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Summary

Valvular heart disease is characterized by damage to or a defect in one of the
four heart valves: the mitral, aortic, tricuspid or pulmonary. Patients with a
malfunctioning valve often must undergo a valve replacement surgery. Pros-
thetic heart valves deployed in the left heart (aortic and mitral) are subjected to
harsh hemodynamical conditions causing durability concerns in existing pros-
theses. Therefore, self-healing tissue-engineered valvular prostheses that can
replace damaged native valves are in development as an alternative to available
prostheses. Most of the tissue engineered heart valves have been developed for
the low-pressure pulmonary position because of the difficulties in fabricating
a mechanically strong valve which is able to withstand the higher loads of the
systemic circulation of left heart. Ergo, engineered soft tissues can greatly
benefit from reinforcements to attain mechanical properties comparable with
that of the native organs. Complex interactions at various levels between the
reinforcements and engineered tissue make the selection of the most optimized
reinforcing scaffold difficult and subject to an enormous amount of experimen-
tal evaluation. Also, to better design these implants, material behaviour of
the composite, valve kinematics and its hemodynamical response need to be
evaluated.
Experimental assessment can be immensely time consuming and expensive,

paving way for numerical studies. Hence, to reduce the extent of prototyping,
it is prudent to develop a simulation-based development approach. In the
presented example of valvular prostheses (aortic valve) which are textile-tissue
composites, we test a simulation approach based on multi-scale modelling,
often used for evaluating/predicting the behaviour of composites. The current
study seeks to predict the behaviour of textile reinforced artificial heart valves
along with its hemodynamical behaviour. The complex textile structure was
divided into simplified models at different scales. Virtual experiments were
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conducted on each of these models and their response was fitted by appropriate
isotropic and anisotropic hyperelastic material models. The textile response
was then used in a macro scale heart valve model, which was subjected to
dynamic cardiac loading in a pure mechanical (finite element method - FEM)
and multi-physics fluid structure interaction (FSI) simulation. An in-silico
immersed boundary (IB) fluid structure interaction (FSI) simulation emulating
the in-vitro experiment was set-up to evaluate and compare the geometric
orifice area and flow rate for one beat cycle.
Results from the in-silico FEM & FSI simulation were found to be in good

coherence with the in-vitro test during the systolic phase, while deviating
slightly in the FSI study during the diastolic phase of a beat cycle. Overall
the modelling technique provided a good correlation with experimental results,
laying the pathway to further study the complex interaction between the en-
gineered tissue and their reinforcing scaffolds. This method can further form
the basis for evaluating the mechanical bio-compatibility of scaffolds and their
interaction with engineered tissues at various scales and levels.



Zusammenfassung

Ein Therapieverfahren bei degenerativen Herzklappenerkrankungen ist der
chirurgische Ersatz der betroffenen Klappe durch eine Prothese. Da bei den
bestehenden Prothesen Probleme bezüglich der Haltbarkeit auftreten können,
werden als Alternative selbstheilende, gewebegefertigte Herzklappenprothe-
sen entwickelt, die beschädigte native Herzklappen ersetzen können. Zurzeit
konzentriert sich die Entwicklung dieser Klappen auf die rechte Herzseite
(Pulmonal- und Trikuspidalklappe), da hier geringere hämodynamischen Be-
lastungen herrschen. Der Vorteil dieser Art von Klappengewebe ist, dass durch
Gewebeverstärkungen mechanische Eigenschaften erreichbar sind, die mit de-
nen der natürlichen Klappe vergleichbar sind. Allerdings machen komplexe
Wechselwirkungen auf verschiedenen Ebenen zwischen den Verstärkungen
und dem konstruierten Gewebe die Auswahl des am besten optimierten Be-
wehrungsgerüsts schwierig. Um diese Implantate besser zu gestalten, müssen
auch das Materialverhalten des Verbundes, die Ventilkinematik und die hämo-
dynamischeReaktion bewertet werden. Da die experimentelle Testung sehr auf-
wändig ist, werden bei der Entwicklung dieser gewebegefertigten Herzklappen
Computersimulationen genutzt um den Entwicklungsprozess zu unterstützen.
Inhalt der vorliegenden Arbeit ist die Simulation einer Aortenklappenprothe-

se bestehend aus einem Textil-Gewebe-Verbundwerkstoff mithilfe eines neu-
en Simulationsansatzes. Dieser basiert auf der Grundlage einer mehrskaligen
Modellierung, die häufig zur Bewertung und Vorhersage des Verhaltens von
Verbundwerkstoffen verwendet wird. Ziel der Arbeit war es das Verhalten
von textilverstärkten künstlichen Herzklappen zusammen mit ihrem hämody-
namischen Verhalten vorherzusagen. Die komplexe textile Struktur wurde in
vereinfachte Modelle mit verschiedenen Maßstäben unterteilt (Faser, Gewe-
be, Klappensegel). An jedem dieser Modelle wurden virtuelle Experimente
durchgeführt und ihre Reaktion wurde durch geeignete isotrope und anisotrope
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phänomenologische Materialmodelle angepasst. Das angepasste numerische
Modell wurde dann in einer Herzklappensimulation verwendet, in der eine
dynamische Herzbelastung mit einer mechanischen Finite-Elemente-Methode
(FEM) und einer multiphysikalischen Fluid-Struktur-Interaktion-Ansatz (FSI)
durchgeführt wurde. Die geometrische Öffnungsfläche und die Durchflussmen-
ge wurden mit Hilfe dieses Modells für einen Herzschlagzyklus bestimmt.
Die Ergebnisse der FEM und FSI-Simulation zeigten eine gute Kohärenz mit

dem in-vitro-Test während der systolischen Phase, und leichte Abweichungen
während der diastolischen Phase für die FSI-Simulationen. Insgesamt zeigt der
Modellierungsansatz eine gute Korrelation mit experimentellen Ergebnissen,
so dass weitere Untersuchung der komplexen Wechselwirkung zwischen dem
konstruierten Gewebe und seinen Verstärkungsgerüsten durchgeführt werden
können. Diese Methode kann weiterhin die Grundlage für die Bewertung der
mechanischen Biokompatibilität von Gerüsten und deren Interaktion mit tech-
nisiertem Gewebe auf verschiedenen Modellierungsebenen bilden.
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1 Introduction

1.1 Motivation and research-relevant questions

Valvular heart disease remains common in industrialized countries, because
the decrease in prevalence of rheumatic heart diseases has been accompanied
by an increase in that of degenerative valve diseases. Valvular heart disease is
characterized by damage to or a defect in one of the four heart valves: themitral,
aortic, tricuspid or pulmonary. The prevalence of valvular disease increases
sharply with age, owing to the predominance of degenerative etiologies. Aortic
stenosis and mitral regurgitation are the two most common types of valvular
disease in Europe.
Normally, functioning valves ensure that blood flows with proper force in

the proper direction at the proper time as shown in Fig. 1.2a. The mitral and
tricuspid valves control the flow of blood between the atria and the ventricles
(the upper and lower chambers of the heart). The pulmonary valve controls the
flow of blood from the heart to the lungs, and the aortic valve governs blood
flow between the heart and the aorta, and thereby the blood vessels to the rest of
the body. The mitral and aortic valves are the ones most frequently affected by
valvular heart disease. A stenotic valve forces blood to back up in the adjacent
heart chamber, while an incompetent valve allows blood to leak back into the
chamber it previously exited (Fig. 1.2b). To compensate for poor pumping
action, the heart muscle enlarges and thickens, thereby losing elasticity and
efficiency. In addition, in some cases, blood pooling in the chambers of the

1



2 1 Introduction

Figure 1.1: Distribution of the various types of native valvular heart disease in 3,547 patients
in the Euro Heart Survey. Abbreviation: AR, aortic regurgitation; AS, aortic
stenosis; M, multiple valve disease; MR, mitral regurgitation; MS, mitral stenosis;
R, right-sided heart disease. Reproduced from Iung and Vahanian [2011]

(a) (b)

Figure 1.2: (a) schematic representation of human heart and the its valves, showing the direction
of blood flow; (c) aortic stenosis and regurgitation

heart has a greater tendency to clot, increasing the risk of stroke or pulmonary
embolism. The severity of valvular heart disease varies. In mild cases there
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may be no symptoms, while in advanced cases, valvular heart disease may lead
to congestive heart failure and other complications. Treatment depends upon
the extent of the disease.

