXPERIMENTAL SETUP

A set of forearm crutches were instrumented using a set of
four 350 Ω strain gauges and a Bluetooth data acquisition
system, as described in [9], to measure the axial force exerted
by the subject. These crutches, with respect to others found in
the literature, are capable of wireless measurements. An inertia
module was mounted on each crutch to measure the crutch
orientation. The inertia module and the force acquisition
system have been hardware synchronized. Forces and
orientations were acquired using a custom architecture based
on an Arduino Nano board.

Figure 1 – View of the final version of the measurement systems mounted on
the right crutch.

III. VALIDATION PROTOCOL
The proposed measurement system has been already
characterized and validated in an indoor environment [11]: an
expert user of a Rewalk exoskeleton P5 model was monitored
during a walking session inside a gym, using the instrumented
crutches.
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Predicted test

TABLE I
RESULTS OF CROSS VALIDATION ANALYSIS PERFORMED ON OUTDOOR TESTS
Training test
1
2
3
4
5
6
7
8
9
10
1
2
3
4
5
6
7
8
9
10

88%
87%
88%
87%
88%
94%
90%
90%
85%
86%

79%
90%
74%
83%
80%
75%
85%
86%
78%
81%

80%
82%
91%
83%
82%
78%
83%
84%
80%
83%

83%
88%
85%
89%
86%
83%
89%
88%
79%
84%

76%
75%
77%
78%
87%
76%
84%
84%
71%
81%

82%
82%
89%
77%
85%
89%
90%
82%
83%
83%

85%
82%
88%
81%
88%
92%
92%
83%
84%
83%

83%
85%
87%
83%
85%
86%
87%
93%
81%
87%

78%
85%
85%
85%
82%
86%
90%
89%
86%
83%

88%
86%
88%
89%
86%
89%
89%
94%
84%
89%

Forces have been correctly estimated, with a good overall
accuracy [8]. Without a full kinematic and kinetic analysis of
the human-robot system, an accurate assessment of the
shoulder loads during assisted gait is still not possible.
However, the load exerted on the crutches strongly correlates
with upper limbs joint reactions, and could be used to assess
the shoulder involvement while using an exoskeleton.
The performances of the gait phase measurement system
have been analyzed computing the gait phase classification
accuracy, i.e. the ratio between the number of correctly
identified gait phases, with respect to the number of analyzed
images. Tests in indoor environment show a mean
classification accuracy of 85% (sd=3%) [11].
Robustness of the gait phase measurement system has been
analyzed testing the classification algorithm in an outdoor
environment. One healthy subject performed 10 different
outdoor gaits using the instrumented crutches. Outdoor
performances have been computed through a cross validation
on the performed gaits: (i) for each test a classification model
has been trained; (ii) each trained classification model has been
used to predict the gait phases of the acquired gaits themselves.
For each pair “training test-prediction test” the classification
accuracy has been computed.

final user.
More subjects are currently being involved in the study, and
a validation of the system by comparison with a gold standard
in different conditions is clearly still necessary and is currently
being scheduled. A real-time version of the proposed solution
is currently under development.

Figure 2 - Forces acting on the crutches with respect to the gait cycle. Lines
represent the average, and areas represent a 1-sigma confidence interval.
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IV. RESULTS
Table I shows the results of the cross validation analysis.
Columns represent the number of test used to train the model;
rows represent the number of test predicted with the i-th
model. The algorithm shows good performances, with a mean
classification accuracy of 84% (sd=5%).
Figure 2 shows an example of results obtained combining
the forces and the gait phases measurements. The mean
(continuous lines) and the standard deviation (colored areas)
of the force acquired with right (blue) and left (red) crutch are
represented with respect to the gait cycle percentage.
V. CONCLUSION
The proposed system could be used to monitor performances
of exoskeleton users during daily living gaits as well as to
benchmark different robotic solutions.
Being independent from the exoskeleton sensing system, the
instrumented crutches could be considered an external
validating device for the exoskeleton. The lack of markers or
connections, moreover, reduces the setup time for walking
tests, and requires no additional instructions to the exoskeleton
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Abstract—Osteoporosis represents a major social concern due
to progressive greying of the population. At present, the diagnosis
is based on DXA-based T-score measurements, but the
identification of subjects at higher risk of fracture still remains
problematic. In this context, this work aims to explore the role of
DXA based Finite Element (FE) models, in combination with Tscore, in enhancing the risk of fracture prediction. 2D FE models
were thus built and compared with previously developed CTbased FE models. Results support the promising role of DXAbased FE models, which could be generated using already
available clinical data, in integrating the present diagnostic
procedure.
Keywords—osteoporosis, fracture risk, Finite Element
analysis, DXA

O

I. INTRODUCTION

STEOPOROTIC fracture is a consequence of
osteoporosis, a condition in which the loss of bone mass
and the bone tissue degradation significantly compromise the
bone strength. To date, osteoporosis diagnosis is based on Tscore estimate, obtained from the DXA-based bone mineral
density (BMD) measurement. However, the overlapping of
cortical and trabecular bone on the image plane generated by
the DXA projective nature [1] compromises its sensitivity in
correctly identify the risk of fracture in individual patients [2]
due to the loss of geometric and architectural related
information [3]. Three-dimensional FE models have been
shown to provide accurate fracture onset prediction [4] thanks
to the large number of information they integrate (three
dimensional subject specific geometry and three dimensional
distribution
inhomogeneous
mechanical
properties).
Nevertheless, CT scans do not represent the first choice exam
to diagnose osteoporosis due to the associated X-ray exposure
and costs. On account of this, in the last few years the focus
has shifted to 2D FE models developed starting from DXA
images [5], the results of which have shown to enhance the
estimate of the risk of fracture on the basis of information
independent from BMD. Thanks to the availability of DXA
and CT images for the same patients, this work aims to get
further insights in the role of 2D FE models by comparing risk
of fracture predictions deduced from CT-derived 3D FE
simulations and DXA-derived 2D FE simulations.
II. MATERIALS AND METHODS
A. Data-set
This study is based on a data-set of 28 post-menopausal
female subjects (55 to 81 years) treated in San Luigi Gonzaga
Hospital in Orbassano (Italy). Both DXA images (Discovery

DXA system, Hologic) and CT scans were available for the
entire cohort. 3D FE model were built from CT data in a
previous work [6]. Due to the absence of follow-up
information for the 28 patients, two further patients who had
undergone fracture were included, although the corresponding
3D model was not built due to the unavailability of the CT
scans.
B. Local BMD definition
DXA scans of the proximal femurs were segmented and
local BMD values were assigned hypothesizing a linear
relationship between pixels grey intensity and BMD. In detail,
two points were considered to extract the line slope: (1) the
mean grey value obtained by averaging the non-zero pixels in
the segmented region and corresponding to the average BMD
provided by the Hologic software; (2) the line intercept,
determined as the 20% of the average BMD, and intended as
the minimum BMD value.
C. Finite Element analyses
Two-dimensional mesh of each segmented proximal femur
was built adopting plane stress elements (size 0.5 mm) and
assuming a constant thickness [7]. Using the previously
defines local BMD map and the patient-specific thickness,
BMD values were first converted in apparent density (𝜌𝑎𝑝𝑝 )
[7], then, the empirical relations developed by Morgan and
colleagues [8] were used to derive local Young’s moduli (𝐸):
15010𝜌𝑎𝑝𝑝 2.18 𝑖𝑓 𝜌𝑎𝑝𝑝 ≤ 0.28 𝑔/𝑐𝑚3
𝐸(𝑀𝑃𝑎) = {
} (1)
6850𝜌𝑎𝑝𝑝 1.49 𝑖𝑓 𝜌𝑎𝑝𝑝 > 0.28 𝑔/𝑐𝑚3
Coherently with our previous study [6], a sideways fall
condition was reproduced, accounting for subject-specific
height and weight. For fracture prediction, a principal strains
based criterium was adopted [9] to identify the maximum risk
̂ in the following. In
of fracture (𝑅𝐹) value, addressed as 𝑅𝐹
detail, at each element centroid the prevailing principal strain
was divided by the respective threshold value [10] to obtain
̂ close to or exceeding 1 were considered as
local 𝑅𝐹. 𝑅𝐹
fracture prognostic. In order to evaluate the predictive power
of the 2D FE models with respect to the more exhaustive 3D
model, correlations between the average Young’s moduli and
̂ values were computed. Ultimately, comparisons
the 𝑅𝐹
̂ and the measured T-score was
between the computed 𝑅𝐹
carried out to deepen the synergistic contribution of the two
parameters in predicting a risk of fractures.
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III. RESULTS AND DISCUSSION
Patient-specific Young’s moduli averaged on the whole 2D
model resulted significantly correlated (p<0.05) with CTderived moduli. The hypothesized linear relation linking grey
values and BMD led to a significant correlation between 2D
̂ (Spearman’s 𝜌 = 0.66, 𝑝 < 0.001). Figure 1
and 3D 𝑅𝐹
shows the comparison between the risk of fracture as predicted
̂ coming
through the gold standard T-score and through the 𝑅𝐹
from the 2D Finite Element analyses (Spearman’s 𝜌 = 0.69,
𝑝 < 0.001). The T-score standard ranges, here shown in
absolute value for the sake of simplicity, are: |T-score| < 1
normal, 1 < |T-score| < 2.5 osteopenic, |T-score| > 2.5
osteoporotic. As visible, patients with a non-pathological T̂ . Among
score are all gathered in the low risk region for the 𝑅𝐹
osteopenic patients, some individuals appears at higher risk of
rupture, although some others do not seem to differ from the
average of healthy patients. The majority of patients classified
̂,
as osteoporotic are located in the high risk region for the 𝑅𝐹
̂ , including
but three individuals appears not at risk for the 𝑅𝐹
one of the two fractured patients. The reason lies in this
patient’s extremely low BMI (equal to 16), on which the
boundary conditions applied to the model are based.

noticeably differ, highlighting the synergic effect of geometry
and BMD in determining overall bone strength.

Figure 2. Comparison between shapes related to patients
̂ but different T-score and b)
with a) comparable 𝑹𝑭
viceversa.
IV. CONCLUSION
DXA-derived Finite Element models have demonstrated both
a good agreement with CT-derived ones and a strong
discriminatory ability among normal, osteopenic and
osteoporotic individuals. The current clinical availability of
DXA images makes the method developed in this study
clinically applicable, in combination with the T-score, with the
potentiality of enhancing the current gold-standard.
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Abstract—The medullar damage is a very wide ranging health
problem. The impact of the problem for the health care system is
very high and complex for the risk of death and for the costs. The
introduction of the mechatronics is allowing new opportunities to
the exoskeletons in rehabilitation with the so called powered
exoskeleton (PE). Commercial PE systems and PE systems
developed in the academic and research bodies have been very
recently introduced in several scenarios of life. The paper
proposes and apply a methodology, based on an electronic survey
to investigate the opinion of the health care professionals on the
PE usability.
Keywords—powered exoskeleton, mechatronic, survey .

I. INTRODUCTION

T

HE medullar damage is a very wide ranging health
problem. The impact of the problem for the health care
system is very high and complex for the risk of death and for
the costs. The rehabilitation and the design of specific aids are
a key point. It is widely demonstrated that solutions for
rehabilitation and for the aids which allow the “upright
position” are also very useful to improve the functionality of
the internal organs and avoid the bedsores [1]. The
Mechanical (not motorized) Exoskeleton, such as the
Reciprocating Gait Orthosis, even if, allows a rehabilitation
with a “upright position” needs a high energy consumption
during the use, for this reason subjects under a rehabilitation
process, prefer to use the wheelchair at home, a useful aid but
an incomplete rehabilitation-tool which does not allow the
“upright position” and the assisted deambulation [2]. The
introduction of the mechatronics is allowing new opportunities
to the exoskeletons in rehabilitation with the so called powered
exoskeleton (PE) [3]. Several commercial PE systems and PE
[4-6] systems developed in the academic and research bodys
have been very recently introduced in different scenarios of
life.

The study focused on these systems and the health
professionals and addressed the design of a tool to investigate
the appreciation and feasibility of the introduction of these
systems in the care processes.
The tool was based on a dedicated questionnaire that
generally was divided into three sections:
Section 1) Basic knowledge on the PE
Section 2) General opinions on the PE
Section 3) Opinions of professionals on the PE clinical use.
Section 1 and Section 2 are not specific for health care
professionals (HCP)s and can be filled either by the citizen or
the HCP. The questionnaires were organized using an
electronic methodology based on Forms (Microsoft,USA).
This methodology is particularly useful for the electronic
surveys: it allows an easy sending of the questionnaire using
for example WhatsApp or other messengers.
The data are automatically stored in a database a report is
automatically updated with graphics and statistics.
III. RESULTS
A. The first product: The electronic form
The electronic survey has been designed.
This is the link of the section 3 of the electronic form
developed using Forms (Microsoft, USA).
https://forms.office.com/Pages/ResponsePage.aspx?id=DQ
SIkWdsW0yxEjajBLZtrQAAAAAAAAAAAAZ__ghPqE5U
NEJCMERaOUxVN0hLTUZWN0YzWFlCRzdXRS4u
B. Snaphosts of the electronic form
The following figures 1-3 show in three parts the section 3 of
the questionnaire

II. METHODS
The study firstly (a) focused to these systems and
investigated the state of art; secondly (b) faced the design of a
tool to investigate the acceptance and the feasibility of the
introduction of these systems in the processes of care. The
analysis of the state of art has been conducted on dedicated
forum/webs and Pubmed.
It is clear that the PE has disruptive potential for the national
health service. It is essential at this point to investigate what
the actors in the care process think of it:
• The citizen.
• The professionals.
Figure 1 Part 1/3 of the questionnaire
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C. The outcome
This questionnaire was carried out on the national territory
involving 35 rehabilitation professionals and taking into
consideration both the Class 1 and Class 2 exoskeletal systems.
This study was conducted in collaboration between the ISS and
the degree course in Physiotherapy of the Catholic University
in San Martino al Cimino (VT) in 2016-2017. The
questionnaire was sent to various rehabilitation centers in the
area national. 15 respondents report to use the Class 1 Lokomat
exoskeleton, 12 different Class 2 systems.
Two professionals declared to consider all the inclusion
criteria. As for the weekly frequency, the outcome shows that
most (11 professionals) indicated "2-4 hours"; three
professionals
indicated
"4-6
hours",
two
professionalsindicated "6-8 hours a week", a professional
indicated both "6-8 hours" and "8-10" hours. The analysis of
the questionnaires shows that 14 of the interviewees consider
the examination of the bone density for inclusion or exclusion
of the patient in the program; besides, they are not episodes of
falls with consequences for patients have been reported. With
regard to questions 7 to 19 relating to the improvements, the
issues 7-9,12,14,16,18,19 have been found improved.
IV. CONCLUSIONS

Figure 2 Part 2/3 of the questionnaire

The paper presented a study conducted on 35 professionals
in relation to use, to the opinions and wishes related to the
motorized exoskeleton. The core element was an electronic
survey which automatized the entire flow. From the study
emerge interesting perspectives in rehabilitation as assessed in
specific outcomes. A subsequent enlargement will include
both the involvement of the patients themselves and an indepth analysis investigation of psychological aspects related to
rehabilitation.
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Abstract—Total ‘en bloc’ sacrectomy is a complex surgical
procedure needed for the resection of tumours in the sacral
region. This procedure has major consequences on the load
bearing ability and mobility of patients after surgery due to the
delicate anatomy of the region affected. The stabilization
technique used to reconnect the spine to the pelvis plays a major
role in restoring the load-bearing ability of the lumbopelvic
region. The purpose of this study is to evaluate the biomechanics
of the closed loop lumbopelvic reconstruction technique with
respect to the construct used and the resulting mobility of the
patient. One patient underwent 3D gait analysis after surgery:
independent gait function was maintained, with a residual
asymmetry pivoting on the right and a reduced propulsion ability
associated to slow gait.
Keywords— Gait Analysis, Chordoma, Sacrectomy,
Stabilization.

P

I. INTRODUCTION

bone tumours of the sacrum are very rare. Of
those, chordoma is a slow growing low malignancy
tumour [1]. Due to the mild symptoms, it usually is diagnosed
in advanced stages making surgical interventions the first
treatment of choice for large sacral chordomas [2]. The
anatomy of the spino-pelvic region is very delicate and plays
a key role in the stability of the body [3], making the total “en
bloc” sacrectomy one of the most challenging procedures in
spine surgery [1]. Aiming at optimal oncological results, wide
surgical margins are preferred for the resection of the tumour,
leading to the loss of the connection between spine and pelvis
and of the sacral nerve roots, potentially affecting a patient’s
mobility. The anatomical connection must be reconstructed to
restore the load-bearing ability of the spino-pelvic structure
[4]. Different reconstruction techniques following sacrectomy
currently exist, aiming to assure a stable fixation between the
pelvis and lumbar spine, using implants to achieve bony fusion
[2]. The current work is part of a larger study on the
biomechanics of the closed loop fixation technique following
total “en bloc” sacrectomy.
The purpose of the present work is to provide an overview
of the neuromuscular function and gait capabilities of the
patient following the surgery.
RIMARY

II. METHODS
A. Surgical Technique
The surgical stabilization was implemented using the closed
loop technique (CLT) developed at the National Centre for
Spinal Disorders, Budapest. This technique uses a single Ushaped rod to restore the lumbo-pelvic junction. The construct
uses two to three pairs of bicortical iliac screws and lumbar

transpedicular screws to anchor it to the iliac bone and the
lumbar spine. This stabilization method has demonstrated to
improve the stability of the lumbo-pelvic junction during
flexion-extension and rotation [4]. The non-rigid construct
allows for more harmonic stress distribution and decreases the
chances of instrumentation failure resulting from the excessive
stress on the iliac bone and the rod used. To achieve bone
fusion, CLT uses morselized autographs from the iliac bone
(Figure 1) [4].
A

B

Fig.
1,
Closed
Loop
Reconstruction Technique. (A)
U-shaped rod and screws with
autograft location between
pelvis and lumbar spine, (B)
bony fusion achieved one year
after surgery.

B. Patient
One male patient (42 years old) presented with a sacral
chordoma and underwent a total “en bloc” sacrectomy with a
closed loop reconstruction. Following the surgery, the patient
lost all nerve roots below L5.
C. Postsurgical Evaluation
The patient underwent 12 follow up CT scans in a period of
six years. The CT scans were evaluated to quantify the
deformation of the construct in the 3D space as this technique
aims to have a non-rigid construct. Over the years the construct
achieved bone fusion with increased bone density and
regeneration at the site of the resection.
D. Motion Analysis
Six years after surgery, the patient (48 years of age, w:
90.5kg, h:185cm) underwent a gait analysis session. The
patient was requested to walk back and forth along a straight
path, mounting a full body plug-in-gait marker setup. Marker
trajectories were acquired using a 6-camera motion analysis
system (VICON MXT40, UK), and ground reaction forces
(GRF) using a force platform (AMTI OR6, USA) mounted
half-way along the path. The patient completed five trials in
total. Spatio-temporal parameters were calculated. Gait speed
was normalized to body height (BH) and stance time was
calculated as a percentage of the total stride time. Joint
kinematics and kinetics were calculated from marker
trajectory and ground reaction forces using Vicon’s NexusPIG protocol. Mean and standard deviation of data per gait
cycle were calculated over the 5 available repetitions per side
and compared to normative data [5].
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D. Joint Powers
Power analysis showed a significantly reduced power
generation at the ankle during push off on both sides,
associated to a power absorption peak as opposed to a normal
power generation peak at the hip. Knee power absorption peak
was slightly increased at the beginning of the stance phase.

III. RESULTS
A. Gait characteristics
TABLE I
Gait
Speed/BH
(%BH/s)
Stride
Time (s)
Stance
Time
(%GC)

Control

Right Leg

Left Leg

71.36
(10.23)

40.25
(3.05)

39.27
(2.34)

1.10 (0.10)

1.37 (0.06)

1.36 (0.06)

62.64
(1.97)

65.34
(3.80)

71.66
(2.40)

Table 1, Mean (SD) temporospatial gait characteristics of the right and left
leg compared to healthy subjects.

Fig. 4, Flexion/extension joint power
patterns of the hip, knee and ankle in
the sagittal plane of the left and right
leg compared to healthy subjects.

The patients’ gait speed was reduced compared to the control
on both sides while the stride time increased. Stance time in
percentage of the gait cycle lasted longer than in the control,
particularly on the left side, showing an asymmetric gait.

IV. DISCUSSION

B. Joint Angles

Fig. 2, Time-series kinematics of the pelvis of the left and right leg compared
to healthy subjects.

Kinematic analysis of gait showed a forward leaning of
approximately 20° of the pelvis and the trunk throughout the
gait cycle, resulting in the disappearance of hip extension on
both sides during the final part of the stance phase (push-off).
An increased rise of the pelvis could be observed associated
with an increased adduction of the hip, particularly on the right
side. A pivoting behaviour was also demonstrated by an
increased anterior rotation of the left pelvis during stance.
Alterations in the kinematics of lower limbs were minor, with
a lack of knee flexion peak and increased ankle extension at
the beginning of the stance phase and increased flexion of the
knee during the swing phase.
C. Joint Moments

sLocomotor biomechanics following total sacrectomy has
only been described by one prior study by J. Smith et al. (2014)
[2]. This is the first work done to assess gait after total
sacrectomy when using the closed loop technique.
Following surgery, the patient was able to walk
independently, with minor gait alterations for compensating
the lost neural function. The resulting gait was slow and
slightly asymmetric with increased support on the left leg and
right pivoting and a reduced propulsion power at the hip and
ankle. On the other hand, joint mobility was close to normal at
all the joints, distally in particular. The forward leaning of the
pelvis and the trunk could serve as a compensation technique
to guarantee progression, exploit gravity and reduce muscle
force requirements of the hip and knee extensors in particular.
The observed gait alterations can be related to the impaired
function in the hip muscles resulting from loss of the sacral
nerve roots after sacrectomy, although EMG analysis is
required to better support this hypothesis.
ACKNOWLEDGEMENT
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Fig.3, Times series kinetics of the hip and knee during abduction/adduction of
the left and right leg compared to healthy subjects.

GRF components were reduced in the AP and ML directions,
particularly on the right side. At the hip, the initial flexion
moment peak almost disappeared on both sides resulting in an
extended and maintained extension moment, significantly
increased on the left side. Adduction moments increased on
both sides, particularly on the left. Joint moments were, on the
other hand decreased at the knee, particularly on the left side,
while differences were minor at the ankle.
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Abstract— Wet age-related macular degeneration and
diabetic macular edema are two of the main causes of vision loss
in developed countries. We designed an intraocular device based
on magnesium able to release therapeutic doses of drug. In this
work we present results of the corrosion of the magnesium
material itself, preliminary results about the corrosion of device
prototypes in an ocular ah hoc chamber, and a protocol to test
the interaction between the active drug and magnesium or its
corrosion products. We demonstrated the feasibility of
magnesium as drug carrier for the treatment of maculopathy.
Keywords—Drug delivery, corrosion, eye device, magnesium.

Figure 1. Setup for in vitro tests of Mg samples.

I. INTRODUCTION

B. In vitro corrosion of prototypes inside an ocular chamber

Wet age-related macular degeneration and diabetic macular
edema are two of the main causes of vision loss in developed
countries [1]. Millions of people suffer of these chronical
pathologies worldwide and they are treated by intravitreal
injections of anti-VEGF drugs. We designed a device able to
release precise doses of drug with only one injection to avoid
the collateral effects of repeated treatments [2]. The chosen
material for the realization of the device is magnesium (Mg)
or its alloys, due to its low corrosion resistance in humid
environments, its bioresorbable nature in biological fluids
and the biocompatibility of its corrosion products [3]. In this
work we present methods and preliminary results to
characterize: A) corrosion kinetics of Mg samples subject to
ocular shear stress levels; B) corrosion of Mg ocular device
prototypes; C) drug stability in presence of Mg and its
corrosion products.

In order to carry out the first preliminary corrosion tests,
scaled prototypes of the device were provided by Shanghai
Jiao Tong University in JDBM alloy, currently studied in the
cardiovascular field application [5]. The specimens were
carefully weighed and subjected to a SEM analysis before
and after the tests. An in vitro study was performed by
inserting the prototypes inside an already consolidated setup
(Figure 2), reproducing the ocular kinematics [6], [7], in
order to simulate the device corrosion in the eye. The setup
consists of a model representing the 4:1 vitreous chamber
rotating by means of a brushless electric motor, able to
impose the desired sinusoidal movements. The vitreous
chamber was carved in a perspex cylinder and, for
preliminary tests, rotates with sinusoidal movements. Fluid
viscosity and frequency were chosen in order to maintain the
same value of Womersley number in the magnified and real
model, so that corrosion times can then be properly
estimated. After the in vitro tests, corrosion products were
removed to evaluate the magnesium bulk-only corrosion, by
cleaning the samples with a solution of ammonium oleate.

II. MATERIALS AND METHODS
A. In vitro corrosion of Mg samples
Corrosion tests on pure magnesium samples were done at
different time steps using a custom experimental set-up until
48 hours (Figure 1). The experimental flux was set to recreate
on the upper surface of specimens the same shear stress field
evaluated by the numerical simulations of flow inside the
vitreous chamber [4]. Before and after the corrosion tests,
morphology and profile of all the specimens were evaluated
and compared using a field emission scanning electron
microscope (SEM, S360, Cambridge Instruments) and a 3D
laser confocal microscope (CLSM, LEXT OLS4000,
Olympus), for the evaluation of the corrosion mechanisms.

Figure 2: Setup for in vitro tests of device prototypes.

C. Magnesium and anti-VEGF interaction
An indirect ELISA (Enzyme Linked Immunosorbent Assay)
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test was developed ad hoc in order to determine the stability
of the anti-VEGF drug once in contact with magnesium
(Mg). Briefly, the drug was incubated with Mg solutions at
different concentrations for different time periods (1 day, 7
days and 14 days) at 34 °C (i.e., ocular temperature), then
100 µL of each anti-VEGF drug/Mg solution were assayed.
III. RESULTS
A. In vitro corrosion of Mg samples
SEM images of Mg samples demonstrated uniform
corrosion confirmed by the normal distribution of the local
height decrease from CLSM data acquired at different timescales during the experimental corrosion. Examples of pitting
corrosion products can be noticed but, comparing the macromorphologies before and after each experimental tests, it was
demonstrated how the growth 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 3).

Figure 5. Standard curve displaying RFU-drug concentration
relationship.

IV. CONCLUSION
We demonstrated the feasibility of magnesium as drug
carrier for the treatment of maculopathy or potentially other
eye pathologies. Mg samples showed uniform corrosion and
corrosion kinetics was measured for it. Uniform corrosion
was also observed on device prototypes tested in vitro inside
an eye chamber simulator. Quantitative analyses of device
corrosion are underway. Finally, we developed a quantitative
method to test whether the drug stability will be affected
between release steps by the contact with magnesium and its
corrosion products.
ACKNOWLEDGEMENT
This study was funded by the Italian Ophthalmological
Society (SOI). Magnesium samples and JDBM prototypes
where generously given by Prof. Guangyin Yuan, School of
Material Science and Engineering, Shanghai Jiao Tong
University, Shanghai, China.

Figure 3. Bar graph of Mg corrosion rate (CR) varying FISS.

B. In vitro corrosion of prototypes inside an ocular chamber
Preliminary results on corrosion are given by SEM images
which show the grain structure after six-days of dynamic
stimuli inside the in vitro eye chamber (Figure 4). We are
currently testing other methods to quantify corrosion rate in a
reliable way.
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Abstract—Artificial Urinary Sphincters (AUS) are adopted to
overcome incontinence problems. The interaction phenomena occurring between AUS and urethral duct represent a fundamental
problem in the investigation of reliability and durability of devices. The mechanics of urethral duct is studied aiming to evaluate the influence of tissues degeneration because of aging and/or
pathologies. Experimental activity is performed on urethral tissues and structures. The potential degradation of the biological
tissues was interpreted considering a variation within soft tissue
constitutive formulation, by means of a damage factor that evaluates mechanical properties depending on tissues aging and/or
pathologies. The mechanical behaviour of AUS is investigated using mechanical and physicochemical procedures, leading to the
definition of the numerical model.
In silico analyses were developed to evaluate the interaction
between the cuff itself and the urethral duct, with reference to the
lumen occlusion process for maintaining urinary continence.
Keywords—urethra biomechanics, artificial urinary sphincter,
degenerative phenomena, computational biomechanics.

U

I. INTRODUCTION

RINARY incontinence represents a pathology with a relevant social and economic impact [1]. The prevalence of
UI symptoms grows with age at an increase rate of 5.9%
between 40 to 60 years. With the progressively ageing population, the number of incontinent subjects is expected to increase exponentially in the near future. Nowadays, surgical
treatments and prosthetic devices are available, but their reliability and durability are still being studied and defined. Artificial Urinary Sphincters (AUS) allow continence, mainly in
male subjects, via urethral occlusion by applying pressure load
around the urethra [2],[3]. AUS pressure is selected via empirical approach, considering that the AUS action has to ensure
continence up to the case of high bladder pressure. High surgical revision rates, up to 30%, have been reported following
AUS failure due to major complications, as urethral tissue atrophy, urethral erosion and perineal pain, mechanical breakdown or infection [4].
In general, AUS design has been mostly performed on clinical and surgical basis only, providing clinical and statistical
descriptions, while it has been rarely supported by rationally
investigating mechanical interactions between device and tissues. In silico analysis of the urethra in healthy and degenerative conditions is here exploited to evaluate the mechanical response when AUS cuff is applied, aiming at the interpretation
of the surgical practice at urethral lumen occlusion in dependence on urethral mechanical properties.

II. MATERIALS AND METHODS
A. Urethra biomechanics
Considering the similarity with human ones, horse urethra
samples were adopted for histological and mechanical tests
[5]. Masson trichrome staining was used to identify tissue morphological properties, collagen and muscular fibres amount
and preferred orientation. Uniaxial tensile tests on urethral tissues were performed on specimens along longitudinal and circumferential directions (Bose Corporation, ElectroForce Systems Group, Eden Prairie, MN, USA). Inflation tests were carried out on tubular segments of the urethral duct pertaining to
distal and proximal regions [6],[7]. A specific hyperelastic formulation was developed to characterize the non-linear mechanical behaviour of urethral tissues. The inverse analysis of
experimental tests on urethra samples enabled to define constitutive parameters [6],[7]. Experience in biological tissue
mechanics highlights that the degradation of the tissues is correlated with a decrease in compressibility characteristics depending on reduced capability to keep functionally the liquid
content [8],[9]. Moreover, the elastic properties of the biological tissues show a decrease in relation with elastin content,
while the percentage increase of collagen determines a growing stiffness in the urethral duct [10]. A variation of fundamental parameters that regulate material response with regard to
degradation is considered.
Histological images were processed to make virtual solid
and finite element models of urethral duct. The geometrical
sections of the urethra were imported into the finite element
pre-processing software Abaqus/CAE 6.14 [11],[12],[13].
Subsequently, the 3D virtual solid was provided up to a length
of 20 mm. Eight nodes hexahedral elements with reduced integration were adopted to mesh the dense connective tissue
layer and the loose tissue stratum. The model was composed
of about five hundred thousand nodes and elements [12],[13].
B. Occlusive cuff of artificial urinary sphincteric device:
Computational modelling
Experimental tests on AUS cuff materials and structure, as
tensile test on samples and overall cuff inflation test, were carried out to evaluate the mechanical behaviour. The geometric
configuration of AUS cuff was relieved with high accuracy by
computed tomography (CT). CT scan provided an accurate
three-dimensional geometrical model of the cuff in the unloaded configuration (Fig. 2), as well as specific dimensional
measurements [14]. Data relived were assumed for the definition of the solid model and the subsequent finite element
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model with a refined discretization into the pre-processing
software Abaqus/CAE 6.14 [11]. The mechanical response of
the cuff was evaluated by a hyperelastic formulation.
C. Numerical analysis
Numerical analyses have been developed to interpret the occlusion of the cuff around the urethra in healthy and degenerative conditions. Preliminary, the numerical model of the cuff
was virtually closed around the urethra. In the second step, the
cuff was inflated up to 50.0 cmH2O, according to clinical practice (Fig. 1).

IV. CONCLUSION
The pressure of AUS cuff is investigated to evaluate the efficacy and reliability in dependence on the urethral duct mechanical properties. The interaction occurring with the cuff is
evaluated considering the shape that the cuff is assuming during inflation in dependence on the duct biomechanical properties, mimicking different patients’ conditions. The investigation of degradation phenomena occurring because of ageing
and/or pathologies is performed by varying the constitutive parameters that regulate soft tissue mechanics in case of degradation. The presence of degenerative factors causes a change
in the mechanical response of the urethral tissues. This variation should also correspond to a change in the configuration of
the cuff, for example by varying the internal pressure, causing
a decrease in load on tissues that are partly already suffering.
This aspect stresses the relevance of an accurate knowledge of
the cuff material and structural characteristics, while duct
properties represent a variable datum mostly in dependence on
age of the subject and of potential pathologies that must be take
into account for the identification of AUS cuff internal pressure.
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Hierarchical electrospun
tendon/ligament-inspired scaffolds
can modify fibroblasts morphology
in static and dynamic cultures
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Abstract—The morphological arrangement of scaffold is
fundamental to drive cell growth and regeneration of collagen
extracellular matrix. Electrospinning is a very promising
technique to produce nanofibrous scaffolds able to guide cells in
the regeneration of injured tissues. We developed a resorbable
electrospun scaffold mimicking the hierarchical structure of
tendons and ligaments. The aim of the present study was to
investigate if hierarchically structured poly(L-lactic acid)
(PLLA) and collagen (Coll) electrospun scaffolds can induce
morphological modifications in human fibroblasts, while
cultured in static and dynamic conditions. Different imaging
techniques such as high-resolution x-ray computed tomography
(XCT), scanning electron microscopy (SEM), fluorescence
microscopy and histology were combined to assess the potential
of such scaffolds.
Keywords—Hierarchical electrospun scaffolds, Dynamic cell
cultures, X-ray computed tomography, Tendons and ligaments
regeneration.