Figure 1.3: Different types of approved and in-development aortic valves (St.Jude
Medical|Boston Scientific|Medtronic|NVT|Edwards|Jena Valve)

There are two primary surgical approaches, open heart surgical valve re-
placement for low risk patients where often a mechanical or biological valve
is used, and a percutaneous transcatheter valve replacement procedure for high
risk patients which delivers a decellularized tissue valve construct to the site of
the diseased valve through a catheter (Fig. 1.3). Mechanical valves require a
life-long anticoagulation therapy because of the associated risk of thrombosis
and thromboembolism, while the biological/decellularized valves which are
not as stiff as the native valve, suffer from structural degeneration and therefore
have a limited life Padala et al. [2011]; Pibarot and Dumesnil [2009]. Tissue
engineered heart valves have been proposed as alternatives to the clinically
adopted heart valves to overcome their limitations. Different tissue engineer-
ing strategies have been proposed for the realization of valves which ultimately
will consist of healthy tissues produced by the patient’s own cells, putatively
eliminating the above-mentioned limitations [Cheung et al. [2015]; Namiri
et al. [2017]]. The goal is to provide the patient with an implant produced with
and by the patient’s own cells, able to remodel and self-repair, with physiolog-
ical hemocompatibility, biologically and mechanically equivalent to the native
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tissue.

Figure 1.4: Tissue-engineered surgical and percutaneously implantable valve (DBE, TU/e |
AME, RWTH)

One such example of tissue-engineered heart valves for surgical or tran-
scatheter implantation is the research being conducted at the institute of Ap-
plied Medical Engineering, RWTH Aachen University [Weber et al. [2013];
Moreira et al. [2016]]. In most cases, pure engineered tissues do not possess
the mechanical properties required by valvular implants to sustain the working
pressures of the systemic circulation. This can be overcome with the use of a
three-dimensional textile scaffolds as reinforcement on which cells can grow,
proliferate and form into a functional tissue construct. Tissue engineered valves
were reinforced with textile for both surgical implantation [Weber et al. [2013];
Moreira et al. [2016]] as well as percutaneous delivery [Moreira et al. [2014a]].
An optimum scaffold architecture for tissue-engineered heart valves is a

structure with a high degree of interconnectivity (through continuous or inter-
connected short fibres) allowing for uninterrupted stress flow through the thin
heart valve leaflets to the strong aortic wall, protecting the cusps from rupture
yet being porous enough to allow cellular in-growth. A mismatch between
highly deformable native tissue and engineered biomaterials can lead to short
and long-term health impairments. The capability of implants to functionally
deform with respect to the surrounding biological materials, is often associated
with non-affine micro structural deformation mechanism. This non-affinity on
smaller length scales might lead to micro injuries, cell damage, inflammation,
fibrosis or necrosis (Mazza and Ehret [2015]). Hence, the mechanical biocom-
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patibility of soft implants depends not only on the properties and composition
of the implant material, but also on its organization, distribution and motion at
one or several length scales.
In the current work, a textile mesh (knitted scaffolds) was used in the devel-

opment of tissue-engineered tubular aortic heart valves [Weber et al. [2013];
Moreira et al. [2014a]]. The textile reinforcement must be carefully designed:
too much reinforcement can cause the valve to be too stiff and lose function-
ality, while too little reinforcement can lead to early failure of the leaflets. To
facilitate intentional, intelligent and mechanically biocompatible valve design,
computational models of heart valves are required that form a link between
reinforcement design and valve performance. The ability of a model to predict
valve performance relies on the representation of three main aspects: topolog-
ical delineation of the complex reinforcement, its material properties and the
loading/boundary conditions on the valve.

1.2 State-of-the-art

A substantial amount of work has been done in the field of cardio-vascular
engineering, from experiments to simulation. Cheung et al. [2015] reviewed
the current progress in tissue engineering of heart valves, looking at different
fabricating strategies of tissue engineered heart valves (TEHVs), concluding
that a clinically viable product has not yet been realized. Singh et al. [2015]
reviewed the design aspect of medical textiles (woven, knitted, braided, electro-
spun) intended for vascular implant applications, concluding that mechanical
properties of biological material such as anisotropy, non-linearity, compliance
and visco-elasticity remain widely unconsidered while designing synthetic
vascular implants. Mazza and Ehret [2015] showed that the mechanical bio-
compatibility of scaffolds is not only linked to adequate macroscopic properties
(non-linear stress-strain response, ductility, strength) but also to the realization
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of micro structural deformation mechanisms, in particular, the deformation
field at the cell length scale influences the mechano-transduction and mechano-
biological response of the tissue surrounding the implant.
Some of the works in the direction of stress and strain analysis of heart valves

under its diastolic and systolic phase are detailed in this paragraph. Stapleton
et al. [2015] analysed the effect of fibre orientation and volume fraction on the
macroscopic stress developed in a tubular three leaflet heart valve in its closed
configuration, indicating that a non-uniform fibre distribution using tailored
fibre placement could be used to optimize reinforcement design. Argento et al.
[2012] presented an approach of mechanical characterization of the electro-
spun scaffolds for TEHVs, by accounting for the effect of underlying scaffold
structure. The derived material properties were then used to simulate the stress
and strain in a heart valve when it was closed. De Hart et al. [2004] analysed
the effects of collagen fibres (distributed short natural fibres) on the mechanics
and hemodynamics of a trileaflet aortic valve using a numerical analysis of the
systolic phase. It demonstrates that presence of distributed fibres substantially
reduces stresses in the leaflets and provide smoother opening and closing while
reducing the flutteringmotion of the leaflets. Cacciola et al. [2000a,b] produced
stent less artificial aortic valve prosthesis and analysed different fibre-reinforced
structures with respect to the stresses that are likely to contribute to the failure
of fibre-reinforced prostheses and compared them with the results obtained for
a stented prosthesis. The comparison showed that stress developed in the stent
less models were significantly lower than the stented models with the same
type of reinforcement. De Hart et al. [1998] analysed three-dimensional finite
element models for reinforced three-leaflet valve prosthesis for stress reduction.
Different fibre reinforcements were investigated, and the model responses were
analysed for stresses showing that, in peak stress areas of reinforced models,
up to 60% of the maximum principle stresses were taken over by fibres and
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that, in some cases of reinforcement, a more homogeneous stress distribution
was obtained. Jana et al. [2014] compared the advantages and disadvantages
of decellularized and fabricated scaffolds for use as TEHVs, concluding that
synthetic scaffold-based TEHVs aremore suited as an implant because they can
be tailored to the requirement. Even though decellularized scaffolds retain the
original valve structure and extra-cellular matrix, their low pore size, porosity
and cell survivability limit their use for valve engineering. Van Lieshout
et al. [2006a] tested various bio-compatible scaffold heart valves and fibrin
under systemic circulation and compared the electro-spun valvular scaffold
with knitted valvular scaffold in Van Lieshout et al. [2006b]. It was shown that
the knitted textile scaffold lasted longer in the systemic circulation as the electro-
spun scaffold tore after a while. Yeoman et al. [2010] developed a constitutive
model to represent the non-linear warp-weft coupled mechanics by extending
a strain energy function for soft tissue to include shear and by increasing the
number and order of coefficients, which was validated for uniaxial tension
tests. The model was successfully able to predict the macro behaviour of some
textiles but fails to capture the micro mechanics and its effects. D’Amore et al.
[2014] simulated themesoscopic in-planemechanical behaviour of elastomeric
electro-spun polyurethane membrane where the simulations were developed
from experimentally-derived fibre network geometries. Effects on macro-
mechanics based on fibre intersections, connectivity, orientation, and diameter
were evaluated demonstrating good agreement with the experimental data.
A significant amount of work has also been invested in modelling the macro-