T

I. INTRODUCTION

HE morphology of the scaffold is fundamental to correctly
guide the proliferation and growth of cells during tendon
and ligament extracellular matrix regeneration.
Electrospinning technology has demonstrated to be a
promising technique suitable to regenerate tendons and
ligaments [1]. Studies have confirmed the possibility to speed
up cell proliferation and elongation on the electrospun
scaffolds with a simplified shape (e.g. mats, yarns, bundles or
textiles) [2], [3].
The aim of the present study was to compare the fibroblast
morphological modifications during static and dynamic
culture on complex electrospun hierarchical scaffolds, to
assess the potential of such scaffolds for tendon and ligament
regeneration. Human fibroblasts were seeded on threedimensional electrospun nanofibrous hierarchically structured
scaffolds made of PLLA/Coll blend. Different imaging
techniques including high-resolution x-ray computed
tomography (XCT), scanning electron microscopy (SEM),
fluorescent microscopy and histology were employed to assess
the cellular morphological changes.
II. MATERIALS & METHODS
In order to reproduce the tendons and ligaments fibrils and
fascicles, bundles of axially aligned PLLA/Coll-75/25
nanofibers were electrospun on a rotating drum collector [4].

Bundles were pulled out from the drum collector to obtain
ring-shaped bundles. In order to reproduce the hierarchical
structure of a whole tendon or ligament, each bundle was
covered with an electrospun sheath [5]. The hierarchical
scaffolds obtained were crosslinked with a solution of
EDC/NHS [4]. The orientation of the nanofibers on the
electrospun sheath and internal bundles of the scaffolds were
investigated using a XCT scans and SEM images based
method, by means of the Directionality plugin of ImageJ [6].
Four hierarchical scaffolds were seeded with human
foreskin fibroblasts (Hs27) for 7 days: two of them in static
conditions, while the other two were cyclically stretched 2
times, during the 7 days, in a commercial custom-adapted
bioreactor (MCB1, CellScale, CAN) with a 5% of strain at 1
Hz (3600 cycles each) [2]. After 7 days of culture, changes in
cell morphology were analysed by means of XCT (voxel sizes:
0.5-1.6 micrometers), SEM, fluorescence microscopy and
histology.
III. RESULTS & DISCUSSION
The Directionality investigation showed that the nanofibers
of the sheaths of the hierarchical assemblies had a slight
preferential circumferential orientation: more than 31% of the
nanofibers were in the range of 66°-90°. The preferential axial
alignment of the bundles inside the hierarchical scaffolds was
confirmed by a predominant peak higher than 60% in the range
of 0°-3°, and a decrescent distribution. These data confirmed
the morphological similarities between our hierarchical
scaffolds and natural tendons and ligaments [7].
After 7 days of culture, the XCT scans, SEM and
fluorescence images confirmed that fibroblasts, when cultured
in static conditions, were able to grow on the external
nanofibrous sheath of the scaffolds, elongating themselves
along the scaffolds circumference (Fig.1A). Conversely, under
dynamic culture the imaging techniques revealed a preferential
axial orientation of fibroblasts grown on the external sheath
(Fig.1B).
The comparison between the SEM images and histological
slices confirmed that the aligned nanofiber bundles inside the
hierarchical scaffolds promoted an axial stretching of the
fibroblasts along the nanofibers direction for both the static
and dynamic specimens, with a higher elongation of cells in
the dynamic ones.
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272(3), pp. 196-206. Available: https://doi.org/10.1111/jmi.12720
[7]

Figure 1. XCT images of the hierarchical scaffolds after 7 days of cultures
(fibroblasts are colored in red): A) static specimen; B) dynamic specimen.

IV. CONCLUSION
In this study the integration of XCT scans, SEM,
fluorescence microscopy and histology allowed to verify the
fibroblasts morphological modifications while culturing on
our hierarchical electrospun scaffolds under either static or
dynamic conditions.
Considering the results obtained, our electrospun
hierarchical scaffolds could be suitable for a future in vivo
animal study, allowing an axial orientation of cells both on the
electrospun sheath and on the internal bundles when
stimulated with axial loads.
Furthermore, the improvement of the imaging protocols
developed in this work will be useful for the development of
correlative microscopy protocols dedicated to electrospun
materials.
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Abstract — 3D microscaffolds are becoming more and more
relevant in regenerative medicine, as they lead to the creation of
a structure similar to a physiological niche. An example is the
nano-engineered Nichoid, a 3D structure in which the cells are
able to proliferate. In this work, we investigated the
proliferation and stemness properties of Er-NPCs when grown
inside the Nichoid, and their potential therapeutic application in
the treatment of Parkinson’s Disease.
Keywords — Parkinson’s disease, Nichoid, biomechanical
manipulation, regenerative medicine.

I. INTRODUCTION
Stem cells therapy represents a promising strategy for
replacement therapy in neurodegenerative diseases, such as
Parkinson’s disease (PD), which is the most common
neurodegenerative diseases after Alzheimer's disease [1]. In
2011, we isolated a subclass of murine sub ventricular zonederived neural progenitors, named Erythropoietin releasing
post mortem Neural Precursors Cells (Er-NPCs), which show
high neuronal differentiation capabilities [2]. Er-NPCs exert
high neuroprotective and regenerative effects when
transplanted in both traumatic spinal cord injury and
Parkinson’s disease mice preclinical models [3]-[7]. The use
of biomaterials allows the generation of active biophysical
signals for directing stem cell fate through 3D
microscaffolds, recreating the physiological niche in which
stem cells are usually present. In 2013 Raimondi’s group
applied femtosecond laser two-photon polymerization (2PP)
to fabricate a three-dimensional microscaffold, named
Nichoid [8]. The Nichoid shows a good ability to maintain
and preserve the stemness of primary rodent and human stem
cells [9], [10]. The aim of this study was to investigate: i) the
proliferation, differentiation and stemness properties of ErNPCs following their cultivation in the Nichoid substrate; ii)
the therapeutic effect and safety of Er-NPCs cultivated in the
Nichoid in preclinical experimental model of PD.

growth features inside the Nichoid, cells were plated in
standard growth medium for 7 days, then counted and
analysed by immunofluorescence analysis, western blot and
Real Time PCR analysis. Er-NPCs were transplanted in a
murine experimental model of PD after a 7 days’ growth
inside the Nichoid. Dopaminergic degeneration in C57BL/6
mice was obtained through the administration of MPTP [5][7]. 7x104 GFP-positive cells were infused in the mouse left
striatum by stereotaxic injection. The effects of transplanted
cells were determined by means of performance tests aimed
at detecting specific behavioural improvements. The in vivo
grafted Er-NPCs’ fate and mechanism of action were
investigated by immunohistochemistry (Fig.1) [5]-[7].

Figure 1: Experimental plan applied for the therapeutic effect evaluation of
Nichoid-grown Er-NPCs in a preclinical model of PD.

III. RESULTS
Seven days after plating, Er-NPCs grown inside the Nichoid
show a significantly higher cell viability and proliferation
than in normal floating culture conditions (Fig. 2).

II. MATERIALS AND METHOD
Nichoids were fabricated by femtosecond laser two-photon
polymerization (2PP) onto circular glass coverslips using a
hybrid organic-inorganic SZ2080 photoresist. The laser used
for 2PP was a Yb:KYW system producing pulses of 300 fs
duration and 1 MHz repetition rate at a wavelength of 1030
nm [10]. Er-NPCs where isolated from SVZ of CD1 mice
and characterized for neuronal markers expression as
described in Marfia et al. 2011 [2]. Er-NPCs were grown
inside the Nichoid for 7 days (1x104 cells/cm2), counted and
characterized by means of immunofluorescence, western blot
and Real Time PCR analysis. To investigate the Er-NPCs

Figure 2: Er-NPCs were plated in NSC medium at the density of 1X104
cells/cm2 at the plating. The analysis was performed three time for each
condition. Data are expressed as a mean ± SD. The statistical significance of
the count performed respect to the control is expressed by an * p<0.05,
** p<0.01 and ***p<0.001 vs control standard floating conditions.
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IV. DISCUSSION AND CONCLUSION
After the detachment, cells were analysed by Real Time PCR
and Western Blot analysis, in order to evaluate the influence
of the Nichoid on the stemness capabilities of Er-NPCs. All
the three kind of analysis demonstrated that when Er-NPCs
are grown inside the Nichoid the expression of stemness
markers SOX2, OCT4 and NANOG is increased, suggesting
that the Nichoid induces Er-NPCs pluripotency (Fig. 3).

Er-NPCs demonstrate an increase in pluripotency features
when grown inside the Nichoid, and they maintain this
increase when they are grown outside the Nichoid. When
transplanted in a preclinical model of PD, Er-NPCs from the
Nichoid are safe and lead to a recovery of function, which is
more efficient than with Er-NPCs grown in standard floating
conditions. These results together highlight that the Nichoid
strongly improve the therapeutic potential of stem cells and
represent a great promise in the field of regenerative
medicine applied to neurodegenerative disease.
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Figure 3: mRNA levels of staminal marker in Er-NPCs grown in the Nichoid
respect to control floating conditions. Data are expressed as a mean ± SD.
The statistical significance of the count performed respect to the control is
expressed by an * p<0.05 and ** p<0.01 vs control standard floating
conditions

Furthermore, after being re-plated in floating conditions for 7
more days, Er-NPCs formed smaller but more abundant
neurospheres with respect to control, suggesting that they
have the ability to retain a “memory” of the niche in which
they were previously grown. The replated cells, analysed by
immunofluorescence, Real Time-PCR and Western blot, also
present an increase in pluripotency markers SOX2, OCT4
and NANOG (Fig. 4).

Figure 4: mRNA levels of staminal marker in Er-NPCs grown both on
Nichoid and in standard conditions from 7 days and replated in floating
standard conditions for 7 more days. Data are expressed as a mean ± SD.
The statistical significance of the count performed respect to the control
standard floating conditions is expressed by an * p<0.05 and ** p<0.01.

The therapeutic potential and safety of Nichoid-grown NPCs
was evaluated by their intrastriatal infusion (7x104 cells) in
the brain of PD affected mice. Behavioural performances
were evaluated with two different tests showing that Nichoidgrown NPCs promoted the recovery of PD symptoms better
than NPCs maintained in normal floating conditions (Fig. 5).
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Abstract—

It has been demonstrated that mechanical stimuli
influence the lineage specification and properties in stem
cells. Direct application of forces and substrate stiffness
affect the import of transcription factors inside the
nucleus. In this work, we applied the single particle
tracking technique to study protein translocation through
nuclear pores as a function of the nuclear shape.
Our results suggest an inverse proportionality between
the nuclear membrane radius of curvature and the
number of passages through the NPCs.
Keywords—Mesenchymal stem cells, mechanotrasduction,
single particle tracking.

I. INTRODUCTION
In recent years, attempts have been made to study how the
application of mechanical stimuli influences stem cells fate
[1]. Is widely known that mesenchymal stem cells (MSCs)
differentiate to specific lineages if subjected to mechanical
forces induced by substrate topography and mechanical
stiffness [2], [3]. Recent studies have shown that the direct
application of forces on the cell or the variation of substrate
stiffness affect the nuclear import of the transcription factors
(TFs) involved in the differentiation [4], [5]. However, it is
still not clear how the mechanical stimulus influences the
pores crossing mechanism. The hypothesis underlying this
work is that, by reorganizing the actin cytoskeleton, the
mechanical stimulus alters the state of tension acting on the
nuclear envelope (NE), thus varying the nuclear pore
complexes (NPCs) permeability to those TFs implicated in
MSCs fate. TFs kinetics and their translocation through
NPCs were analysed by using the single particle tracking
(SPT) technique, which allows molecules localization with
nanometric precision and the study of their trafficking inside
the cell [6].
The aim of this work is to correlate the NPCs crossing by
TFs with the nuclear shape of MSCs.
II. MATERIALS AND METHODS
Cell culture and treatment with cytochalasin D.
MSCs were isolated from the bone marrow of adult rats.
8*103 MSCs were cultured in -MEM medium supplemented
with 20% FBS, 1% L-glutamine (2 mM), penicillin (10
units/ml), and streptomycin (10 µg/ml) at 37°C and in 5%
CO2 (Euroclone, Italy). To destroy the actin network, the
cytochalasin D toxin (1 M) was used for 15 mins.

Immunofluorescence assay and staining.
MSCs were fixed using 4% paraformaldehyde for
immunofluorescence assay that was performed using
phalloidin-FITC (dilution 1:50) to stain actin fibers, and
Hoechst33342 to visualize nuclei. Cells were imaged using a
confocal microscopy (Olympus Fluoview FV10i) equipped
with four diode lasers with a 60x water immersion objective
(1.2 NA). Z-stack images were acquired with 10 m of
acquisition depth and 1 m step.
Transfection and labelling of MSCs
Cells were transfected with plasmids using jet PRIME
reagent (Polyplus, USA). Two plasmids were used. The first
one induces cells to produce a small (33 kDa) and inert
molecule called HaloTag® [7], the second one a new protein
created by the fusion of HaloTag® at whose N-terminal
MyoD protein is linked (78 kDa). MyoD is a TF involved in
the differentiation of MSCs towards the musculoskeletal line
[8]. To stain the transfected proteins, 50 nM TMR was used.
Single particle tracking and data analysis.
The acquisition of protein movements was obtained with a
Highly Inclined and Laminated Optical sheet illumination [9]
microscope (laser = 561 nm; acquisition frame rate = 10
ms, frame number = 1000). Single molecules were tracked
with Trackmate (an ImageJ plugin) and data were analyzed
with a MATLAB code designed to study both the protein
kinetics inside the nucleus and the crossings through the
NPCs. Briefly, a reference image is filtered and binarized; 5
pixels nuclear edge is defined and only tracks in a 5-pixel
neighborhood close to the edge are extrapolated; for each
pixel of this border, an index was defined as
𝜌𝑖 =

#𝑎𝑐𝑟𝑜𝑠𝑠𝑖
(1)
#𝑎𝑐𝑟𝑜𝑠𝑠𝑖 + #𝑖𝑛𝑠𝑖𝑑𝑒𝑖 + #𝑜𝑢𝑡𝑠𝑖𝑑𝑒𝑖

It quantifies the number of molecules that cross the nuclear
membrane normalized by the total of events on the i-th pixel
of the edge. The nuclear shape was quantified pixel by pixel
with the radius of curvature (RC) defined as
𝑅𝐶 =

(𝑥̇ 2 + 𝑦̇ 2 )3⁄2
(2)
|𝑥̇ ∗ 𝑦̈ − 𝑦̇ ∗ 𝑥̈ |

where 𝑥̇ and 𝑥̈ are the first and second derivative of the edge
region of interest (ROI) respectively. To each pixel of the NE
the crossing events index ( ) and a RC value have been
associated.
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III.

2

RESULTS AND DISCUSSION
Fig. 4. Linear fitting
relationship
between
the number of crossing
traces ( ) and the
radius of curvature
(RC) calculated for
HaloTag® and MyoD
proteins.

The CD treatment effectively destroys actin filaments
reducing the number of actin filaments and their orientation
(Figure 1).
Fig. 1. Total amount of
actin fibers boxplot. The
treatment
with
CD
significantly decreases the
number of oriented actin
filaments that have been
detected.

To assess its shape,
the nucleus was
modelled
as
an
ellipsoid. The semi-axes in the xy plane are obtained by
fitting the outline of each nucleus with an ellipse, while the
axis c is evaluated as the length of a linear ROI applied along
the z-projection of the z-stack acquisition (Figure 2).
Fig. 2. Cell nucleus
morphological analysis. The
nucleus is modelled as an
ellipsoid whose semi-axes a,
b and c are measured.

These measures on
immunofluorescence images showed that the nucleus of
MSCs treated with CD assumes a rounder shape (Figure 3).
Fig. 3. Average length
histogram
regarding
the
nuclear semi-axes a, b and c
of MSCs treated (CD) and
untreated (NT) with the toxin.

HaloTag® transfection
efficiency on MSCs was
around 20%, while
MyoD’s was < 1%.
Therefore, at the moment only 20 samples have been
obtained to carry out the analysis. Figure 4 shows that the
number of TF crossings decreases as the RC increases and
that this effect is enhanced for the transcription factors that
moved through the NPC with facilitated transport: in fact, the
slope of MyoD curve is 20% higher than HaloTag® that,
being an inert protein, translocates by passive diffusion.
Therefore, it can be hypothesized that a higher number of
crossings at the nuclear edge regions with smaller RC is
related to a greater permeability or to a greater density of
NPCs in these regions.
These results might justify the different behaviour of MSCs
cultured in vitro compared to MSCs in vivo, which are
preserved in a three-dimensional environment and maintain a
more roundish morphology.

IV.