scopic behaviour of biological materials (which have differently oriented short
fibres as reinforcement). Much of the works on continuum modelling of
isotropic and anisotropic material behaviour has been reviewed in Chagnon
et al. [2015]. These materials are known to support large reversible deforma-
tions along with exhibiting hysteresis, stress softening or relaxation. A hyper-
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elastic constitutive equation is typically the basis of the model that describes
the behaviour of the material. The hyperelastic constitutive equation can be
isotropic or anisotropic. Böl et al. [2009] used a micro mechanically motivated
tetrahedral element developed in Böl and Reese [2006] to create a predictive
model of thin muscular films accounting for the muscle fibres. Auricchio et al.
[2014] tested the impact of using different material models in a patient-specific
finite element analysis able to virtually reproduce stent-less valve implantation,
on both the stress pattern and post-operative coaptation area, length and height.
Also, physical and non-physical response from a few of these hyperelastic ma-
terial models have been compared in Duong et al. [2015]. While several studies
consider the valve to be a homogeneous elastic material [Koch et al. [2010];
Hsu et al. [2014]; Kamensky [2015]], others model the valve accounting for
the collagen fibres in the native tissue valve using phenomenological material
models. Such approaches do not facilitate design of the reinforcements. This
further necessitates, a multi-scale modelling approach for an artificial textile
reinforced tubular aortic heart valve.
In the field of traditional fibre reinforced composites, there has been tremen-

dous development in multi-scale material modelling; investigating the effects
of the micro structure on its macroscopic behaviour. Nguyen et al. [2011]
reviewed the recent developments in multi-scale modelling of continuous and
discontinuous modelling of multi-phase heterogeneous materials. Vassiliadis
et al. [2011] discussed the challenges and solutions/modelling methodologies
for woven fabrics at different scales accounting for micro to macro scale de-
formations. An extended literature review of the computational models for
the deformation of woven fabrics was presented. A review on homogenization
and topology optimization of periodic structure was presented by Hassani and
Hinton [1998]. Some of the recent works in the direction of multi-scale mod-
elling of composites accounting for the micro structural effects are presented
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in Döbrich et al. [2016]; Li et al. [2016]; Bednarcyk et al. [2015] and Stier
et al. [2015a,b]. There are also studies that deal with multi-scale modelling
of heart valves, where the problem at hand is tackled at organ, tissue, cell and
molecular scales Weinberg and Mofrad [2007]; Weinberg et al. [2010]. In
these approaches, the material characteristics of the higher scale is obtained
from the lower scale, whereas the response of the underlying structure is of-
ten not accounted for clearly. Argento et al. [2012] present an approach of
mechanical characterization of the scaffolds for tissue engineered heart valves,
by accounting for the effect of underlying scaffold structure, which is like the
approach presented in this study.
Finally, the loading of the blood flow on the leaflets needs to be represented.

Several studies have been carried out to evaluate the influence of topological
design and material response by simply considering the hydrostatic pressures
acting on the structural domain [Koch et al. [2010]; Li and Sun [2010]; Sun et al.
[2010]; Loerakker et al. [2013]; Saleeb et al. [2013]; Gunning et al. [2014];
Morganti et al. [2014, 2015]; Wang et al. [2015]; Sodhani et al. [2016]]. While
thesemethods give a general idea of the performance of the valve, decoupled FE
simulations often neglect the interaction of the fluid with the valve surface and
its resulting loads. Hence, FSI models are becoming increasingly important for
biomedical engineering applications Luraghi et al. [2017]. A general review
of FSI methods was presented in Hou et al. [2012], while reviews on FEA,
CFD and FSI simulation approaches for cardiac valves are found in Votta
et al. [2013]. Experimental validation of FSI simulations have been reported
in Wu et al. [2016]; Joda et al. [2016]. The number of studies considering
FSI to evaluate the valve kinematics are increasing [see e.g. Borazjani and
Sotiropoulos [2010]; Marom et al. [2012]; Griffith [2012]; Sturla et al. [2013];
Borazjani [2013]; Bavo et al. [2016]; Wu et al. [2016]; Joda et al. [2016]; Mao
et al. [2016]; Luraghi et al. [2017]].
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1.3 Present work

Currently, the reinforcing scaffold is intuitively chosen without any prior me-
chanical biocompatibility evaluation in terms of meso- and micro-mechanisms
for deformation. This is because it is complicated to formulate a quantitative
criterion as not only are the values often missing, but the quantities to evalu-
ated are not clearly defined. Therefore, in this work, we attempt to apply and
validate the popular multi-scale modelling approach to evaluate the mechan-
ical behaviour of the knitted textile scaffold used in the development of the
tissue engineered heart valves by Weber et al. [2013]; Moreira et al. [2014a].
For the assessment of the approach a simplified textile reinforced valve was
used, where silicone was used in place of the complex anisotropic tissue model
(silicone embedded textile reinforced heart valve (siTexValve)). The following
work is divided into three parts.
In the first part (Article 1), behaviour of a textile scaffold reinforced strip

was predicted using the multi-scale modelling approach. Two competing
methodologies were tested. In one, the underlying geometric structure was
reconstructed from CT data and in the second, idealized underlying geomet-
ric structure was used. The latter more accurately predicted the macroscopic
response of the test sample.
In the second part (Article 2), the validated multi-scale modelling approach

was employed to predict the kinematics of the simplified valve. The valve was
divided into four representative levels, where individual levels were subjected
to virtual experiments and their response was fitted with an appropriate phe-
nomenological model. Finally, the valve was simulated for its kinematics using
hydrostatic pressures as loads. The predicted valve kinematics were in good
agreement with the experimental data.
Finally, a multi-physics fluid structure interaction simulation method was

setup to evaluate the hemodynamic behaviour of the valve. The predicted valve
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Figure 1.5: Steps involved in the presented work

kinematics and the systolic flow rates were in good agreement with experi-
mental results, while some deviation was observed during the diastolic phase.
Differences between the dry FEM and wet FSI simulations were compared and
medically relevant risk parameters were evaluated.
The thesis concludes with a conclusion and a brief overview of the future

work, where the developed multi-scale method can be employed to study the
tissue growth.
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2.1 Abstract

Self-healing prostheses that can replace damaged native organs, like tissue-
engineered valvular implants, are under development. Engineered soft tissues
can greatly benefit from reinforcements to attain mechanical properties com-
parable with the native organs. Complex interactions at various levels between
the reinforcements and engineered tissue make the selection of the most op-
timized reinforcing scaffold difficult and subject to an enormous amount of
experimental evaluation. Hence, to reduce the extent of prototyping, it is pru-
dent to develop a simulation based development approach. In the example of
valvular prostheses which are textile-tissue composites, we test a simulation
approach based on multi-scale modelling, often used for evaluating/predicting
the behaviour of composites. A textile scaffold embedded in silicone is used
as a replacement for the textile-tissue composite. The modelling technique
provides a good correlation with the experimental results, laying the pathway
to further study the complex interaction between the engineered tissue and the
reinforcing scaffold. This method can further form the basis for evaluating
the mechanical compatibility of scaffolds and their interaction with engineered
tissues at various scales and levels.

2.2 Introduction

Engineered biomaterials are ubiquitous and have important function in numer-
ous biomedical applications. One such application of biomaterial implants is
tissue-engineered heart valves for surgical or transcatheter implantation Weber
et al. [2013]; Moreira et al. [2016], where replacement of self-healing, load-
bearing soft tissues is an impetus for their development. In most cases, pure
engineered tissues do not possess the mechanical properties required by such
implants to sustain the working pressures of the systemic circulation. This can
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be overcome with the use of reinforcing scaffolds. An optimum scaffold archi-
tecture for tissue-engineered heart valves is a structure with a high degree of
interconnectivity (through continuous or interconnected short fibres) allowing
for uninterrupted stress flow through the thin heart valve leaflets to the strong
aortic wall, protecting the cusps from rupture yet being porous enough to allow
cellular in-growth. In the current work, a textile mesh (knitted scaffolds) used
in the development of tissue-engineered tubular aortic heart valves Weber et al.
[2013]; Moreira et al. [2014a] has been used as an example.
Currently, the reinforcing scaffold is intuitively chosen without any prior