CONCLUSION AND FUTURE DEVELOPMENTS

In this study a valid method was developed for the study of
TFs passages through NPCs as a function of the nuclear
shape in 2D culture. Here we show that an inverse
proportionality exists between number of TFs passages and
the nuclear edge radius of curvature. Future studies will be
aimed to improve transfection protocols and to visualize
nuclear pore density, as function of the nuclear geometry to
confirm our results, but also to validate the hypothesis that
the NPCs are mechanosensitive channels, also using
computational models [10] [11]. Moreover, to eliminate the
CD treatment that alters cell mechanics, in future work MSCs
will be grown in 3D synthetic scaffold (the Nichoid) able to
reorganize the actin cytoskeleton and the nuclear cell
morphology [12] to confirm that fluxes of proteins thought
the NPCs are modulated by the microenvironment
architecture.
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Abstract— In several in-vitro studies, cell behaviour is
associated with mechanical alteration of their environment. For
example, according to the stiffness of culture substrates, it is
possible to induce the differentiation of adipose-derived
mesenchymal stem cells (ADSCs) in three different cellular
lineages.
The aim of this study is to verify whether ADSCs behaviour is
influenced by the substrate’s time dependent mechanical
properties and to identify optimal conditions to preserve their
undifferentiated status in culture, thus obtaining more
physiologically relevant in-vitro models to investigate cell
response to mechanical alterations of their environment To this
end, agarose gels were engineered to obtain cell culture substrates
with variable time-dependent properties.
Keywords—viscoelasticity, cell mechanical memory, stem cells,
hydrogels

Finally, a 1-way ANOVA analysis was performed to
investigate the effect of varying the dextran solution
concentration on the resultant viscoelastic properties [3].
Adipose-derived mesenchymal stem cells (ADSCs) were
cultured on tissue culture polystyrene (TCPS) standard flasks
or on the gels. Initial experiments were focused on verifying
cell viability and actin organisation using respectively the
Alamar blue assay and fluorescence imaging.
III. RESULTS AND DISCUSSION
As shown in Figure 1, the time-dependent parameters, such as
the instantaneous elastic moduli (Einst) and the retardation time
(τ), significantly decrease with increasing dextran
concentrations. While, the equilibrium elastic modulus (Eeq)
does not show significant variations.

I. INTRODUCTION
to
According
transduction,

the principle of cellular mechanostem cells, such as adipose-derived
mesenchymal stem cells (ADSCs), respond to mechanical
stimuli presented by the local environment [1]. In particular,
stem cell engraftment is dependent on the elasticity of the
substrate used during in-vitro culture, showing that cells
remember past mechanical environments. For instance, Yang
et al. report that stem cells possess mechanical memory,
storing information from past physical environments
influencing cell fate through the Yes-associated
protein/tafazzin (YAP/TAZ) pathway [2]. Like in most
studies, Yang and co-workers focused on the elasticity of the
substrate elasticity. In particular, they observed that the
YAP/TAZ activation can be reversible if the signals received
by the cytoskeleton are below a threshold that depends on the
elastic modulus of substrates and culture time.
However, it is well known that tissue extracellular matrix
(ECM) is intrinsically viscoelastic. Therefore, the aim of the
present study is to generate gels with tunable time-dependent
mechanical properties to investigate ADSC response to
substrate viscoelasticity. In particular, our goal is to verify if
these stem cells respond to viscoelastic signals and also show
a “viscoelastic memory”.
II. MATHERIALS AND METHODS
Agarose (1% w/v) substrates were fabricated using aqueous
solutions with increasing dextran concentrations (0, 2, 5%
w/v), and hence viscosities, in order to obtain hydrogels with
the same degree of crosslinking but different viscoelastic
properties. Mechanical properties were investigated with a
Zwick/Roell ProLine Z005 testing machine, using the epsilondot method.

Figure 1: (A) Instantaneous and equilibrium elastic moduli and (B)
characteristic retardation time of Agarose samples as a function of
different dextran concentrations. * =p < 0.05 with respect to other
values of Einst, Eeq and τ respectively.

Increasing the dextran concentration in the liquid phase
interferes with hydrogen bonding between agarose chains and
water, allowing the latter to move more easily through the
hydrogel molecular pores and redistribute within its network.
This results in a reduction in compressive stiffness as well as
a decrease in relaxation time because water moves faster as it
is less bound to the network. However, the equilibrium elastic
behaviour, which depends on the polymeric network, was not
modified since the crosslinking degree remained unaltered.
Studies on cell response to the changes in retardation time of
agarose-dextran substrates are ongoing. The second step
foresees the investigation of repeated culture passages to
determine if cells possess viscoelastic memory. As shown in
Figure 2, after a certain number of passages on TCPS with an
intrinsic low retardation time (i.e. elastic behaviour) or in
agarose gel with higher retardation time (i.e. viscous
behaviour), cells are passed on hydrogels with an intermediate
viscoelastic behaviour. Finally, their response analysed, for
example observing their morphology and eventual
differentiation, in order to verify whether TCPS culture
influence the subsequent cell response.
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Figure 2: Schematic representation of the cell study. After n passages
on TCPS with an intrinsic low retardation time (i.e. elastic behaviour)
or in agarose gel with higher retardation time (i.e. viscous behaviour),
cells are passed on hydrogels with an intermediate viscoelastic
behaviour and their response analysed.

IV. CONCLUSION
In this study, time-dependent mechanical properties of
hydrogels were modulated independently from the elastic
ones. This allows the study of ADSC response to
viscoelasticity and to better investigate cell response to
mechanical pathophysiological transitions, thus obtaining
more physiologically relevant in-vitro models.
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Abstract— Mesenchymal stem cells reside in very controlled
environment inside the stem cell niche until they start
differentiating under the action of external stimuli. The
recapitulation of mechanical cues inside physiological in vitro
models is one of the main challenges of nowadays research in the
field of regenerative medicine. Here we validated a long-term cell
culture platform for investigating, in real time, stem cell
metabolism during physiological perfusion within a miniaturize
environment in the presence of stiffness tuned substrates

R

I. INTRODUCTION

ecapitulating tissue elasticities can direct mesenchymal
stem cell (MSC) differentiation through mechanotransduction [1]. However, it is unknown how elasticity affects
MSC metabolism which could be an important feature to
enhance differentiation and mineralisation. To delineate this,
our study aims to develop and validate an experimental
platform (Figure 1) for investigating real-time MSC
metabolism on substrates of varying stiffnesses using a
miniaturized optically accessible flow bioreactor (MOAB) [2]
with Fluorescence Lifetime Imaging Microscopy (FLIM)
which exploits the NAD(P)H fluorescence lifetime
contribution accordingly to its conformation
to get
information about the metabolic state of the cell [3] i.e., more
protein-bound NAD(P)H suggests more oxidative
phosphorylation while more free NAD(P)H is related to
glycolytic activity.

II. METHODS
Polyacrylamide gels of varying stiffnesses (3 kPa, 12 kPa,
63 kPa and 202 kPa) were fabricated via UV-crosslinking. We
obtained transparent, rectangular substrates capable of being
placed within a miniaturized culture chamber and then seeded
human Mesenchymal stem cells onto these substrates coated
with poly-L-Lysine. We assembled the perfusion circuit using
a precision syringe pump that produced a physiological flow
rate into three inlet oxygen permeable channels directly
connected to the MOAB. We integrated the circuit into a
multiphoton microscope (Figure 2), optimized the optical
parameters to adapt to the bioreactor and performed twophotons/FLIM at 37°C on h-MSCs adhered on different
stiffness substrates both in static and perfused (5 µL/min)
conditions.
Computational fluid dynamics (CFD) and mass transport
analysis was performed to predict the shear stress and oxygen
concentration profiles within the MOAB scaffold chamber.

Figure 2. Picture of the MOAB integrated into the multiphoton microscope.
The bioreactor was mounted in upside-down configuration for adapting to the
objective position.

III. RESULTS

Figure 1. Scheme of the MOAB/FLIM platform for metabolic imaging on hMSCs adhered on a stiffness tuned 3D non-porous polyacrylamide (PA)
substrate

Results from unconfined compression testing demonstrated
that the weight % of the monomer (Acrylamide) in the final
gel formulation dictated the stiffness of the gel in a non-linear
quadratic fashion. The stiffnesses employed for cellular
studies were quantified as 3 kPa, 12 kPa, 63 kPa, and 202 kPa
and the hydrogels maintained their stiffness after 14 days in
cell culture medium at 37°C.
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24 hours after seeding h-MSCs on our substrates, cell
morphology varied between the four stiffness groups with
more spindle shaped cells on the softer gels (3 kPa) and more
elongated cells in the stiffer groups (63 kPa and 202 kPa)
showing also increment in cell area with the stiffness.
CFD analysis predicted a constant and uniform shear stress
profile on the top surface of the substrate inside the MOAB
culture chamber with average value of 12 mPa and the
presence of laminar flow along the entire substrate region.
Mass transport analysis showed a linear decrease n pO2 along
the culture chamber due to cell consumption.
The MOAB was successfully integrated into the
Multiphoton/FLIM system with no modifications in the laser
pathway (or microscope engineering) and in the lifetime
parameters compared to the use of a standard petri-dish
In static conditions, the NAD(P)H lifetime measurements
showed differences in the protein-bound NAD(P)H
contributions according to the stiffness levels of the substrates
suggesting a shift in the metabolic activity inside the cells
compared to the tissue culture plastic group.
After applying physiological perfusion FLIM analysis on cell
monolayers adhered onto the MOAB culture chamber revealed
a gradient in the metabolic activity along the chamber with
significant differences between the inlet (OXPHOS) and outlet
regions (glycolysis) (Figure 3) which is comparable with the
gradient of oxygen concentration.
Finally, cells adhered on the polyacrylamide gels were
successfully cultured inside the MOAB up to 4 days and
subjected to FLIM. Cells maintained the typical morphology
and we measured metabolic values in the range of the static
case since the physiological, interstitial level of shear stress
were not inducing any stress response inside the cells.

IV. CONCLUSION
In this work, we were able to generate miniaturized,
transparent, non-porous 3D substrates with controlled
physiological stiffness to be introduced inside a miniaturized
flow bioreactor. The gels were stable in culture conditions,
with smooth surface and optimal thickness, resulting in
stiffness driven cell regulation in accordance with previous
studies.
Performing fluorescence lifetime measurements on cells inside
the MOAB under physiological perfusion enabled us to detect
live and, in a label-free fashion, metabolic gradients along the
culture chamber showing how these combined systems can
allow to finely evaluate cellular behaviour in controlled
physiological conditions. Finally, stiffness tuned substrates
were successfully implemented inside the bioreactor enabling
to couple, for the first time, a physiological perfusion with the
stiffness stimulus to the cells and performing measurements of
their metabolic activity.
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Figure 3. Fluorescence lifetime measurements on cell monolayer adhered on
the MOAB culture chamber after 4 days of perfusion. Color-coded pictures
show protein-bound NAD(P)H contribution. Red pixels indicate more
OXPHOS activity while green pixels are related with more glycolytic activity.
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Abstract — The optimized version of a cyclic stretch bioreactor
for cardiac tissue engineering applications is presented. Adopting
customizable, low-cost technological solutions, and using 3D
printing, we developed an easy-to-use bioreactor, able to provide
reliable cyclic stretch stimulation for culturing in vitro cardiac
tissue constructs and for investigating the impact of stretching on
their maturation.
Keywords — cyclic stretch, bioreactors, 3D-printing, cardiac
tissue engineering

additionally needing a laptop, data acquisition modules,
feedback sensors, and a commercial software.
3
2

I. INTRODUCTION

N

OWADAYS, cardiovascular disease (CVD) is the leading
cause of death worldwide [1]. In particular, myocardial
infarction (MI) can lead to irreversible damage of the
myocardium, caused by a very limited regenerative ability and
the consequent replacement of dead cells with noncompliant
scar tissue. The remaining healthy tissue is then increasingly
overloaded, inducing a deterioration of the heart functionality
over time. In the last decades, relevant advances in cardiac
tissue engineering (CTE) have been made to investigate
cardiac development and disease with the final goal of
repairing the damaged heart tissue [2]. A widespread CTE
approach aims at developing in vitro functional constructs to
be used as cardiac substitutes. Several groups developed
customized bioreactors to provide biomimetic culture
conditions in vitro, and demonstrated the importance of
mechanical and/or electrical stimulation to promote the
maturation of cardiac substitutes [3]. A serious drawback to
the development of CTE-based approaches lies in (1)
bioreactor technology and its costs, often related to the high
level of customization required by the specific application; (2)
the multi and interdisciplinary skills to be involved. With this
gap to be filled in mind, here a previously developed
stretching bioreactor for CTE applications [4] was optimized
following the design requirements of ease-of-use by cellular
laboratory operators, reliability for long-term cultures in
incubator (85-95% humidity), and rapid and low-cost
manufacturing. In detail, the new device is based on a low-cost
motor responsible for stretching, a control unit based on a
customizable, low-cost microcontroller, and 3D-printed parts
[5].

1
Figure 1. Pre-existing stretching bioreactor: (1) Culture chamber; (2)
Stimulation unit; (3) Control unit, including laptop, data acquisition modules,
and feedback sensors.

To overcome the limitations of the pre-existing bioreactor
and to accomplish specific requirements in terms of Good
Laboratory Practices compliance, ease of assembling and use,
small footprint, and reliability, all the structural, mechanical
and electronic components of the stimulation and control units
were replaced. In detail, a new watertight stimulation box was
designed for housing and protecting a new motor and the
electrical connections from incubator humidity. In addition, a
new culture chamber housing was designed to maintain a
defined position between the culture chamber and the
stimulation unit. These components were developed using a
computer aided design software (Solidworks, Dassault
Systemes, USA) (Fig. 2), and were manufactured by 3D
printing (Stratasys uPrint SE Plus, USA). The voice coil motor
was replaced by a captive stepper motor (Nanotec Electronic,
DE), with a displacement resolution of 5 µm, placed within the
stimulation box and connected via a through-shaft to the grip
inside the culture chamber, responsible to stretch the construct.
1

2

3

II. MATERIALS AND METHODS
The pre-existing bioreactor consisted of three main units
(Fig. 1): the culture chamber, designed to house and subject
the constructs to uniaxial cyclic stretch; the stimulation unit,
based on an expensive voice coil motor complex to control;
the cumbersome (about 40x30x15 cm3) control unit,

Figure 2. 3D model of the optimized bioreactor: (1) Stimulation unit; (2)
Culture chamber housing; (3) Culture chamber. Adapted from [5].

A microcontroller board (Arduino Due, Arduino, IT)
coupled with a motor driver was implemented to control the
motor in open-loop configuration, and both were located
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within a new control unit. On this latter, a user-friendly
interface, based on push-buttons and an LCD display, allows
the tuning and visual feedback of the stimulation parameters.
A purpose-built control software was developed to provide a
sinusoidal cyclic stretch, with an adjustable displacement
amplitude ranging from 0.1 to 3 mm (by steps of 0.1 mm) and
three different settable frequency values (1, 2, and 3 Hz).
To assess the whole system performance, in-house tests
were performed. For each possible combination of stimulation
parameters, the trend and the frequency of the generated
motion, measured with a linear variable differential
transformer (LVDT sensor) leaning against the through-shaft
connected to the motor, were compared with ideal sinusoids.
Successively, trained lab operators tested the whole bioreactor
system in a cellular laboratory. The assembling procedure of
the whole system was performed under laminar flow hood. To
test the bioreactor functionality, the culture chamber was filled
with culture medium, the assembled system was placed in an
incubator, and the mechanical stimulation was switched on
and run for 5 days. To assess the influence of stretching on
construct maturation, preliminary tests were carried out on
biological scaffolds seeded with human cardiac progenitor
cells (CPCs) and cultured under cyclic stretch (10%
deformation, 1 Hz frequency) for 5 days.

assembling of the bioreactor under laminar flow hood was easy
and fast. During the long-term test in incubator, the system did
not show any issues, the watertightness of the stimulation box
was maintained, and no culture medium contamination was
observed. Finally, preliminary tests on CPC-seeded scaffolds
revealed that cyclic stretch promotes deeper cell migration and
engraftment into the scaffold compared to static controls.
IV. CONCLUSIONS
Results from validation tests confirmed that the optimized
bioreactor is characterized by control accuracy, enhanced
portability, easy to use by not experienced operators, small
footprint, and customizable and cost-efficient components.
The optimization process was performed in-house, from
design to 3D-printing, providing customization freedom, strict
design-to-prototype timing, and rapid and inexpensive testing.
Furthermore, the promising findings of the tests ongoing on
CPC-seeded scaffolds corroborate the bioreactor suitability for
CTE applications.

III. RESULTS AND DISCUSSIONS
The in-house assembling of the 3D-printed components and
their coupling with pre-existing bioreactor parts did not show
any issues. The optimization process led to a significant
reduction in components of the whole bioreactor and size
(about 17x15x6 cm3) of the control unit (Fig. 3). Thanks to the
working principle of the new motor, the developed control
allowed avoiding the use of cumbersome and expensive
equipment (i.e., laptop, data acquisition modules, and
feedback sensors) and expensive commercial software.

Figure 4. Comparison between ideal and measured sinusoidal motion
waveforms for an explanatory stimulation (1 mm, 1 Hz).

4

3

Figure 5. Percentage error with respect to the nominal imposed frequency for
the entire settable displacement amplitude (0.1 - 3 mm).

1
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Figure 3. Top view of the optimized bioreactor: (1) Stimulation unit; (2)
Culture chamber housing; (3) Culture chamber without lid; (4) Control unit.
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Abstract— Emerging microscale technologies are opening new
venues in the field of cell biophysical characterization, due to
their cost effectiveness, low sample volume, and high throughput.
In particular, microfluidic impedance cytometry (MIC) is a
simple label-free method for identifying and monitoring cells and
cellular functions at the single-cell level, by means of electrical
measurements. In this work, recent and exciting progress of MIC
is demonstrated, paving the way for novel and high-impact
applications in basic research and diagnostics.
Keywords—Single-cell analysis, lab on chip, dielectrophoresis,
impedance-based characterization.

W

I. INTRODUCTION

E present two innovative microfluidic impedance
chips for single-cell analysis. The first system [1],
described in Section II, is conceived for the quantitative
assessment of dielectrophoretic (DEP) focusing of
particles/cells. The second system [2], described in Section III,
is
optimized
for
particles/cells
multiparametric
characterization. In both cases, the heart of the device is a
microfluidic channel with embedded electrodes. An electric
field is established in the channel and the field perturbations
induced by flowing single cells are recorded in the form of
electric current signals. The latter signals represent electrical
cell fingerprints from which high-content information can be
extracted, embracing cell count, trajectory (i.e., cross-sectional
position), velocity, size and membrane integrity.
II. ELECTRICAL MONITORING OF DIELECTROPHORETIC
CELL/PARTICLE MOTION

A schematic representation of the device for electrical
monitoring of DEP motion is shown in Figure 1(a). The chip
is composed by a main channel and ten dead-end lateral
chambers on each side. A metal electrode is aligned on the
floor of each lateral chamber. The wiring scheme is such that
the lateral position (x-coordinate) of a flowing particle is
measured before (green) and after (blue) a DEP-focusing
region (red). A potential VDEP at 100 kHz is applied to the two
central electrode pairs, while the adjacent electrodes are
grounded. Assuming negative dielectrophoresis, this results in
a DEP force with x-component Fx;DEP directed towards the
channel axis (high intensity regions of Fx;DEP are visualized in
red in the microchannel). Two electrode pairs are used in each
region for lateral position detection: a potential V at 501 kHz
is applied to two diagonally opposite electrodes and the
differential current (Ipre-DEP or Ipost-DEP) flowing through the two
remaining electrodes is collected. Accordingly, the unbalance
between the pulse amplitudes of such differential currents,
denoted by Δ, encodes particle lateral position [1]: before

DEP-focusing, where particles exhibit random trajectories,
generally different pulse amplitudes are expected (Δpre-DEP ≠ 0);
after DEP-focusing, where particles are centered along x,
nearly equal pulse amplitudes are expected (Δpost-DEP ~ 0).
The working principle of the device is confirmed by the
results in Figure 1(b), where the scatter plots of Δpost-DEP
against Δpre-DEP is reported for different values of applied DEP
potential, along with relevant linear fits. In particular, with
increasing applied DEP potential, the slope m of the fitting line
is progressively reduced. The parameter m can therefore be
regarded as a quantitative measure of particle focusing, and it
can be useful for particle/cell characterization within an
inverse-approach.
III. MULTIPARAMETRIC CELL/PARTICLE CHARACTERIZATION
A 3D schematic of the system for multiparametric
characterization is reported in Figure 2(a). The chip comprises
two regions: one region is equipped with two pairs of metal
electrodes housed in lateral chambers (like the detection zones
of the system for DEP-monitoring), and the other region is
equipped with five electrodes spanning the main channel
width. Each region provides a differential current signal (IΔ or
IP) whose features are used for particles/cells characterization.
Full details of the operation mode and the wiring schemes can
be found in Ref. [2]. Some illustrative results, relevant to red
blood cells (RBCs) spiked with 7 μm beads, are reported in
Figure 2(b)-(e). They include the optics-free monitoring of
individual flowing red blood cells under different sheath flow
conditions (namely, lateral or central focusing), and the RBCs
characterization in terms of distribution width (RDW), mean
corpuscular volume (MCV), and opacity (which is an indicator
of membrane integrity).
The proposed device could be an effective tool for studying
microscale particle motion (e.g., viscoelastic focusing) and for
microfluidic sorting/separation applications. The system,
providing accurate cell sizing, is also suited for applications
where cell size is a biomarker of underlying cellular processes.
Examples include monitoring RDW levels for early detection
of cardiovascular and cerebrovascular diseases, as well as
monitoring apoptotic cell death, formation of cell aggregates,
and leucocyte activation. Moreover, the device is simple from
the microfabrication point of view, because it is based on a
coplanar-electrode layout, and it is easy to operate, because no
focusing mechanisms are required. Therefore, when coupled
with a fully integrated electronics, it has the potential for pointof-care testing applications.
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Figure 1. Microfluidic impedance chip for electrical manipulation and monitoring of flowing particles/cells. (a) Schematic
representation of the device (top view) along with the relevant wiring scheme. (b) Scatter plot of pulse amplitude relative
difference Δpost-DEP against pulse amplitude relative difference Δpre-DEP, for different values of applied DEP potential.

Figure 2. Microfluidic impedance chip for high-throughput single-cell multiparametric characterization. (a) 3D schematic of
the device. (b) Optics-free monitoring of RBCs hydrodynamic focusing under different sheath flow conditions (lateral focusing
or central focusing). (c) 3D scatter plot of electrical x-coordinate, electrical y-coordinate and electrical velocity (beads) along
with theoretical fluid velocity profile. (d) Histograms of electrical volume and (e) histogram of electrical opacity (in red and blue
for erythrocytes and beads, respectively).
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Abstract—The evolution of the thickness of parylene C
implanted devices was reproduced through a computational
model able reproduce in-vivo experimental data.
Keywords—Neural interfaces, scar tissue, computational
neural engineering.
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I.

INTRODUCTION

eural interfaces are able to create a stable
bidirectional link between peripheral nerves and
high-tech neuroprostheses [1]. However, the
extended and intimate contact between neural interfaces
peripheral nerves results in an immune mediated response,
also known as foreign body reaction (FBR). The FBR
involves a very complex chain of phenomena [2]. It starts
with an inflammatory phase followed by a proliferative and a
remodelling phase, ending with the encapsulation of the Figure 1: Evolution of the thickness (micrometers) with time
(hours). Experimental data: mean (circles), mean  1 standard
whole neural interface and the final failure of the device. The
deviation (lines).
prediction of the amount of scar tissue around the implanted
structure is, then, crucial to investigate strategies aiming at
minimizing the final disconnection between nervous fibers
Withdrawn abstract
and neural interfaces. As a consequence, in this work, a
IV. CONCLUSION
computational framework was provided to reproduce the
The effects of interaction between parylene and peripheral
evolution of the scar tissue thickness around a parylene
nervous tissue were recently described in literature [3,4].
structure during in-vivo implant.
Nevertheless, a quantitative framework able to reproduce the
evolution of the scar tissue around the implanted devices was
II. MATERIALS AND METHODS
still lacking. As a consequence, in this work, a computational
Data deriving from female Sprague-Dawley rats were used approach was proposed to help further in silico studies
[3]. The evolution of the capsule thickness was accounted for aiming at minimizing the final amount of scar tissue around
through the measure of the mean distance between the the implanted neural interfaces.
parylene surface in contact to the scar tissue and the scar
tissue surface in contact to the nerve (see details for
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measurements in [4]). In this work the, thickness evolution
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over time was described for 336 hours through a closed form
equation.
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Abstract— Multiscale finite element models (FEMs) have
been widely used to quantify aortic valve (AV) biomechanics and
its role in several pathologies.
In this context, the handling of biomechanical information from
one scale to the other plays a key role; in the literature
displacement boundary condition (BCs) are typically used for
this scope. We developed a multiscale modelling workflow which
handle BCs differently, exploiting both displacement and load
BCs depending on the scale. The workflow was then tested on
three subject-specific geometries, allowing to quantify the impact
of anatomical differences at the organ scale down to the cell
scale.
Keywords— Finite element biomechanical model, aortic root,
cMRI, aortic valve leaflets

I. INTRODUCTION

V

B. Tissues mechanical properties
Each simulation was performed on 3D solid geometries, and
AV tissues were described at each scale using a consistent
mechanical model. At the organ scale the three leaflets layers
were mechanically homogeneous and characterized by an
anisotropic and hyperelastic material [3]. In the subsequent
tissue-scale simulations layer-specific mechanical properties
were assigned to the fibrosa (F) and ventricularis (V) layers;
an anisotropic and hyperelastic material [3] was used for
layers F and V, while a linear elastic and isotropic material
was used for the S layer. In the cell-scale simulation a linear,
elastic and isotropic VIC inclusion was embedded in a small
region of the F layer extracellular matrix (ECM). All the
constitutive model parameters were derived from ex-vivo
experimental data [4, 7].

ariations in the macroscopic mechanical stimuli on the
aortic valve (AV) may alter the matrix-maintaining role
of valve interstitial cells (VICs), leading to pathological tissue
remodeling, as in, e.g., calcific AV [1]. Understanding the
role of biomechanics in the complex remodeling pathways
will be greatly enhanced by a framework for relating AV
macroscopic strains and stresses to the mechanical stimuli
experienced by VICs [2]. To this aim, we propose a finite
element (FE) multiscale modeling workflow allowing to
compute AV biomechanics at the organ length-scale
accounting for the subject-specific anatomy, and to scale the
obtain information down to the cell length-scale. The
workflow was tested on AV models from three healthy
subjects.
II. MATERIAL AND METHODS

A. Multiscale workflow
The modeling and simulation workflow spans three length
scales going from mm to µm: the organ scale, the tissue scale
and the cell scale; these simulations are linked by a simple
coupling, passing data from the largest scale to the smallest.
Differently from previous work in literature [2], in the present
work the data which are passed are not always the
displacement field. From the organ level simulation, which is
a cardiac cycle load-controlled simulation, the displacement
field is extracted and applied as a boundary condition to the
tissue scale simulation. Here a displacement-controlled
simulation is performed and therefore the stress field is
extracted and subsequently passed to the cell scale simulation
as a boundary condition (Figure 1).

In Figure 1, schematic representation of our multiscale workflow.

III. RESULTS AND DISCUSSION
The circumferential (λC) and radial (λR) stretch ratios were
averaged over the belly region of the three leaflets during the
full cardiac cycle simulation (Figure 2) and showed a good
match
with
previous
literature
data
[5].
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In Figure 2, λC and λR for the three subjects at the organ level
during the cardiac cycle.

In Figure 3, circumferential and radial stress for the three subjects
in the fibrosa layer during the diastole.

At the tissue lever, were organ-scale derived boundary
conditions were applied, the stress curves in the central part
of the patch in the fibrosa layer was extracted during the
diastolic phase both for the circumferential and radial
directions (Figure 3). The maximum values were up to 21.9
MPa and 4.6 MPa in the circumferential and radial directions,
respectively.
The normal cellular aspect ratio (CAR), long axis/normal
short axis, where computed for the VIC inclusion during the
diastolic phase (Figure 4).
IV. CONCLUSION
Our workflow was able to handle the multiscale behavior of
the AV, showing results consistent with literature data, while,
for the first time, accounting for patient-specific AV anatomy.
Moreover, this modeling approach may play a key role in
explaining the higher probability of AV calcification
development in BAV patients.
in the increased up to 50% throughout the cardiac cycle, as in
[5], and the cell strain field (Figure 1B) confirmed that VICs
deformations are primarily controlled by layer’s structure and
mechanical behavior rather than by the intrinsic VICs
stiffness, as shown for the mitral valve in [6].

In Figure 4, Car in the normal direction for the three subjects in
the fibrosa layer VIC during the diastole.
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An image-based, population-specific framework
to perform in-silico analysis of the mitral valve
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Abstract—Modeling the mitral valve is apparatus is complex
and requires the understanding of the interaction between
anatomical structures and blood. In addition, it is crucial to take
into account individual characteristics in order to represent
realistic physio-pathological condition. In this study, we set up a
workflow able to transform in vivo information into a fully
patient-specific model of the mitral valve apparatus which can
serve as the basis of numerical analysis for improved simulations
for both planning procedure and in silico device testing.
Keywords—Mitral valve, device, fluid-structure simulations,
statistical shape analysis.

averaged nodal displacements of the LH were imposed
through a user subroutine, while boundary conditions were
applied to take into account upstream and downstream
physiological pressures and two cardiac cycles were
simulated. The population-derived model was used (1) to
reproduce an average behaviour of the native MV mechanics
and (2) to predict the interaction with a transcatheter MV
device.

I. INTRODUCTION

T

he mechanics and function of the mitral valve (MV) is the
result of the interaction of different anatomical structures
(annulus, leaflets, chordae tendinae and papillary muscles),
complexly arranged within the left heart (LH), with the blood
flow. The design of minimally invasive devices for MV
replacement is also challenging as they need to safely interact
with many different anatomical structures (annulus, leaflets,
chordae tendinae and papillary muscles), complexly arranged
within the LH, while improving the hemodynmics.
Population-derived image-based geometries and boundary
conditions could provide the ideal setting for in-silico
development, testing and optimisation of novel MV devices.
In this study, we show how to obtain an MV populationspecific virtual model from medical images, and how this can
represent a valuable tool to perform in-silico device analysis
in population-representative conditions, through fluidstructural interaction (FSI) simulations.
II. MATERIALS AND METHODS

F

ifteen patients with MV regurgitation were prospectively
recruited and underwent both cardiac magnetic resonance
(CMR) and 3D transoesophageal-echocardiogram (TOE). For
each patient, an atlas-based method [1] was used to
automatically segment the MV from TOE and the LH from
CMR [2]. A statistical shape modelling approach [3] was used
to compute the average LH and MV geometries. An FSI model
(Fig.1) was implemented in ABAQUS/Explicit using the finite
element (FE) method coupled with smoothed-particle
hydrodynamics (SPH). The average MV leaflets were meshed
with tetrahedral elements and modeled with isotropic linear
elastic material (density=1,146 kg/m3, E=3 MPa,
poisson=0.48); the average LH was meshed with triangular
surface elements; hyperelastic chordae tendinae were adapted
from [4]. The blood was discretised with 59,114 uniformly
distributed particles and modeled as incompressible
Newtonian
fluid
(density=1,060
kg/m3,
dynamic
viscosity=0.004 Pa*s, c0=150m/s). Image-derived, population

Figure 1: Patient-specific model of LH and MV used in the
FSI simulation. A) WH CMR at end diastole with
superimposed mask of LA, LV, LVOT; B) 3D TOE at end
diastole with superimposed mask of the MV; C) Whole model
consisting of image derived LA, MV, LV, LVOT, rigid AoV,
rigid inlet and outlet cylindrical extensions and piston. The
fluid part is represented in red by means of SPH particles; D)
zoom on the patient specific LH, highlighting the MV mesh
with solid leaflets and variable thickness and 62 chordae
tendinae; E) side and F) top views of the MV mesh.
III. RESULTS
s illustrated in Fig.2, the dynamics of the MV apparatus was
successfully simulated resulting from the interaction between
LH moving boundary and SPH particles. Moreover, a
large diastolic intra-ventricular vortex and the systolic
blood regurgitation were correctly reproduced, thus
demonstrating that our population-specific model is
appropriate in reproducing the mechanical behaviour of
patients with MV regurgitation. The interaction between the
pathological model and the device provided insightful
information for a better device design, i.e. device fitting and
contact area with the implantation site, regions of peak stress
(both in device and anatomy), altered intra-ventricular flow
pattern.

A

127

ESB-ITA Meeting 2019, 30 September – 1 October 2019, Bologna, Italy

2

Figure 2. Long-axis view of the population-specific
pathological model illustrating the MV kinematic and blood
velocity throughout the cardiac cycle. Notice the formation of
a intra-ventricular vortex in diastole and of a regurgitant jet
in systole
IV. CONCLUSION

O

ur study showed the feasibility of combining multiple
patients’ image information and computer simulations to
reproduce the MV mechanics of patients with MV
regurgitation. Moreover, we show how such a model has the
potential for targeted in-silico studies of MV device design,
testing and optimization.
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Abstract—Nowadays, finite element (FE) models of coronary
stents are widely used to evaluate those mechanical
characteristics that would be hardly investigated in vivo or in
vitro. In spite of this, often an effective validation of the developed
model is missing. The aim of this work is to propose a strategy for
the development of a validated FE model of a coronary stent.
Namely, the approach is exemplified for the Synergy™
Everolimus-Eluting Platinum Chromium Coronary Stent,
produced by Boston Scientific Limited (BSL), Ireland. The final
FE model consists in the digital twin of the implantation system,
namely the stent crimped on the folded balloon. Material
calibrations were performed both for the stent and for the
balloon, mimicking in silico a number of experimental tests on the
real devices. The validation process was then carried out
performing experimental free expansion tests on the real
implantation system and comparing the obtained results in terms
of diameter-pressure curves with those produced with the
computational simulations.
Keywords—Finite
element
model,
coronary
stent,
experimental tests, validation protocol.

sensitivity analysis was performed with the software Abaqus
(Dassault Systèmes Simulia Corp., USA) and the model
discretized with 177312 hexahedral elements C3D8R showed
the best results in terms of results reliability and computational
effort. Being made of a platinum-chromium alloy (Pt-Cr), for
the stent material model a bi-linear elastoplastic behaviour was
implemented. The reference parameter for the material are
indicated in a literature study [3], but because of the wide
range of uncertainty, axial tensile and crush experimental tests
were performed on six post laser cut stent samples (i.e. without
an internal stress-strain status) and computationally simulated
with Abaqus to obtain a finer evaluation of the material
parameters.