mechanical compatibility evaluation in terms of meso- and micro-mechanisms
of deformation. This is because it is complicated to formulate a quantitative
criterion as not only are the values often missing, but even the quantities to
be evaluated are not clearly defined. Therefore, characterization should be
performed at the macro- and microscopic length scales (multi-scale properties)
because amismatch between highly deformable engineered tissue and scaffolds
can lead to short and long-term health impairments. Hence, the mechanical
compatibility of reinforcing scaffolds depends not only on the properties and
composition of the material, but also on its organization, distribution and
motion at one or several length scales. Various biocompatible scaffold heart
valves were tested by Van Lieshout et al. [2006a,b] under systemic circulation,
concluding that the knitted scaffolds lasted longer compared to their electro-
spun counterpart.
In their review, Mazza and Ehret [2015] elaborated that mechanical com-

patibility of highly deformable reinforcing scaffolds depends more on their
deformation behaviour rather than on their strength. In fact, integration of
engineered tissues with textile mesh are not only associated with adequate
macroscopic properties (non-linear stress strain response, ductility, strength)
but also with their realization by micro-structural kinematics which should
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match those of the adjacent tissue. Mechanical interaction is determined by
the spatial arrangement i.e., the topology of the micro-structure, governing
the local and global deformation behaviour. Length scales responsible for the
mechanical response depend on the material system and are in the range of
mm for such prosthetic meshes. Multiple measurements for different loading
states are required to reliably characterize the deformation behaviour of such
scaffolds. Therefore, to achieve design and mechanical compatibility, mod-
elling strategies to rationalize experimental observations and predict implant
performance need to be developed.
There are three major modelling approaches of textile fabrics, namely con-

tinuum, structural and multi-scale methods. Significant amount of work in
representing the continuum macroscopic behaviour of differently oriented fi-
bre reinforced material has been developed in the last few decades. Much of the
works on continuummodelling of isotropic and anisotropic material behaviour
has been reviewed in Chagnon et al. [2015]. The continuum macro-scale ap-
proach like the ones proposed in Hernández-Gascón et al. [2011] and Yeoman
et al. [2010] can be easily implemented into FEM code to efficiently simu-
late inhomogeneous load cases which is not straight forward in other meso-
or micro-scale methods. However, fabrics are not a continuum and a large
experimental data set is needed to fit the corresponding model parameters.
The central idea behind the structural models is to use a physically motivated

meso-scale structure to capture the relevant mechanical phenomena at the
macro-scale. In this way suitable criteria for fabric design and optimization
can be deduced.
Weaves are the simplest structure among fabrics and are the most examined

in the literature, see King et al. [2005]; Nadler et al. [2006]; Assidi et al. [2011];
Ben Boubaker et al. [2007]; Grujicic et al. [2009]; Nayfeh and Kress [1997];
Mingxing Xiao et al. [2011]. These structural models focus primarily on yarn-
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yarn interaction such as shear-locking or crimp interchange in tension. Macro-
scale phenomena simulated by such models include geometric non-linearity,
non-linear force-strain relationships, large Poisson’s ratios or anisotropy. There
are only a few structural models for knitted textiles, e.g. Antonietti et al. [2011]
and Röhrnbauer et al. [2014]. A repeating unit cell (RUC) of knitted prosthetic
mesh based on the theory of multi-body systems showing good correlation with
effective macro-scale experimental results and local non-affine deformation
state was proposed by Röhrnbauer et al. [2014]. However, as these models
generally use truss or rigid force elements and the presence of matrix is usually
either implemented as boundary conditions or enforced in model equations,
it is not possible to extract the local stress and strain fields in the matrix.
These values are important to determine the growth and remodelling of tissues.
Also, since the method is physically motivated, large number of parameters are
needed to account for stitches, nodes or cross-links.
An equally popular method is the use of detailed micro-scale approach, see

Duhovic and Bhattacharyya [2006]; Hart et al. [1985]; De Jong and Postle
[1978]. Due to their complex inter-looping patterns, knitted dry fabrics are
more frequently modelled at the micro-scale with an explicit representation of
each filament/yarn Duhovic and Bhattacharyya [2006]; Hart et al. [1985]; De
Jong and Postle [1978]. A review of such modelling approaches can be found
in Hasani et al. [2017]; Huang and Ramakrishna [2000]; Tan et al. [1997] and
Hallal et al. [2013]. The geometries and assigned material properties for the
filaments/yarns are based on real measured data. Therefore, such detailed mod-
els are associated with lesser model assumptions. Virtual experiments with
perfectly controlled boundary conditions can be performed on such models.
Three-dimensional micro-structural effects, which cannot be evaluated with
other models and are generally difficult to be seen from experiments, can be
examined through finite element analysis. However, such models are often
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computationally expensive and require the solution of multi-contact problems,
which often lack numerical convergence or require non-physical assumptions
on the friction behaviour and the inter-penetration of filaments Duhovic and
Bhattacharyya [2006]. Another challenge is the definition of a representa-
tive initial configuration, which might be found by an elaborate simulation
of the manufacturing process and the corresponding solution of the unloaded
equilibrium state, see Glaessgen et al. [1996]; De Jong and Postle [1978].
Multi-scale modelling of knitted fabrics with basic looping structures are

presented in Wan et al. [2016]. Multi-scale approaches are also aimed at de-
termining parameters for corresponding constitutive model formulations to be
implemented in finite element codes. There has been tremendous development
in the field of multi-scale material modelling of traditional fibre reinforced
composites, investigating the effects of micro structure on its macroscopic
behaviour. Nguyen et al. [2011] reviewed the recent developments in multi-
scale modelling of continuous and discontinuous multi-phase heterogeneous
materials. Vassiliadis et al. [2011] discussed the challenges and solutions
for modelling methodologies of woven fabrics at different scales accounting
for micro to macro-scale deformations. An extended literature review of the
computational models for the deformation of woven fabrics was presented. A
review on homogenization and topology optimization of periodic structure was
presented by Hassani and Hinton [1998] and Saeb et al. [2016].
Geometric modelling approaches for different fabrics and its composites have

been presented in literature Adanur and Liao [1998]; Kyosev et al. [2005]; Ver-
poest and Lomov [2005]; Sherburn [2007]; Lin et al. [2012]; Li et al. [2014]. A
representative volume element (RVE) based approach to determine the effec-
tive stiffness of a multi-layered biaxial weft-knitted fabric reinforced composite
was presented in Qi et al. [2015]. Ugbolue [2015] examined the geometrical
model of auxetic warp knit structures and validated their characteristics with
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data obtained from experimental analysis.
Even though there is a considerable body of work in various disciplines like

modelling of biomaterials, analysis of dry scaffolds and multi-scale modelling
of fibre reinforced composites, there is a scarcity in the synergistic approach in
determining the mechanical compatibility of scaffolds used in implants. The
present work is devoted to a multi-scale method for modelling, simulation and
analysis of textile composites used in the development of a tissue-engineered
tubular aortic heart valve. In-silico experiments are conducted at various
structural levels to predict the macro-scale mechanical behaviour of the tex-
tile composite and quantify the local deformation kinematics. A hierarchical
multi-scale modelling approach popular in the field of material mechanics is
employed. The benefit of this approach is that individual constituents of the
composite can be modelled by means of a simple material model, and charac-
terized using standard experiments.

2.3 Experiments

In the present work, a textile-silicone composite was used for validation of the
proposed numerical methods. This is because, once the textile is embedded in a
tissue matrix, it’s mechanical behaviour changes as the deformation mechanics
are modified by the ingrowth of tissues. And, in Röhrnbauer andMazza [2013]
and Röhrnbauer et al. [2014], it was shown that when a textile scaffold is em-
bedded into elastomer matrix, its results have the same qualitative conclusion
when compared to the corresponding experiment on ex-plants (i.e. dry textile
mesh surrounded/embedded into tissue). Also, in contrast to textile-tissue,
textile-elastomer composites are easy to handle and inexpensive with test re-
sults showing moderate scatter, establishing themselves as an effective tool for
mechanical characterization/optimization and validation of numerical methods
& models for prosthetic meshes preceding in-animal study. Another advantage
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Table 2.1: Dimensions of the specimens
Dimensions Textile-silicone composite Silicone samples
length (l) 120.00 mm 120.00 mm
measuring length (lm) ≈ 29 mm ≈ 31.28 mm
width (w) 25.67±0.28 mm 6.35 mm
breadth (b) 1.245±0.05 mm 1.15 mm

of using a textile-elastomer composite as a model for tissue in-growth is the
quantification of non-affine deformation mechanisms and local delaminations
Maurer et al. [2014].