I. INTRODUCTION

C

ORONARY artery diseases (CADs) are pathologies
responsible of cardiovascular complications due to the
growth of atherosclerotic plaques within the vessel lumen [1].
Nowadays, the gold standard intervention consists in the
deployment of a tubular structure called stent. With the
expansion of a balloon, the vessel lumen is restored and the
stent is expanded against the arterial wall to prevent vessel
recoil and restenosis, which have been highlighted to be the
principal drawbacks of the balloon angioplasty procedure [2].
Despite the advantages introduced by the stenting procedure,
limiting size and manoeuvrability of coronary stents make
difficult to evaluate device characteristics either in vitro or in
vivo. To overcome this limitation, research has focused on the
development of virtual models resembling the real device to
pursue a rigorous description of stent behaviour in clinical
scenarios. The aim of this work is to propose and discuss a
strategy to develop and validate a FE model of coronary stents
throughout the comparison between outcomes obtained with
the in silico simulations and experimental tests on the real
device. This accurate FE model might be used for in silico
mechanical characterization to reduce and/or replace the
experimental tests that are usually performed during the preclinical assessment of the device.

Figure 1 - Synergy™ geometry in the pre-crimping configuration: (a) frontal
view, (b) and lateral view, (c) longitudinal section of the device, (d) detail
showing strut radial thickness and width.

The strategy adopted to model the balloon consists in creating
a component that exhibits the same behaviour of the real one
even if presenting a simplified folded geometry. Hence, a
multi-wings geometry, slightly tapered at the extremities, with
the same length and expanded diameter of the real balloon was
adopted. A parametric model was created with the software
SolidWorks (Dassault Systèmes Simulia Corp., USA), with
total length (L) and length of the central portion (Lcentral)
directly measured on the balloon, folded diameter (Dfold)
defined on the basis of the stent inner diameter (the folded
balloon is internal to the stent) and unfolded diameter (Dunfold).
The geometrical model was meshed using 14520 four-node
membrane elements (M3D4) and the material parameters as
well as the thickness were detected during stand-alone balloon
free expansion, by comparing the experimental DiameterPressure (D-P) curve with the computational one.

II. MATERIALS AND METHODS
The geometrical model of the Synergy™ stent was provided
by Boston Scientific Limited in its pre-crimping configuration.
This model was discretized with hexahedral elements. A

Figure 2 - Parametric balloon model. For sake of clearness, the cross-section
of the folded configuration is represented enlarged to show the multi-wings
aspect. The parameter nw-fold is equal to 30.
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The validation of the complete implantation system was
carried out comparing the D-P curves of proximal, central and
distal stent segments acquired from experimental freeexpansion tests with the ones obtained from the simulations.
In particular, to account for possible influence of inflation
dynamics, two different infusion rates were investigated,
namely 0.85 ml/min and 2.55 ml/min . In all cases, pressure
was increased up to 11 atm.
The numerical simulations were performed with
Abaqus/Explicit and were divided in the following steps: (a)
Crimping Step, the stent is crimped through the action of 16
rigid planes moving radially towards the stent axis; (b) Release
Step, the radial expansion of the crimping planes allows stent
elastic recoil; (c) Balloon inflation Step, the stent is expanded
through the application of an increasing pressure inside the
balloon; (d) Balloon deflation Step, the pressure within the
balloon is decreased to zero to allow the deflation and the
elastic recoil of the stent.
III. RESULTS AND DISCUSSION
The calibration phase of the mechanical parameters
highlighted the variability of the stent plastic material
characteristics between different production batches. Hence,
four different materials were investigated for in silico
simulations to take into account uncertainties in yielding stress
and hardening. The free-expansion experimental outcomes
demonstrated how the presence of residual air within the
catheter plays a major role during the dynamic phase of the
procedure. Indeed, once the volume of air within the balloon
is nearly removed, the pressure is homogeneously distributed
along the stent and a virtually symmetric dynamic of
expansion is recorded. On the contrary, when the amount of
air within the system is larger, greater values of pressure are
required to expand the stent. The comparison between the
experimental and numerical D-P curves is depicted in Fig. 3.
For proximal and distal rings, the experimental and simulated
ranges are overlapped, whereas for the central rings, the curves
of the model are slightly on the left (i.e. at lower pressures)
with respect to the experimental curves. This is expected since
the presence of asymmetry during the stent expansion cause a
delay, particularly in the expansion of the central rings.
Nevertheless, the overall matching can be considered good
since the three phases of the free-expansion are well captured
in terms of pressures and diameters.
IV. CONCLUSION
The produced digital twins of the implantation system (stent
and balloon) replicated correctly the real behaviour of the stent
particularly at high pressure values (a perfect match with the
data sheet was always achieved). It is interesting to notice how
the differences among the numerical curves obtained using the
four materials are in the range of the experimental variability,
indicating that the “real material” is included among the four.
However, the complexity of the implantation system
behaviour, the interaction between balloon and stent and the
strong dynamic effects make difficult a univocal choice.

Figure 3 - Comparison of the experimental results with the numerical ones in
terms of diameter-pressure (D-P) curves detected in the proximal, central and
distal rings.
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Abstract—We present a variant of the Digital Image
Correlation (DIC) technique based on fine scale, low-coherence
speckles (lcsDIC). A white light led is used as the illuminating
source, and polychromatic speckles are observed in the image
plane of a finely ground surface. Being due to random
interference, the speckle size is diffraction limited and insensitive
to aberrations. The speckles are ideally small markers, which
move with the surface. We will present preliminary results,
including local displacement and strain fields in Nickel-Titanium
(NiTi) samples undergoing the typical martensitic phase
transition. We will also show quantitative data for the strain on
the fine details of a peripheral NiTi stent. By comparison, all the
traditional painted-speckle methods that that have become
common practice appear inadequate for the length scale we
cover.
Keywords—Digital
Image
Correlation,
martensitic
transformation, deformation field, Nickel-Titanium

I. INTRODUCTION

N

ICKEL-TITANIUM alloys (NiTi) are commonly used in
the production of cardiovascular devices for miniinvasive applications due to their superelastic properties.
These derive from the coexistence in the lattice of two solid
phases, which are stable at different temperature, namely
austenite and martensite respectively.
Stents are characterised by a complex geometry and
micrometric dimensions: the stent minimal feature (v-struts)
show around 200μm width. In order to map displacements or
strain with sufficient accuracy it would be desirable to be able
to perform measurements on a grid at least five times finer or
so.
Digital Image Correlation (DIC) seems an appropriate
method, although the current practice of painting the speckle
onto the sample surface appears too coarse, the finest painted
speckle being roughly the same size of the stent v-struts size.
This work describes our effort to conceive and produce such
a finer scale technique.
The original DIC methods consist of the comparison of two
digital images taken at different stage of deformations [1]. The
full deformation field is calculated based on the relative
displacements of painted markers (speckles) on the specimen
surface through cross-correlation methods.
White light speckles have been studied in connection with
surface roughness measurements [2]. As the more celebrated

laser speckles, they are due to random interference, and hence
their dimension is diffraction limited. The limitation over laser
speckle is that polychromatic speckles are more easily
observed in connection with surface roughness in the range of
few hundreds of nanometer. Luckily, most passivated surfaces
have a roughness of that order, which guarantees that the
random phase scrambling on the back scattered wave fronts
produces reasonable contrast in the polychromatic speckles.
We show in Figure 1.a an example of polychromatic
speckles. Notice the extremely uniform statistics of the speckle
distribution, a sign of the truly random interference method.
II. MATERIALS AND METHODS
The lcsDIC experimental set-up consists of a white LED
source, a Canon EOS 6D digital reflex camera equipped with
a fixed-focus macro lens (MP-E 65mm f/2.8 1-5x) and a BOSE
EnduraTEC ELF 3200 testing machine. RAW images only
have been used and their cross-correlation has been performed
through the open source Ncorr [3] software.
The lcsDIC was used for mapping the local deformation
field of a NiTi stent. As a starting point, we wanted to test the
reliability of the technique. Ad-hoc multi-wire NiTi specimens
have been manufactured by following the same procedures of
the stents. The wire width is compatible with the dimension of
the stent v-struts (200μm).
Since it is known that the NiTi under loading exhibits the
martensitic transformation, uniaxial tensile tests have been
performed at 37° with a loading phase up to 6% strain,
followed by total unloading to catch the local deformation
behavior. A photography of a portion of the gauge length has
been taken at each increment of approximatively 0.04% strain.
An axial tensile test up to 6 mm with total unloading phase
has been performed on a non-electro-polished stent resembling
the commercial Absolute Pro® (about 9 mm long, 5.5 mm
diameter).
Finally, we have also performed strain measurements on a
detail of a stent v-strut.
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III. RESULTS
In Figure 1.b1 we show a force-displacement curve
obtained with the BOSE testing machine on the 200μm
samples. Colored squares indicate some of the increments
where lscDIC measurements have been taken. In Figure 1.b2
we show the progression of the martensitic front throughout
the specimen gauge length. It is possible to identify the
austenite elastic loading for 0.1 mm displacement (Figure 1.b2
A), the start of the martensitic phase transition for 0.2 mm
(Figure 1.b2 B) whereas martensite phase saturates at 0.3 mm
(Figure 1.b2 C).
Full appreciation of the sensitivity of the method can be
gained by looking at the sequence of strain maps shown in
Figure 1.c. An enlargement of the last image is presented in
Figure 1.c2, where the spatial gradients of strain are detected
with a micrometric finesse.
IV. CONCLUSIONS
We have demonstrated the reliability of the lcsDIC for
mapping strain fields with high spatial resolution. We believe
that the method will open new vistas for microscale
observations.
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Figure 1: a) lcsDIC technique allows obtaining polychromatic speckles on
micrometric NiTi wire specimens; b) 1. characteristic force-displacement
curve obtained during a tensile test on the wire specimens and 2. strain values
along a portion of the specimen gauge length at different loading increments,
with their corresponding colour maps; c) 1. lcsDIC allowed the strain field
measurement on the stent v-strut during its loading with a spatial resolution
of few microns and 2. a detail of the most loaded area.
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Abstract— Left atrial appendage (LAA) represents a crucial
cardiovascular structure in the presence of non-valvular atrial
fibrillation because it is responsible for the thrombi formation.
Fluid dynamics and morphological features of different LAA
shapes should be investigated to determine possible connections
between hemodynamic and geometrical indices and the stroke
risk. In-silico models together with computational fluid
dynamics simulations are used to assess the aspects defined
above. In particular, we analysed LAA fluid dynamics
considering both a left atrium (LA) as reference with four
different LAA morphologies and four physiological models. The
main morphological parameters evaluation and their variation
during cardiac cycle were also performed. The analysis showed
a LAA hemodynamics closely dependent on LA conformation
and a correlation between fluid dynamics and morphological
indices was found in the thrombosis risk evaluation.
Keywords—left atrial appendage, computational fluid
dynamics, thrombosis risk, atrial fibrillation
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to the LA conformation.
II. METHODS
A. Image acquisition and segmentation
Four CT ECG-gated (10 phases for each cardiac cycle)
images dataset of four different LAA morphologies were
retrospectively analysed. These volumetric datasets were
segmented to obtain a 3D model of each LA with respective
LAA. Segmentation was performed for each phase of cardiac
cycle for a total of 40 CT datasets: each model included LA,
LAA, the pulmonary veins (PVs) and the mitral valve (MV)
orifice. Figure 1 depicts a whole segmented heart model (a)
and the four representative LAA morphologies (b).

I. INTRODUCTION

EFT atrial appendage (LAA) is a complex structure sited
in the left atrium (LA). LAA is the remnant of the
embryonic left atrium where the smooth-walled LA
originates from the primordial pulmonary vein and its
branches [1]. Especially in non-valvular atrial fibrillation
(NVAF) patients with contraindication to anticoagulation
therapy, LAA is responsible for the formation of more than
90% of thrombi which can yield to cardioembolic events.
Nowadays, LAA occlusion is a diffused treatment strategy to
reduce the migration of thrombi and the associated
cardioembolic risk [2]. This procedure is particularly
challenging due to the LAA morphological and
hemodynamic complexity. The morphology of the LAA is
quite variable and it is commonly classified into four main
shape groups: Chicken Wing (CW) (48%), Cactus (CC)
(30%), Windsock (WS) (19%), and Cauliflower (CF) (3%)
[3]-[4]. In NVAF conditions, the normal contractility of LAA
is reduced, resulting in a high decreasing of velocity and,
consequently, in a higher risk of clotting formation due to the
haemostasis of the blood inside the LAA. Computational
fluid dynamics (CFD) is a useful instrument to evaluate LAA
hemodynamic indicators in the cardiovascular system, such
as velocity, blood pressure, vorticity, wall shear stress [5]-[6].
The aim of this study is twofold: firstly, to investigate the
LAA morphological parameters variation during the cardiac
cycle to identify potential relationships between the different
configurations and the risk of thrombotic events; secondly, to
assess the fluid dynamics of LAA morphologies with respect

Fig. 1 Example of LAA in a segmented heart (a) and LAA morphologies (b):
Chicken Wing (A), Cauliflower (B), Windsock (C) and Cactus (D).

B. Geometrical analysis
3D LAA models were elaborated by means of a custom
script integrating Python and VTK/VMTK libraries [7].
Firstly, the LAA surface and volume parameters were
evaluated; secondly the maximum diameter, the perimeter
and the section area of the ostium were computed. Finally,
the centerline of each LAA was evaluated starting from the
ostium to the LAA tip to calculate the LAA length and
tortuosity. In the case of more relevant tips in same LAA
shape the longer centerline was considered.
C. CFD simulations
In order to evaluate the effects of the LA morphology with
respect to the LAA hemodynamics, both patient-specific and
hybrid models were developed. Hybrid models were obtained
by merging the LAA models with a reference LA.
The CFD simulation setup included a volumetric mesh of
tetrahedral elements with five inflation layers in order to
obtain a good accuracy for the evaluation of hemodynamic
surface parameters. The blood was treated as a Newtonian
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LAA. Figure 3c-d depicts the 3D models of CF shape with
patient-specific and reference LA, respectively.
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fluid and assumed as incompressible with a density of 1060
kg/m3 and a viscosity of 3.5 10-3 Pa s. The wall was assumed
rigid with no-slip condition. ANSYS Fluent (ANSYS Inc,
Canonsburg, USA) was used to solve the Navier-Stokes
governing equations of the fluid domain. Transient
simulations were performed for four cardiac cycles of 0.8 s
each to reach the fully developed solution with a time step of
5 ms. A pressure inlet condition was imposed at each PV
with a constant value of 8 mmHg [8] and a NVAF velocity
outlet profile was assigned to the MV orifice according to
literature [6]. Hemodynamic parameters such as blood
velocity, blood pressure and wall shear stress were evaluated
at last cardiac cycle.

c)

d)

III. RESULTS
A. Geometrical results
The geometrical parameters analysis was feasible in all
cases. The variation of LAA morphologies along the cardiac
cycle is reported in Figure 2.

Fig. 3 Blood flow velocity in a CF LAA plane for the relative 3D
physiological (a) and hybrid models (b). The 3D physiological (c) and hybrid
(d) models.

IV. CONCLUSION

Fig. 2 Variation of LAA volumes, centerlines length and shape during
cardiac cycle for the four morphologies.

Table 1 reports the variation ranges for three of the extracted
morphological parameters, i.e. the ostium area, the LAA
length and the LAA volume.
TABLE I
LAA GEOMETRICAL PARAMETERS
Ostium Area (%)

LAA Volume (%)

The comparison between the simulations results obtained
by the two different approaches, i.e. hybrid and patientspecific atrium, shows how the LAA hemodynamics is highly
dependent on LA morphology, in particular on the number
and angles of PVs with respect to the ostium plane. From the
correlation between hemodynamic parameters and
morphological indexes it is possible to conclude that CF and
CC typologies are the most critic LAA conformation for the
thrombotic events.
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Abstract— In this work, preliminary design and experimental
evaluation of a novel right ventricular assist device were made.
Five impellers and volutes were designed, and 3D printed. All the
prototypes were tested to obtain their characteristic H-Q curve.
Moreover, CFD simulations were performed on the geometry of
the prototype showing the best performances to obtain other
information. Based on these results, the prototype was further
improved. Finally, the device was inserted in a hybrid simulator
able to reproduce several pathological conditions. The RVAD
prototype was tested in three different configurations (continuous
flow, pulsatile flow in phase and counter-phase with the heart).
According to the experimental results obtained from the hybrid
simulator, the selected prototype provides adequate support in all
the three tested configurations.
Keywords—Right Ventricle, VAD, RVAD, Failing Heart.
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I. INTRODUCTION

EART failure is a condition that affects worldwide 26
million people [1], and different treatment options are
available. This pathological state affects mainly the left
ventricle since it has to work at a higher-pressure level (Figure
1). Most of the implantable blood pumps can support the
function of the failing left ventricle, but they often also cause
secondary right heart failure.
In this project, we prototyped a ventricular assist device
specific for the right ventricle (RVAD).

rate and pressure head required by an RVAD. Different design
methods of the impeller were used for all the other prototypes.
The prototype 5 represents an improvement in terms of
theoretical approach and coupling with the volute, which was
designed with the same method. Experimental and
computational methods were used for the evaluation of the
prototypes.
All the five prototypes have been tested in a closed loop in a
continuous flow to obtain, for each of them, their characteristic
H-Q curve and understand which one has the best hydraulic
outcome in terms of target values of pressure head and flow
rate. The results obtained from these tests allow identifying the
best prototype for the application, according to the best
efficiency point (pressure drops equal to15 mmHg, flow rate
equal to10 l/min and speed equal to 2500 rpm).
CFD simulations were performed using ANSYS package
(ANSYS, Inc., Canonsburg, Pennsylvania, US) only on the
prototype showing the best experimental performance to
analyse the fluid field. The results obtained from the
computational simulations were used to obtain other
information as static and total pressures, turbulent kinetic
energy, velocity magnitude and the shear stress.

Figure 2 Impeller and volute of the designed prototypes

Figure 1 Left ventricle pressure (up) and right ventricle pressure (bottom)

II. METHOD
Based on classical pump theory, five impellers and volutes
were designed in Solidworks (Dassault Systemes SolidWorks
Corporation, Waltham, Massachusetts, US) and
manufactured using a 3D printer (Figure 2). The first prototype
has a radial-type impeller that has been replaced with a mixedtype impeller in all the following prototypes because a mixedone seems to be more suitable to suit the target values of flow

Finally, the device was inserted in a hybrid simulator, a
novel mock circulation for the evaluation of ventricular assist
devices, which is based on a hardware-in-the-loop concept [2].
A numerical model of the human blood circulation runs in real
time and computes instantaneous pressure, volume, and flow
rate values. The VAD to be tested is connected to a numericalhydraulic interface, which allows the interaction between the
VAD and the numerical model of the circulation. The
numerical-hydraulic interface consists of two pressure
controlled reservoirs, which apply the computed pressure
values from the model to the VAD, and a flow probe to feed
the resulting VAD flow rate back to the model. Experimental
results are provided to show the proper interaction between a
numerical model of the circulation and a mixed-flow blood
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pump. Different parameters were modified in the numerical
model to simulate both physiological and pathological
condition (e.g. pulmonary hypertension, right heart failure,
etc.). The RVAD prototype was tested in three different
configurations: A) continuous flow, B) pulsatile flow in phase
with the heart (copulsation) and C) pulsatile flow in counterphase (counterpulsation). These tests were done by imposing
to the motor of the VAD a constant voltage, a sinusoidal
waveform in phase and counter-phase with the heartbeat,
respectively.
III. RESULTS
All the designed prototypes were tested in a single loop at
different rotational speeds and different downstream
resistances. For each of them, the characteristic H-Q
characterisation of the pump was obtained; in particular, the
comparison among the curves of all the prototypes obtained at
2500 rpm, is shown in Figure 3. The experimental pump
performance curves are close to the theoretical ones. They are
different from typical left VADs and more suitable for right
heart support due to the lower pressure generation at similar
flow rates.
Figure 5: Stroke work and pulmonary resistance variation at different
support modality (continuous flow, co-pulsation and counter-pulsation) using
the prototype, which shows the best performance in the preliminary tests.

IV. CONCLUSION
We successfully designed a working prototype of a right
ventricular assist device and demonstrated that it could deliver
hemodynamic support for a failing right heart. In particular,
the pulsatile flow seems to be the best choice for the support
of the patient. However, the power consumption is probably
higher than the continuous flow so further studies should be
done to improve the design evaluate if the benefits given by
pulsatility justify this higher energetic consumption.
Figure 3: H-Q curves of the four prototypes 3D printed.

ACKNOWLEDGEMENT

The CFD simulations allow identifying some critical
geometrical zone (Figure 4). According to the experimental
results obtained from the hybrid simulator (cardiac output,
mean pulmonary pressure and pulse pressure), prototype 5
provides adequate support in all the three tested configurations
(Figure 5).

This work was supported by the Fondazione per la ricerca
sulla trasfusione e sui trapianti (Lugano, CH).
REFERENCES
[1]
[2]
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Abstract—Although arterio-venous grafts (AVGs) are the
second best option as permanent vascular access for
hemodialysis, this solution is still affected by a relevant failure
rate associated with neointimal hyperplasia (IH), mainly located
at the venous anastomosis, where abnormal hemodynamics
occurs. In this study we use computational fluid dynamics
(CFD) to investigate the impact of six innovative AVG designs
on reducing the IH risk at the distal anastomosis in AVGs.
Findings from simulations clearly show that using a helicalshaped flow divider located in the venous side of the graft could
assure a reduced hemodynamic risk of failure at the distal
anastomosis, with a clinically irrelevant increase in pressure
drop over the graft.
Keywords—AVG, hemodialysis, helical flow, neointimal
hyperplasia.

P

I. INTRODUCTION

ATIENT affected by end stage renal disease (ESRD) are
in need of a permanent vascular access, assuring an
effective hemodialysis treatment [1]. In hemodialysis, when
arterio-venous fistula placement is not possible (e.g., in
elderly or diabetics) AVG represents the second-best option.
Technically, an AVG approach is based on a synthetic graft
surgically connecting an artery with a vein, usually in the arm
[1]. Unfortunately, the clinical use of the AVG is still
affected by a not negligible failure rate, and is markedly
associated with thrombus formation in the graft and
progressive IH, mainly at the venous anastomosis [1][2].
Abnormal hemodynamics has been proposed as a primary
promoter of IH at the distal vein [2], where the luminal
surface experiences low and oscillatory wall shear stress
(WSS). Evidences of a hemodynamic risk of failure has
stimulated the hemodynamic optimization of AVG design. In
particular, the documented physiological significance of
helical flow in main arteries [3]-[6] has led to rethink AVGs
in terms of helical blood flow induction, attempt an
improvement of their performance [7][8]. Findings from
previous studies reported that: (1) the use of helical-shaped
grafts reduces IH risk, with respect to conventional straight
grafts [7]; (2) the helical flow intensity at the distal
anastomosis of AVG depends on helix turns number or
amplitude of helical-shaped graft [8]. However, the beneficial
effect of helical-shaped grafts could be affected by an in vivo
deformation of the helical geometry, a problem still open
because of the superficial implantation of these devices.
Here we adopted CFD to characterize the hemodynamic
performance of six innovative AVG designs in a closed-loop
configuration, aiming at preserving/improving the beneficial
impact of helical flow in reducing the IH risk at the distal

anastomosis in AVGs.
II. MATERIALS AND METHODS
Eight different idealized 3D graft models connecting an
artery and a vein in a closed-loop configuration were created
in Solidworks (Fig.1). Two of them reproduce the design of
coonventional AVGs (i.e., the straight conventional graft - SAVG, and the the SwirlGraft™ - H-AVG), and used as
reference standard. The other six models presented an
innovative design. More in detail, the section of the grafts
was divided into three equal parts by positioning a flow
divider (FD), as shown in Fig.1. For three of the six models,
named as linear flow divider (LFD) models, the FD was not
rotated along the centerline of the graft, while in the other
three models, named as helical flow divider (HFD) models,
the FD is rotated while translated along the graft section,
describing three helically shaped segments around the graft
centerline. Three alternative AV design were considered both
for the LFD and HFD solution, as shown in Fig.1.

Figure 1. Investigated AV graft models. Green and red markers indicate
the proximal and the distal end of the graft segment equipped with the FD,
respectively. The two types of FD positioning are also shown (bottom panel).

The Navier-Stokes equations were numerically solved
using the finite volume-based CFD code Fluent on
discretized AVG fluid domains, with tetrahedral elements in
the lumen region, and high-quality prismatic elements in the
near wall region. The same scheme already proposed
elsewhere was applied to define conditions at boundaries [8].
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Hemodynamic Descriptors
WSS-based descriptors of ‘disturbed flow’ was used to
analyse near-wall hemodynamics (Table I): time-averaged
wall shear stress (TAWSS), oscillatory shear index (OSI),
and relative residence time (RRT). The analysis was focused
at the region of interest (ROI) at the venous anastomosis.
Data from all cases were combined to define objective
thresholds for ‘disturbed flow’: the upper (lower) 20th
percentile was identified for OSI and RRT (TAWSS) [5]. For
each model, the percentage of ROI surface area (SA) exposed
to OSI and RRT values higher (lower for TAWSS) than the
defined thresholds was quantified and respectively labeled as
OSI80, RRT80, and TAWSS20. To compare all eight cases,
the percentage difference in the mean value of each WSSbased descriptor at the ROI with respect to the conventional
models was quantified. Intravascular hemodynamics was
investigated in terms of cycle-average helicity intensity (h2 in
Table I) [3], recognized to reduce the hemodynamic risk of
failure in AVGs [7][8]. Additionally, the potential thrombus
formation risk in the graft was quantified in terms of volume
of recirculating flow (VolRec) [4], in order to analyse the risk
of blood clotting in the graft commonly associated with
commercial devices.
TABLE I
NEAR-WALL AND INTRAVASCULAR HEMODYNAMIC DESCRIPTORS
1
TAWSS
|𝐖𝐒𝐒| 𝑑𝑡
TAWSS =
𝑇
OSI

OSI = 0.5 1 −

RRT

RRT =

h2

ℎ =

Figure 2. Percentage difference in mean values of WSS-based descriptors
at ROI compared to: top) S-AVG model; bottom) H-AVG model. Beneficial
effects are green-coloured; detrimental effects are orange-coloured.
TABLE II
NORMALIZED VOLUME OF RECIRCULATING FLOW AT THE GRAFT SEGMENT
S-AVG H-AVG LFD-1 LFD-2 LFD-3 HFD-1 HFD-2 HFD-3
0.41% 0.82% 0.29% 0.32% 0.37% 0.28% 0.31% 0.52%

∫ 𝐖𝐒𝐒 𝑑𝑡
∫ |𝐖𝐒𝐒| 𝑑𝑡

IV. CONCLUSION

1

These findings confirm that designing AVG as helical
blood flow inducer could reduce the hemodynamic-based IH
risk at the venous anastomosis of AVGs, without markedly
increasing pressure drop and the risk of thrombus formation.

1
𝐖𝐒𝐒 𝑑𝑡
𝑇 ∫

1
𝑇𝑉

energetics of blood flowing in the graft. In particular, case
HFD-3 exhibits an increase in pressure drop of 3.8 mmHg
and 2.0 mmHg than S-AVG and H-AVG, respectively.

|𝐯 ⋅ 𝛚| 𝑑𝑉 𝑑𝑡

WSS is the WSS vector; T is the period of the cardiac cycle; V is the
model volume; v is the velocity vector; ω is the vorticity vector.
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Abstract— In this study, the impact of velocity inflow profiles
shape on computational hemodynamic models of coronary
arteries was investigated. To this purpose, 3D realistic velocity
profiles were generated analytically and prescribed as inflow
boundary condition and the impact on near-wall and
intravascular flow was assessed. The results suggest that the
impact of the shape of inflow velocity profiles on simulated
coronary hemodynamics is limited to the proximal segment, while
the global hemodynamics is poorly affected.
Keywords—
Coronary
Arteries,
Computational
hemodynamics, Wall Shear Stress, Helical Flow

were solved under steady-state conditions by using
SimVascular, an open-source code based on finite elements
method [5].
Walls were assumed as rigid with no-slip boundary
condition. Blood was modelled as an incompressible,
Newtonian fluid (density = 1060 kg/m3, dynamic viscosity =
0.004 Pa∙s). Since in vivo measured hemodynamic data were
not available, the inlet flow rate and flow split at bifurcations
were estimated based upon the hydraulic diameters of inflow
and outflow sections as proposed elsewhere [6].

I. INTRODUCTION

B. Analytical velocity profiles
The estimated flow rate was prescribed at the inflow
boundary in terms of velocity profile. In general, velocity
profiles have a through-plane (TP) and an in-plane (IP)
component. The TP component was prescribed using a
generalized form of parabolic velocity profile, adapted to noncircular cross-sections:
𝒗 (𝑎, 𝜗) = {[1 − 𝑎 ] + 𝑘𝑎[𝑎 − 1] 𝑐𝑜𝑠(𝜗)}𝒖
(1)
where a is the radial coordinate normalized with respect to
surface radius, 𝜗 is the angular coordinate, k is a coefficient
regulating the location of the peak velocity value, and 𝒖 is the
unit vector normal to inlet surface.
The IP velocity component was prescribed in terms of two
counter rotating vortices by generalizing the analytical
solution of steady flow in a curved pipe [7]:
𝒗 (𝑎, 𝜗) = [1 − 𝑎 ] [4 − 𝑎 ] 𝑠𝑖𝑛(𝜗) 𝒖
(2)
𝒗 (𝑎, 𝜗) = [1 − 𝑎 ][4 − 23𝑎 + 7𝑎 ] 𝑐𝑜𝑠(𝜗) 𝒖 (3)
where 𝒖 and 𝒖 are the unit vectors in radial and angular
direction, respectively. Here, four different profiles were
generated and tested as inflow boundary condition as
summarized and displayed in Figure 1.

C

ORONARY arteries are among the most clinically
significant arteries of the human body, and the role of
hemodynamics on atherosclerosis initiation and progression is
well recognized [1]. In this regard, computational fluid
dynamics (CFD) has emerged in recent years as a powerful
tool for the exploration of hemodynamics inside coronary
arteries, with potential application to diagnostics [2].
However, the paucity of in vivo blood velocity data could
introduce uncertainties that could weaken the findings of in
silico studies. In particular, most studies on coronary
hemodynamics prescribe idealized (flat, or parabolic) velocity
profiles as inflow boundary conditions. This level of
idealization clashes with the eccentric shaped velocity profiles
with a not negligible presence of in-plane velocity components
observed both in vitro and in silico in the left coronary artery
[1,3,4], as a consequence of the presence of bifurcations,
branching and geometric complexity. Here, we contribute to
define the budget of uncertainty associated with idealizations
introduced in computational hemodynamic models of the
coronary circulation. In particular, the impact of the shape of
velocity profiles applied as inflow boundary condition was
investigated with regards to near-wall and intravascular
coronary hemodynamics. To this end, physically meaningful
3D velocity profiles were generated analytically and applied
as inflow boundary conditions in a realistic model of left
anterior descending (LAD) coronary artery.
II. METHODS
A. Computational hemodynamics
A patient-specific model of LAD was reconstructed from
two angiographic projections, acquired at Città Della Salute e
della Scienza (Turin, Italy), using the commercial software
QAngio XA bifurcation (Medis medical imaging systems,
Leiden, the Netherlands). After discretization of the
reconstructed 3D geometry (mesh cardinality= 3,281,383
tetrahedral elements), the governing equations of fluid motion

Figure 1. Velocity profiles prescribed as inflow boundary conditions with
description of through-plane and in-plane components of velocity. Throughplane (TP) component is represented by the colour map, while in-plane (IP)
component was shown in terms of scaled vectors.

Profile I in Figure 1, i.e. the generalized parabolic profile
with peak velocity value located on the axis of the vessel, was
here considered as the reference condition for comparisons.
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C. Hemodynamics descriptors
The influence of the inflow boundary condition on near wall
hemodynamics was investigated in terms of wall shear stress
magnitude (|WSS|).
Motivated by the recently suggested physiological relevance
of helical flow in coronary arteries [4], intravascular flow was
inspected through the visualization of Local Normalized
Helicity (LNH) isosurfaces, computing the local mutual
orientation between velocity (v) and vorticity (w) vectors, and
quantified using two helicity-based descriptors proposed
elsewhere [8] in the volume V:
ℎ = ∫ |𝒗 ∙ 𝒘| 𝑑𝑉
(4)
ℎ =

∫ 𝒗∙𝒘

It can be noticed that the shape of the helical flow patterns
is influenced by the shape of the inflow velocity profile only
in the proximal segment. This observation is quantitatively
confirmed by values of helical flow-based descriptors,
reported in Table I. With respect to profile I, the highest
difference in the helicity based descriptors was found for
profile IV, both for proximal segment (264.8% and 65.2% for
ℎ and ℎ respectively) and globally (7.1% and 7.2% for ℎ
and ℎ respectively).
TABLE I

-0.276

0.040

Profile II

6.654

2.838

-0.262

0.027

Profile III

6.388

1.399

-0.270

0.103

Profile IV

6.724

3.245

-0.256

0.067

Profiles

(5)

∫ |𝒗∙𝒘|

Profile I

𝒉𝑻𝒐𝒕𝒂𝒍
𝟐
(m/s2)
6.280

where ℎ represents the average helicity intensity and ℎ the
signed balance of counter-rotating helical flow structures [8].