Textile-silicone composite The textile mesh was produced using medical grade
polyethylene terephthalate (PET) fibres. For the production, a tüll-fillet pattern,
a needle gauge of E30 (i.e. 30 needles per inch) and a course density of 15
loops/cm were chosen. 52 PET yarns were processed into a tubular structure
which was thermo-stabilized at 200◦C for 8 minutes before use. The textile
mesh was then embedded into a medical grade silicone matrix and cured for
two hours. A specimen is shown as an insert in Fig. 2.1 and dimensions of the
produced specimens are provided in Table 2.1.
The tensile test set-up, which included a Zwick Z005 testing machine along

with a specimen is shown in Fig. 2.1a. The specimens were preloaded with
1 N, and stretched at 3 mm/min until failure at a global strain of about 60%.
Time, force, cross head displacement and nominal strains were measured. The
kinematic quantities were captured for the specimen in real time, providing
global strain values. Nominal strains were measured using an optical exten-
someter and two points. Themean value and the deviation of engineering stress
obtained by testing five samples are plotted against the stretch in Fig. 2.1b.
The results from these experiments were used to validate the corresponding
simulation outcome.
The amount of fibre in a fibre reinforced composite directly corresponds to
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(a) (b)

Figure 2.1: (a) Experimental set-up; (b) mean value and standard deviation for engineering
stress vs. stretch values for experiments conducted on five samples of textile-
silicone composite (inserts: textile-silicone vs. textile-tissue composite sample)

the mechanical properties of the composite. Adding too little or too much fibre
reinforcement in the composite will deviate the properties of the material from
its required properties. Therefore, for a given set of constitutes there is an
optimal range of fibre volume fraction to achieve the desired end results. The
volume fractions of the PET fibres in the samples were derived by considering
the density of the PET fibres and its mass over a given area. The density of the
PET fibres is 1.38 g/cm3. The massm of the textile mesh over an area of A =

551.25 mm2 (l =17.5 mm, b =31.5 mm) was found to be 0.025 g. Hence,
using φ = Vtextile/Vtotal = (m/A)/(tρ) the volume fraction of the composite
for the same area A was determined to be ≈ 2.564%.

2.4 Materials and Methods

In this section, we start with a brief description of the material models used,
followed by an illustration of multi-scale modelling, computational homoge-
nization and boundary conditions. Geometries used at various scales/levels is
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described thereafter.

2.4.1 Material models

The two material constituents, PET fibres and silicone matrix, are modelled
with isotropic linear elasticity and hyperelasticity. The bundle of fibres (yarns)
together were assumed to behave transversely linearly isotropic. Fung’s oth-
otropic hyperelasticity law (see Fung et al. [1979]) was used to represent the
large deformation anisotropic response of the textile structure embedded in
the matrix. Various other orthotropic/anisotropic hyperelastic material mod-
els such as those developed by Holzapfel and Gasser [2001]; Reese [2003];
Holzapfel [2004]; Gasser et al. [2006] and Ehret and Itskov [2007] could also
be used to represent orthotropic/anisotropic large deformation material re-
sponse. But, since the focus of this paper was more on the methodology rather
than material modelling, implementing any one of these models was outside
the scope of this work.

Transversely isotropic material model Yarns are modelled using a transversely
isotropicmaterial law. Transverse isotropy is a special case of orthotropy, where
a material is isotropic with respect to one plane and has different properties
in the direction normal to this plane. Such materials can be described by a
minimum of five independent elastic constants for the linear case, but might
require more parameters to account for non-linear situations. By convention,
the five elastic constants in transversely isotropic constitutive equations are
the Young’s modulus and Poisson’s ratio in the symmetry plane, Ep and νp,
the Young’s modulus and Poisson’s ratio in the normal direction, En and νnp,
and the shear modulus µnp. Considering the out of plane direction to be the
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z-direction, the compliance matrix in Voigt notation can be written as follows:
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(2.1)

Hyperelastic material models Hyperelastic materials are known to support large
reversible deformations along with exhibiting hysteresis, stress softening or re-
laxation. A hyperelastic constitutive equation is typically the basis of the model
that describes the behaviour of these materials. The hyperelastic constitutive
equation can be isotropic or anisotropic. Also, physical and non-physical re-
sponses from a few of these hyperelastic material models have been compared
in Duong et al. [2015].

Arruda Boyce material model Arruda and Boyce [1993] model is an isotropic
hyperelastic constitutive model used to describe the mechanical behaviour
of rubber-like and other polymeric substances, is used to model the silicone
matrix. This model is based on the statistical mechanics polymeric chains
within an elastomer with a cubic representative volume element containing
eight chains along the diagonal directions. The material is assumed to be
incompressible and the strain energy density function is given by

W = NkBθ
√
n

[
βλchain −

√
n ln

(
sinh β

β

)]
(2.2)

where n is the number of chain segments, kB is the Boltzmann’s constant, θ
is the temperature given in Kelvin and N is the number of chains (density of
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chains) in the network of cross-linked polymers.

λchain =
√

I1
3 ; β = L−1

λchain√
n

 ; µab = NkBθ (2.3)

where λchain represents the stretch of a chain, I1 is the first invariant of the right
Cauchy-Green deformation tensor, and L−1 is the inverse Langevin function.
µab is the shear modulus obtained by fitting the experimental results.

Fung’s orthotropic material model The generalized Fung strain energy potential
in Abaqus is based on the two-dimensional exponential form proposed by Fung
et al. [1979], which was suitably generalized to arbitrary three-dimensional
states using Humphrey [1994]. It has the form

W =
c

2
(eQ − 1) +

K

2

(
(J2)− 1

2
− ln J

)
(2.4)

where c is the shear modulus,K is the bulk modulus, J is the change in volume
and Q is defined by

Q = E : B : E (2.5)

B is a dimensionless symmetric fourth-order tensor of anisotropic material
constants, E represents the Green-Lagrange strain tensor and : is the scalar
multiplication operator. The orthotropic form of the generalized Fung model
with eleven independent variables is used in this work. The Voigt notation of
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the B matrix is given by

B̂ =
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(2.6)

It is well known in the literature that parameter fitting of the Fung model
largely depends on the choice of initial values. Hence, care has been taken
to choose the initial values reasonably while fitting this model to the virtual
experiments at different levels.

2.4.2 Multi-scale modelling, homogenization and boundary conditions

Mechanical tests are often designed to create a macroscopically homogeneous
field of strain over a certain measurement region of the specimen. For com-
posite materials, however, this seemingly homogeneous strain is an average of
the strains on smaller length scales that are experienced by its constituents and
are difficult to measure experimentally. Fibres or yarns (bundle of fibres) may
be subjected to small or large strains depending on their material properties or
orientations. Heterogeneity of the deformations on smaller length scales which
might increase with a decreasing scale of observation, define the macroscopic
behaviour of the composite. This is where multi-scale modelling and compu-
tational homogenization can be used to characterize the smaller length scales,
understand the deformation behaviour and optimize the scaffold structure.
A methodology referred to as "hierarchical multi-scaling" in the literature

(see Bednarcyk et al. [2015]) was used in the current work. This means that an
incremental deformation gradient was applied on a structural unit cell model as
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kinematic boundary conditions. The model was solved according to minimum
energy principles and the stresses homogenized over the volume (or reaction
forces obtained averaged over the respective boundaries) led to the incremental
stress tensor, producing a virtual experimental stress vs. stretch (or strain)
curve. This was then used to fit an appropriate material model to determine the
parameters for an upper level model. The same procedure was repeated until
all the scales under investigation were accounted for.

Figure 2.2: Schematic representation of multi-scaling

The approach followed in the present study is restricted to strain-driven com-
putational homogenization. The central idea of this technique is to prescribe
the deformation gradient F̄, of the macro-scale (upper-level) onto the structure
of the micro-scale (lower-level) and to compute the effective response of the
micro-scale, in particular the macro-scale Piola stress P̄ (engineering stress).
The micro-scale (lower-level) quantities are related to their macro-scale (upper-
level) counterparts through volume averaging over the representative volume
element (RVE) or repeating unit cell (RUC). The volume averaging over a
domain B0 with a volume V0 bounded by the external boundary ∂B0 is defined
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as

[(•)] =
1

V0

∫
B0

(•) dV with V0 =

∫
B0

dV (2.7)

In the context of material and geometrical non-linearity, the equivalence
of strain energy on the micro- and meso-scale is given by the Hill-Mandel
condition Saeb et al. [2016], where P̄ : δF̄− 〈P : δF〉 !

= 0

Figure 2.3: Graphical illustration of PBC and LDBC implementation setting. The boundary
of the RUC (or RVE) is decomposed into minus and plus parts. Positions of the
boundary nodes are determined through the uniform and fluctuation part of the
deformation gradient for PBC and only the uniform part for LDBC

The use of periodic displacement-based boundary conditions (PBCs) is awell
established technique to fulfil theHill-Mandel condition and obtain the effective
properties/response of a material from its micro-structure, particularly in the
context of first-order strain driven homogenization presently used (for example
see Bednarcyk et al. [2015]; Sodhani et al. [2015]). Themacroscopic kinematic
boundary conditions are applied on the nodes which are on the outer surface of
the RUC (or RVE). The microscopic deformation gradient is decomposed into
a uniform part (F̄) and a fluctuation part (F̃), i.e., F = F̄ + F̃ leading to two
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fields contributing to the new position of the boundary nodes, i.e. F̄X and F̃X
on the surfaces as shown in Fig. 2.3. This results in x+ = F̄X+ + F̃X+, x− =

F̄X− + F̃X−. Periodic boundary condition implementation assumes that
the deformation fluctuation on the opposite boundaries are equal in order to
maintainC0 continuity of displacements, resulting inx+−x− = F̄ [X+ −X−].
As mentioned earlier, to obtain the effective property at the macro-scale

(upper-level), only the micro-stress over B0 needs to be integrated. To circum-
vent the computationally expensive volume integral of the micro-stresses, the
surface integral in the reference configuration was evaluated as follows:

P̄ =
1

V0

∫
B0

T⊗X∂B0 (2.8)

where traction T = df
dA , i.e., the ratio in force df acting on the infinitesimal

area dA. The complete far-field strain is described through the displacement
of three reference points RPx,y,z. The reaction force in the three Cartesian
directions are sampled at the time steps and divided by the original face area
of B0. For large deformations, this results in the engineering stress i.e. the
first Piola Kirchoff stress P̄. The macroscopic deformation F̄ is either given or
can also be derived using the prescribed far-field displacements. Using these
two quantities, further continuum quantities can also be derived. For a detailed
understanding of the method please refer Saeb et al. [2016].
A python implementation of the method described in Stier et al. [2013] and

applied in Bednarcyk et al. [2015] and Sodhani et al. [2015] was used. For the
application of periodic boundary conditions (PBC) in a finite element setting,
one has to make sure that the structure being simulated is periodic and that the
mesh is also periodic. In case of a non-periodic structure, like in most naturally
occurring micro-structure it is not possible to implement PBC Hence, for such
cases, linear displacement boundary conditions (LDBC) Saeb et al. [2016]
were implemented, which was achieved by only considering the contribution
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of the uniform part uniform part (F̄) of the deformation gradient (F).
A graphical summary of the overall multi-scale method used in this work

is presented in Fig. 2.4. Initially, we started with an intuitive approach of
generating the textile model using CT scans. The properties for the recon-
structed textile structure were obtained through micro-scale modelling. After
evaluating the advantages and disadvantages of this approach, we introduced
an idealized multi-scale approach. In this method, meso- and micro-level
models are generated based on geometrical parameters. An intermediate-level
was introduced to bridge the gap between micro- and meso-levels. Different
intermediate level models were evaluated for their accuracy by comparing the
simulation results with the experiments.

2.4.3 Multi-scale modelling using reconstructed geometry from scans

In this approach, geometry of the textile structure in the textile-silicone com-
posite was obtained through CT scans. Because it is still challenging to obtain
the individual fibre strands, the textile structure is split into two levels as shown
in Fig. 2.5.
TheCT scans of the textile-silicone composite were carried out at the Institute

of Textile Engineering (ITA) at RWTH Aachen university. Grey scale images
across the breadth of the sample were captured with each layer being one voxel
thick. The 3D reconstructed geometry along with the top view of the sample
are shown in Fig. 2.6. The 3D textile structure with the yarn (fibre bundle)
paths and loops was reconstructed from the scans using theMimics and 3-matic
suite from Materialise, Belgium.
In principle, the textile structure in the textile-silicone composite is repeti-

tive in construct (with repeating hexagonal patterns) and computing the entire
geometry would be computationally expensive. Hence to save the computa-
tional costs, a suitable periodic RUC from the reconstructed geometry was
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Figure 2.4: Summary of the multi-scale modelling used in this work

selected for the meso-level RUC. The surface of the reconstructed geometry
was smoothed in order to obtain a reasonably good mesh quality. The final
RUC from the reconstructed geometry is shown in Fig. 2.6.
TheRUC from the reconstructed geometry consists of two phases, the silicone
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Figure 2.5: The textile-silicone sample has been divided into textile level (meso) and the fibre
level (micro)

(a) (b) (c)

Figure 2.6: (a) Top view of the centre layer of the CT scans; (b) reconstructed geometry from
the CT scans and (c) choice of the suitable RUC

Figure 2.7: Meso- and the micro-levels of the textile structure
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matrix and the yarns. Material properties of the silicone matrix were obtained
from the experiments. However, material properties of the yarn (fibre bundles)
cannot be obtained directly from experiments. Hence, the hierarchical multi-
scaling approach was used to derive the material parameters. Considering the
fibre volume fraction of the sample (2.54%) and the textile structure in the
reconstructed RUC (7.264%), material parameters to model the yarns were
obtained by modelling it using a hexagonal dense packing (see Fig. 2.7) with
a fibre volume fraction of 34.942% (resulting into the effective fibre volume
fraction of 2.54% = 34.942% x 7.264%).

Figure 2.8: Surface & centreline definitions for the textile structure along with the primary
direction of the material orientations.

Using this approach, properties of the yarn had to be approximated by trans-
versely isotropic elasticity. In a finite element setting, this could be defined by
assigning appropriate material orientations to the gauss points of the elements
associated with the yarn. In Abaqus, this could be achieved using a discrete
material orientation algorithm, for which the surface definition of the yarn
and centre line of the reconstructed textile geometry were required. Both these
quantities were obtained from theMimics and 3-matic suite ofMaterialise. The
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material orientations, centre line and the surface definition of the reconstructed
geometry are shown in Fig. 2.8.
It is important to note that the geometry obtained from the scans is not

exactly periodic, resulting in a non-periodic mesh. Therefore, we used linear
displacements based boundary conditions. It is known to produce relatively
stiff results compared to PBCs Saeb et al. [2016], but it is necessary because
of the imperfection in the geometry.

2.4.4 Multi-scale modelling using idealized geometry

Figure 2.9: Different levels considered when modelling the textile-silicone composite using
idealized geometry.

Even though the multi-scale modelling approach presented in the preceding
sections stays almost true to the actual geometry, it has its disadvantages.
An alternative approach developed using idealized geometries for multi-scale
modelling will be discussed in this section. The structure was divided into three
levels as shown in Fig. 2.9. One of the primary necessities of this approach
was that every idealized level considered is consistent with the overall volume
fraction≈ 2.564% of fibres in the textile-silicone composite. In this approach,
we first model the levels for which dimensions can be easily measured or
are known, i.e., we first model the meso-level followed by the micro-level.
We then introduce an intermediate-level to bridge the gap between meso- and
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micro-level models.