𝒉𝑷𝒓𝒐𝒙𝒊𝒎𝒂𝒍
𝟐
(m/s2)
0.890

𝒉𝑻𝒐𝒕𝒂𝒍
𝟑

𝒉𝑷𝒓𝒐𝒙𝒊𝒎𝒂𝒍
𝟑

Helical flow-based descriptors computed over total model and proximal
tract for the four velocity profiles tested as inflow boundary condition.

III. RESULTS
A. Wall shear stress
The distribution of |WSS| at luminal surface is reported in
Figure 1. It can be observed that impact of the inflow velocity
profile shape is limited to the segment proximal to the inlet
section. Conversely, the distal segment presents |WSS| patterns
more independent of prescribed inflow velocity profile as
differences are negligible across the four investigated profiles.

Figure 2. Distribution of |WSS| values at the luminal surface for the four
different velocity profiles analysed.

Quantitatively, |WSS| averaged values over the whole
luminal surface present differences from the reference profile
lower than 1.0% (maximum for profile IV). Focusing on the
region proximal to the inlet section (i.e. between inlet and first
side branch) the highest difference was observed for the profile
IV (6.2%).
B. Helical flow
Figure 3 shows that distinguishable counter-rotating helical
flow patterns develop in the LAD, as highlighted by LNH
isosurfaces.

IV. CONCLUSION
In this exploratory study, we investigated the impact of 3D
velocity profiles used as inflow boundary conditions in
computational hemodynamic models of coronary arteries. Our
findings for the LAD suggest that the imposition of realistic
3D velocity profiles at the inflow section influence the LAD
segment proximal to the inflow section of the model. In
particular, our results suggest that a combination of features
like eccentricity and secondary flows in the inflow velocity
profile could impact flow patterns. However, considering the
exploratory nature of the study, further analysis (e.g. unsteadystate simulations, other analytical formulations of velocity
profiles) will be necessary to definitively assert that a 3D
velocity profile does not globally influence patient-specific
coronary artery hemodynamics simulations. The possibility to
use idealized models instead of in vivo measured data would
improve and simplify the use of computational hemodynamics
as diagnostic tool applied to coronary arteries.
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Abstract — Left atrial appendage (LAA) is the most common
site of thrombus formation for patients affected by non-valvular
atrial fibrillation. Oral anticoagulation is the standard
treatment for stroke prevention. Nevertheless, this therapy is
often underused and some important limitations, as bleeding
risk, still be present. Percutaneous closure of LAA is an
appealing alternative when long-term anticoagulant therapy is
unsuitable. However, the huge variability of LAA anatomies and
of the commercially available devices make the pre-operative
planning challenging. In this scenario, in-silico models may
significantly improve the implant outcome both helping the
clinicians during the device selection and supporting the
training process. The aim of this work is to build a numerical
model of a commercially available device based on geometrical
data and experimental tests. Moreover, a deployment simulation
in an idealized geometry was performed. A strong influence of
the implant process on the final configuration was observed,
underlining the need for careful evaluation during the preoperative phase.
Keywords—Atrial fibrillation, left atrial appendage, stroke
prevention, Watchman.

were carried out only for Watchman. This prosthesis is the
only commercialized in the USA [6].
The pre-operative planning is challenged by the huge
variability of the LAA anatomies and the complex and
various designs of the commercially available devices. Insilico patient-specific models could considerably improve the
interventional outcome helping clinicians during the
preoperative planning and supporting the training process.
Nevertheless, no documentation on the numerical modelling
of these devices has yet been proposed in the literature. The
aim of this study is to present a building process of a finite
element model of the Watchman device, based on
experimental data.
TABLE I
COMMERCIALLY AVAILABLE DEVICES
Manufacturer
Boston Scientific
Corporation
Abbott Vascular,
formerly St. Jude
Medical
Abbott Vascular,
formerly St. Jude
Medical
Biosense Webster, Inc.,
a Johnson & Johnson
company
Lifetech Scientific Co.,
Ltd.

CE Mark (2005);
FDA (2015)

Ultraseal

Carida, Inc.

CE Mark (2016)

Lariat

SentreHeart, Inc.

CE Mark (2015);
FDA 510(k) (2006),
Surgical use only

Watchman

I. INTRODUCTION

Amplatzer
Cardiac Plug

N

ON-VALVULAR

atrial fibrillation is a very common
disorder, and its incidence is still growing. In 2010 the
adults affected by this type of arrhythmia were more than 33
million worldwide [1]. It was estimated that in the European
Union 8.8 million adults suffer from AF and that this number
will more than double from 2010 to 2060 [2]. This pathology
significantly increases the risk of strokes and consequently
the risk of morbidity and mortality [3]. Oral anticoagulant
(OAC) and direct oral anticoagulant (DOAC) are the standard
treatment for stroke prevention. However, underuse of
anticoagulation therapies is still common and some
limitations, as bleeding risk, may prevent a wider application
[4]. Left atrial appendage (LAA) is the most common site of
thrombus formation due to blood stagnation [5].
Percutaneous closure procedures of LAA could be a
promising alternative, especially for patients unsuitable for
long-term anticoagulant therapy. Two possible approaches
have been proposed: endocardial and epicardial. The first one
consists of the delivery of an intravascular self-expanding
device in order to isolate the LAA, while the second one
adopts an external ligation system. The epicardial approach is
particularly interesting when no anticoagulant can be used or
not suitable for endocardial implantation [6].
Table 1 shows the currently commercially available devices.
All the illustrated prostheses are based on an endocardial
approach apart from Lariat. Until now, randomized trials

Approval

Amplatzer
Amulet
Wavecrest
LAmbre

CE Mark (2008)

CE Mark (2013)

CE Mark (2013)
CE Mark (2016)
CFDA (2017)

The commercially available devices are reported. All the illustrated
prostheses are based on an endocardial approach apart from Lariat. This
technology was approved by FDA only for surgical soft tissue
approximation, not for stroke prevention. Watchman is the only endocardial
device currently commercialized in USA.

II. MATERIAL AND METHODS
A Watchman specimen (Figure I) has been numerically
replicated. The work-flow can be subdivided into three steps:
- geometries reconstruction;
- setting of the material parameters;
- implant in a simplified geometry.
A. Geometries reconstruction
The Watchman geometry was replicated starting from CT
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images and a few direct geometric measurements.
The
software
Mimics
(Materialise,
Leuven,
Belgium) was used to obtain the centrelines of the struts.
Subsequently, the results were imported and processed in
Solidworks (Dassault Systèmes, Vélizy-Villacoublay,
France) here the struts were rebuilt using the sweep extrusion
option.

C. Implant in a simplified geometry
Finally, the implant of the device in an idealized geometry
was simulated. The simulation was repeated considering
different initial positions of the delivery system. Moreover,
the stability of the device was evaluated with a pull-out test.
III. RESULTS
The stress distribution on the LAA wall and on the nitinol
struts have been observed. Furthermore, the stability of the
device and the closure of the appendage were evaluated. It
was found out that the implant procedure, more precisely the
delivery position, strongly influences the outcome of the
intervention.
IV. CONCLUSION

FIGURE I
Picture of the Watchman specimen used for the numerical model generation.

B. Material parameters
The considered device is composed of a self-expanding
nitinol structure on which a permeable fabric is sutured.
Nickel-titanium has pseudo-elastic behaviour, due to the
coexistence of two solid phases (austenite and martensite),
above a specific temperature value (Af): it allows nitinol
structures to elastically recover their original shape even if
large deformations are applied. This property allows the
device to be crimped, inserted into a catheter and implanted
in a minimally invasive way.
The stress-strain relation, shown in Figure II, is
characterized by many variables. As a first assumption, the
material parameters were derived from literature data. Then,
the initial values were optimized in order to match numerical
predictions with the results of simple experimental tests.

During the last years, the interest in LAA occlusion
systems has been rapidly increasing. These devices have
proven to be an appealing alternative to anticoagulation
therapy, making it possible to treat subjects unsuitable for
OAC or DOAC supply.
Given the complexity of the anatomical district and the
differences among the commercially available endoprostheses, in-silico models, integrated with in-vitro tests,
could significantly improve the operative outcome. In this
work the building process of a Watchman specimen was
presented. Further test are needed to validate the obtained
final model. Moreover, this approach needs to be extended to
different geometry and to the patient-specific case.
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FIGURE II
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the figure indicate the start and the end point of the upper and lower
transformation plateau.
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AN AGENT-BASED MODEL OF ATHEROSCLEROTIC PLAQUE
DEVELOPMENT: TOWARD A FULL COUPLING WITH A
COMPUTATIONAL FLUID DYNAMICS MODEL
Anna Corti
LaBS, Dept. of Chemistry, Materials and Chemical Engineering “Giulio Natta”, Politecnico di Milano, Italy
remodeling and preserved lumen patency, a substantial
stenosis developed at plane 9 as a consequence of an
asymmetric intimal thickening with plaque formation.

Introduction
Atherosclerosis is an inflammatory disorder of the
arterial wall that leads to lumen stenosis due to the
formation of a lipid-rich plaque, mainly localized at
regions of blood flow recirculation or stasis [1]. At these
sites, a low and/or oscillatory wall shear stress (WSS)
modulates cellular dynamics and promotes lipid
infiltration in the intima, may causing plaque formation.
In the present work, computational fluid dynamics
(CFD) simulations were coupled with an agent-based
model (ABM) of cell dynamics to capture the process of
hemodynamic-driven arterial wall remodeling in
atherosclerosis.

Methods
A multiscale CFD-ABM framework was implemented
to replicate atherosclerotic plaque formation in areas of
disturbed flow.
Starting from a 3D model of healthy artery, a mesh of
the lumen wall is generated and a steady-state CFD
simulation is run to compute the average hemodynamics
in a heartbeat. WSS are then extracted at selected crosssectional planes. For each cross-section, a 2D ABM is
implemented and, being initialized with the
corresponding WSS profile, it simulates arterial wall
remodeling by computing cell mitosis and apoptosis,
extracellular matrix (ECM) synthesis and degradation
and lipid accumulation in the intima. To replicate cell,
ECM and lipid dynamics, each agent is associated with
a probabilistic behavioral rule and Monte Carlo method
is adopted to capture the intrinsic randomness of
biological systems. In presence of at least one luminal
site exposed to WSS < 1 Pa, the process of plaque
formation is promoted in the corresponding ABM crosssection [2]. On the contrary, in sections entirely exposed
to WSS > 1 Pa, a physiologic arterial wall remodeling is
simulated. In order to update the hemodynamics,
accounting for the geometrical changes, the ABM
simulations are stopped after a suitable time-period and
a new 3D geometry is generated from the ABM outputs.
The aforementioned steps are then cyclically repeated.
The fully coupled framework was applied to an
idealized 3D model of healthy superficial femoral artery
(SFA) by selecting 10 planes for the ABM analyses.

Figure 1: Example of results of the CFD-ABM
framework.

Discussion and conclusion
A fully coupled CFD-ABM framework was developed
and, applied to a simplified 3D model of SFA, predicted
atherosclerotic plaque formation in areas downstream
the geometrical curves, where a disturbed fluiddynamics is appreciable. Moreover, in these regions, the
ABM outputs qualitatively replicated the morphological
and compositional changes characterizing the
atherosclerotic condition, namely a focal intimal
hyperplasia and the formation of a lipid core, while
maintaining unaltered media and adventitia layer.
In conclusion, thanks to its modularity, the present
framework constitutes a solid basis for the
implementation of further processes, such as an
intervention procedure or a pharmacological treatment,
providing a scenario to predict the clinical outcome.
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Figure 1 shows some relevant results of the CFD-ABM
framework applied to the model of SFA. Coherently
with the corresponding hemodynamic condition, while
plane 1 underwent a physiologic arterial wall
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DESIGN AND TESTING OF A MICROFLUIDIC CHANNEL TO ASSESS
SINGLE CELL DEFORMATION IN HOMOGENEOUS EXTENSIONAL FLOW
Valeria Galli
Politecnico di Milano, Milan, Italy

Introduction

Results and discussion

The mechanical properties of cells are being extensively
studied as promising label-free biomarkers for malaria
[1], malignancy detection [2][3], stem cell potency [4]
and other clinical applications [2]. The aim of this work
was to design a microfluidic device to measure cell
deformation in a contactless fashion – solely using fluid
forces – and in realistic flow conditions, imparting a
mixture of shear and extension (in contrast to previous
works employing just one exclusively). The hyperbolic
shape was chosen for this purpose and common
geometries in deformability cytometry (cross [6] and
straight [7]) were used for sake of comparison.

The deformation was found to increase with flow rate;
the effect of fixation and softening was clearly
detectable (Fig. 1d) and the measured deformation was
comparable to previous works in literature [8][9]. The
channel geometry played a significant role: reducing the
width and increasing the length of hyperbolic channels
resulted in combined enhancement of shear and
extension and, consequently, higher deformation as
compared to extension and shear alone (cross and
straight channel respectively) confirming the goodness
of this configuration to combine both and exert larger
fluid forces (Fig. 2).

Methods
PDMS channels were fabricated via standard soft
lithography six different hyperbolic geometries were
obtained varying the length and width at contraction
(Lc , wc as in Fig. 1b). Commercialized cell lines (HL60,
cells
Jurkat) were expanded to ~106
, centrifugated and
ml
resuspended in a dense, viscous buffer (PBS +
Methylcellulose). Cell suspensions injected at
increasing flow rates were observed in bright field
microscopy with a high-speed camera recording (t exp =
1μs, 10’000 fps); images were processed offline (Fig.
1a) and deformation was calculated from the detected
geometry (Fig. 1b). Cells were also treated with
stiffening (formalin 4%) and softening agents (cytoD).

Figure 2: Experimental deformation (columns) and velocity
derivatives from simulations (points) in all the channels
(shown at the bottom) for the maximum flow rate.

This work provides a simple and fast way to probe cell
stiffness with minimum bias (label free, contactless),
high throughput (~1000 cells/s) and good image quality.
Upon further automation of the postprocessing, we
envision the presented platform to serve as valuable tool
for deformation assays of clinical samples (such as
biopsies from cancer patients).
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CFD simulations were run to investigate the profile of
velocity and its derivatives (extensional and shear rates)
along the centerline: notably the hyperbolic geometry
allowed for a constant extensional rate (linear increase
in velocity, Fig 1e).
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Introduction

and p-value=0.006, respectively) were found for
C57Bl/6 mice.

In recent years, nanoindentation has emerged as a
powerful technique to measure the local mechanical
properties of bone [1] and other biomaterials [2-3]. The
main goal of this work was to develop a procedure to
perform nanoindentation tests on different bone
structures to study the elastic and inelastic properties.

Methods

Figure 2: Mean values of Er from the indentations performed
on the cortical (blue) and trabecular (orange) bone for the
two mouse strains split for the different sections.

Four left tibiae were collected from mice of two strains
(n=2 from C57BL/6 and n=2 from Balb/C). After
dehydration, embedding and polishing of the specimens,
nanoindentations were performed on cortical and
trabecular bone, on three different sections (Proximal,
Central or Distal) and four different sectors (Anterior,
Posterior, Medial and Lateral). One OI human bone
specimen was obtained from the upper limb and
nanoindentations were performed on four sections and
two regions. In total 530 indentations (for the mouse
bone) and 192 indentations (for the OI human bone)
were performed up to a maximum load of 6mN.
Reduced modulus (Er, which represents the elastic
behaviour of the tissue) and hardness (H, which is a
measure of the resistance to plastic deformation) were
computed for each indentation.

For the OI specimen significant statistical differences
were found in Er and H between the sections (pvalue<0.001) and the regions (p-value<0.001) with Er
ranging from 8.11 ± 4.43 GPa to 15.75 ± 3.36 GPa and
H ranging from 0.38 ± 0.20 GPa to 0.59 ± 0.15 GPa.

Discussion
The mouse bone seems to be affected mainly by its
position along the tibia. The lower mechanical
properties at the proximal end may be due to the fact that
it is closer to the growth plate, where the tissue is
younger and less mineralised. The mechanical
properties showed high heterogeneity across the OI
specimen. A possible explanation could be due to
differences in local porosity, mineral arrangements and
collagen properties. Further analyses on chemical
composition, collagen/mineral ratio and collagen quality
need to be performed to better explain the high
variability. In conclusion, a new protocol to characterize
the heterogeneous properties of the mouse tibia and of
the OI human bone specimens has been developed and
is now used in different preclinical and clinical
assessment of the bone material properties due to
diseases and interventions.

Figure 1: Scheme of the four indentation groups on the mouse
cortical bone.

Results
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