Meso (textile) level We start with the textile structure at the meso-level. It was
modelled such that a spatial envelope around the complex knitted repeating
hexagonal pattern of the textile is modelled using an idealized solid structure
as shown in Fig. 2.10. The geometric model which, when repeated in the XY
plane, resembles the overall textile structure seen in Fig 2.10a. Dimensions
to model the embedded geometry were obtained by calculating the statistical
mean of the quantities measured under a microscope; edge length(a), thickness
of thinner (t1) & thicker (t2) section and angle (θ), which are reported in
Table 2.2. Using these dimensions, a 2D wire-frame of the honeycomb textile
domain was constructed, extruded and filleted to obtain the desired inclusion
geometry. It was observed that the textile layer was located at the mid-plane
through the breadth (b) of the sample with some minor undulations along the
sample length. The textile layer breadth was one third of the overall sample
breadth (b). The RUC was modelled to have the same breadth as the textile-
silicone composite with the textile layer restricted to one third RUC breadth.
The textile structure and the matrix were modelled using the Fung’s orthotropic
and isotropic hyperelasticity material models, respectively. Periodic boundary
conditions were modified to be applied only to the degree of freedom on the
surfaces perpendicular to the XY plane.
From the generated geometry, volume fraction of the embedded textile struc-

ture was evaluated to be 15%. Knit and fibre level models were generated
keeping in mind the overall fibre volume fraction.

Micro (fibre) level After the meso-level model, the micro-level structure was
used to evaluate the material parameters of the yarns. 24 PET fibres with a
diameter of 17 µm were assumed to be tightly bundled together in a yarn.
Although the number of fibres is not large enough to ignore the edge effects,
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(a) (b)

Figure 2.10: (a) Idealized textile geometrymodelled using the dimensions shown; (b) centreline
wire model of the textile.

Table 2.2: Dimensions of the meso-level model
Dimension Values
edge length (a) 1.3560 mm
thinner section (t1) 0.4133 mm
thicker section (t2) 0.6008 mm
angle (θ) 120◦

Figure 2.11: Fibre level modelling

the tow was idealized using a hexagonal dense packing RUC considering the
assumption of a periodic composite. As a result, modelled yarns have a high
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fibre volume fraction which meant that the fibre distribution does not play a
role in its effective response. The boundary effects on the peripheral fibres are
assumed to be restricted by modelling the yarn with a circular cross-section
at the upper-level, having a volume fraction of 90% as shown in Fig. 2.11.
The individual material response of the fibres and matrix were captured using
a linear elastic material model. The RUC was subjected to a far-field strain of
only 1% and PBC Homogenized material response from this level was used to
represent the yarn.

Intermediate (knit) level From the different structural levels shown in Fig. 2.9,
the meso and micro models were generated using dimensions and geometry
which could be easily defined. There is also a distinct scale separation between
the two levels (see Table 2.3).

Figure 2.12: Real and idealized knits at the intermediate-level

To bridge the gap between meso and micro-levels, a intermediate-level was
introduced, which was modelled using an idealized knit model. Considering
the overall fibre volume fraction (i.e. 2.565%) in the textile-silicone composite
and having modelled the meso and micro-levels with 15%& 90% fibre volume
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fraction, respectively, the intermediate-level had to be modelled using a fibre
volume fraction of ≈ 19% (i.e. 90%x19%x15% = 2.565%).
Fig. 2.12 shows a close-up of one of many interlocking yarn loops (knit)

in the textile. Modelling such a complex looping structure is computationally
challenging, expensive and often requires complexmulti-contact simulations of
the knitting process to achieve the initial unloaded equilibrium geometry. Even
though the knitted textiles have a repetitive pattern, it is difficult to identify
a consistent path along which the yarns are knit. Hence, it was necessary to
simplify the knit for computationally efficient modelling.
In this work, the complex knits were approximated by an idealized warp

and weft knit structure, and compared. The warp knit was modelled with
TexGen Lin et al. [2011], using the parameters presented in Goktepe and
Harlock [2002]; Honglian et al. [2009] and Zhang et al. [2012]. The algorithm
used to generate the weft knit has been elaborated in Appendix A. The yarns
have a circular cross-section and were assigned transversely isotropic elasticity
parameters, which were obtained by homogenizing the micro-level model.
The matrix was modelled as isotropic hyperelastic. Intermediate-level RUC
were subjected to PBC. The homogenized material response from this level
provided the input parameters for textile structure at the meso-level. Care was
taken to avoid modelling the contact between fibres or yarns, as it was assumed
that silicone would percolate (or the tissue would proliferate - as silicone is a
substitute for tissue model) between the fibres and yarns.
Dimensions of all the levels are reported in Table 2.3. It can be observed

from the mentioned dimensions that there does not exist a scale separation
between the meso and the intermediate-level RUC. The complexity of mod-
elling the textile structure using intricately knitted patterns motivated the use
of intermediate level and because it’s effective response is averaged over the
volume, it may be used to determine the material parameters of the textile at
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meso-level. Anisotropy of the yarns was ensured using local orientations.

Table 2.3: Dimensions of the RUCs
Dimension Micro-level Intermediate-level Intermediate-level Meso-level

(warp knit) (weft knit)
length 17.065 µm 1.342 mm 1.342 mm 2.380 mm
width 29.557 µm 1.647 mm 1.647 mm 4.122 mm
breadth 1.706 µm 0.700 mm 0.700 mm 1.245 mm

Virtual textile composite The textile level RUC was generated with an assump-
tion that there were no boundary effects even though the specimen under
consideration had a finite width considering the length scales at different lev-
els. This assumption works reasonably well for composites undergoing small
deformations with varying length scales, but the same cannot be stated for soft
composites undergoing large deformations. Hence, a virtual textile composite
that mimics the experimental sample as shown in Fig. 2.13 was generated
with an intention to compare the effective response of meso-level RUC with
the macro-level full specimen simulation. Only a quarter of the entire sample
was modelled and symmetric boundary conditions as shown in the figure were
used to simulate the response of an experimental specimen.

Dimension Values
length 41.22 mm
width 9.58 mm
breadth 1.254 mm

Table 2.4: Dimensions of the virtual textile sample

All the finite element (FE) models were created using the commercial soft-
ware Abaqus Hibbitt et al. [2001]. The elements used were C3D4 (linear
tetrahedral) and C3D8R (eight-node brick elements with reduced integration
and enhanced hourglass stiffness) depending on the structural model in con-
sideration. The details of the mesh are reported in Table 2.5. All the structural
models were simulated using the implicit (standard) solver of Abaqus.
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Figure 2.13: Virtual textile composite and the boundary conditions applied on it

Table 2.5: Element type, number of elements and nodes in different geometric models
Models Elements Element Type
Micro Recon. geom. 5810 C3D8R
Meso Recon. geom. 585475 C3D4
Micro Ideal geom. 117946 C3D8R
Intermediate-Warp 1107276 C3D4
Intermediate-Weft 921635 C3D4
Meso Ideal geom. 547992 C3D4
Virtual Composite 3320792 C3D4

2.5 Results and Discussions

2.5.1 Material characterization

Constituents of the textile-silicone composite were characterized using uni-
axial test data.
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(a) (b)

Figure 2.14: (a) Engineering stress vs. stretch for silicone; (b) Engineering stress vs. strain for
PET fibres (Lechat et al. [2011])

Silicone matrix Silicone was tested under cyclic loading using dog-bone speci-
mens to characterize the silicone phase of the composite. Experimental results
for the engineering stress vs. stretch is plotted in Fig. 2.14a. Silicone has a
hyperelastic material response, which undergoes softening under cyclic load-
ing representing the Mullins’ effect. This is because for hyperelastic materials
softening only occurs at strains smaller than the maximal applied strain. This
implies that if the material is subsequently loaded to a higher strain (compared
to the previous cycle), the stress strain relation returns to the path that would
have been observed in a single monotonic loading experiment (see Schmoller
and Bausch [2013]). Therefore, the silicone matrix is characterized only by the
loading curve of both cycles because, the textile-silicone composite is subjected
to monotonic uni-axial tensile loading. The silicone matrix was characterized
using linear elasticity for the micro model where the elastic constant E was
found to be 1.1495 MPa, and all the other levels were characterized by the
Arruda and Boyce [1993] model where the constants µab and n were found
to be 0.2665 MPa and 1.2856 respectively. Silicone was modelled as nearly
incompressible.
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PET fibres The PET fibre material parameters were obtained by using experi-
mental data from Lechat et al. [2011] as shown in Fig. 2.14b. The stress vs.
strain curve is from a tensile test on a single PET fibre. Since plasticity is not
included in the present model, part of the curve before the plastic threshold
has been approximated by a model of linear elasticity. Young’s modulus of
the PET fibres was obtained to be E = 10.259 GPa and Poisson’s ratio ν was
assumed to be 0.35.

2.5.2 Multi-scale modelling using reconstructed geometry from scans

In this approach, the geometry obtained by reconstructing the scans was sub-
jected to a virtual tensile test. Material properties for the embedded structure
were derived by homogenizing the results of a micro-level RUC (as shown in
Fig 2.7) subjected to a far field strain of 1%, resulting in properties of a trans-
versely isotropic elastic typematerial. The results obtained from themeso-level
model were then compared with the experimental results as shown in Fig. 2.15.
From the comparison, it can be observed that results from the virtual tensile test
are a reasonable match with experimental results until about a global strain of
15% (or a global stretch of 1.15) after which they diverge into a parabolic curve
in contrast to an exponential-type experimental curve. Because the meso-level
RUC was subjected to a large deformation with geometric non-linearity, the
transversely isotropic elastic material used for the textile structure results in a
St. Venant-Kirchoff type transversely isotropic elasticity which accounts for
the parabolic curve as shown in Fig. 2.15.
Since the effective behaviour of the textile-silicone composite is dominated

by stiff fibres, the effective response of the RUC also results in a parabolic
curve after the threshold of small deformations. The simulation end in non-
converging result. This could be either due to excessively distorting elements
at the interface between two materials with a large stiffness contrast or due
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Figure 2.15: Comparison of simulation prediction vs. experimental result for reconstructed
geometry

to inherent non physical behaviour of St. Venant-Kirchoff material models
under complex loading conditions (especially compression) or both. To get a
better prediction from simulation results for higher strains, one would need to
improve the mesh quality while further improving the surface definition of the
geometry obtained from scans.
Another important observation is that the textile structure has a varying cross-

section (see Fig. 2.6, 2.7), implying an inconsistent volume fraction of fibres
in different geometric sections. As one yarn only has 24 fibres, the boundary
effects of changing textile cross-section cannot be neglected. Thus, the RUC
with constant volume fraction to determine the effective material properties of
the textile structure is not the most accurate approach.

2.5.3 Multi-scale modelling using idealized geometry

The work flow of this approach is summarized in Fig. 2.4. By applying a
far-field strain of 1% to the micro-level model results were homogenized to
obtain the effective transversely isotropic elastic material parameters of the
yarns at intermediate-level. The far-field strains were applied in all the three
uni-axial directions and three shear deformation modes in order to fully popu-
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late the elasticity tensor (see Sodhani et al. [2015]). The material parameters,
Young’s modulus, shear modulus and the Poisson’s ratio, were obtained from
the compliance tensor (which is the inverse of the stiffness tensor). As men-
tioned earlier, in this case, the boundary effects on the RUC due to less number
of fibres were neglected because yarns in the intermediate-level RUC have a
consistent circular cross-section, achieving an uniform volume fraction.

Figure 2.16: Comparison of simulation results compared to the experiments

The warp and weft knit models at the intermediate-level were tested and the
same virtual tests were repeated to obtain the effective response. Engineering
stress vs. strain/stretch curves were obtained keeping eq. 2.8 in mind. Or-
thotropic hyperelastic material parameters for textile at the meso-level were
obtained by fitting the material model to these curves. The meso-level model
was then subjected to uni-axial tension of 75% far field strain and the effec-
tive response obtained by the homogenization process was compared to the
experimental results as shown in Fig. 2.16.
From the comparison, it is clear that the weft knit intermediate model repre-

sents the effective response of the complex knitted structure more closely than
the warp knit intermediate model. It is well known in literature that a warp knit
textile model is more compliant of the two. The structurally stiff behaviour of
the weft knit can be attributed to the presence of two straight yarns in the RUC,
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(a) (b)

Figure 2.17: Virtual experiments and their fits using Fung’s orthotropic hyperelasticity for
warp knit

which have higher resistance to deformation once they align in the loading
direction. However, such a yarn is missing in the warp knit allowing it to be
more compliant till it reaches a locking stretch. This can be observed from the
effective responses of both warp andweft knit when subjected to tensile loading
in the Cartesian Y direction (see Fig. 2.17b, 2.18c). The effective response
of the virtual testing carried out on the intermediate-level models were fitted
using Fung’s orthotropic hyperelastic material model.
The material response of the meso-level with properties from the weft inter-

mediate level model (see Fig. 2.16) is in good agreement with the experimental
result until a global strain of 40% following which it diverges. The good agree-
ment of the stress-strain response at relatively low strains can be attributed to
the accurate realization of the scaffolding structures and the overall volume
fraction of fibres in the composite. Divergence of the simulation results to a
stiffer response can be associated with the following reasons; (i) matrix damage
leading to localized damage, de-lamination (similar to Maurer et al. [2014])
or void formation resulting in matrix softening was not considered; (ii) ide-
alization of the underlying intermediate-level does not accurately capture the
mechanics of knitted textile at large deformations.
TheMises stress and logarithmic strain contour plots are shown in Fig. 2.19a
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(a) (b)

(c)

Figure 2.18: Virtual experiments and their fits using Fung’s orthotropic hyperelasticity for weft
knit

and 2.19b. It can be observed that the strains localize in the pure siliconematrix
pockets. For a global strain of 75% the matrix strains is around 90%. The
localization is not very high because of the low fibre volume fraction in the
composite.
Comparing the dimensions of themeso-level RUC to that of the textile sample

(see Table 2.1 & 2.3), one can conclude that there might not be a significant
scale difference between the two levels, implying that the meso-level cannot
be assumed to be free of boundary effects, which is a fundamental assumption
for applying the periodic boundary conditions. Hence, to quantify the error
introduced by modelling the textile using a simplified meso model, the virtual
composite geometry with the textile structure was generated and subjected
to uni-axial tensile loading. One can observe a prominent Poisson’s effect
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(a) Mises stress contour plots on surface and at the mid-plane of the
meso-level model with uni-axial and shear loading

(b) Logarithmic strain contour plots at the mid-plane of the meso-level
model with uni-axial and shear loading

Figure 2.19: Contour plots of the meso-level model

in both the Textile RUC and the virtual composite models as seen in Fig.
2.20a, i.e., there is a proportional decrease in the lateral measurement to the
corresponding increase in length. Although the effective response of both the
models is overlaying one another, there is an error of ≈ 10% introduced in the
Poisson’s effect. This implies that the boundary effects under tension were not
accurately captured by the RUC. Since the textile-silicone (or textile-tissue)
composite is used as a heart valve which undergoes large bending deformation
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(a) Comparison of the lateral contraction with longitudinal stretch

(b) Logarithmic strain contour plots at the mid-plane of virtual textile composite

Figure 2.20: Poisson’s ratio comparison and contour plots of the virtual textile

(rotations) and relatively small stretches, we considered the results obtained
from the virtual experiments of the RUC as a trade off between numerical
accuracy and computational effort.
The presentedmethodwas already applied to derive thematerial properties of

a textile-silicone based heart valve, where more complex virtual experiments
were carried out on the meso (textile) level model to obtain the effective
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response of the heart valve (see Sodhani et al. [2016]). Structural kinematics
of the heart valve were also found to be in good agreement with those of the
tissue-engineered heart valve.
All the material parameters obtained using virtual experiments are reported

in Table 2.6. The results obtained were fitted using a Monte Carlo multi-curve
fitting algorithm. At first, the tensile tests were used to fit the corresponding
parameters. Keeping the obtained parameters fixed, the remaining parameters
were fitted to the shear response.

Table 2.6: Parameters obtained by fitting corresponding models to virtual experiments
Parameters Micro Micro Parameters Intermediate Intermediate
Trans. Iso. Recon. geom. Ideal geom. Fung’s ortho. -Weft -Warp

Ep 3.208 521.57 c 1.241 4.701
En 3585.4 9233.09 λ 11.621 16.796
µnp 0.8 21.47 b1 2.683 0.249
µp 0.824 183.49 b2 38.792 0.915
νp 0.9459 0.422 b3 1.959 0.246
νnp 0.000394 0.020 b4 20.524 4.462

b5 10.463 3.046
b6 17.088 3.421
b7 2.498 0.079
b8 0.570 0.020
b9 1.501 0.230

2.6 Conclusion and Outlook

The aim of the current study was to show the competence of a hierarchical
multi-scale modelling approach to predict the behaviour of biocompatible ma-
terials. Initially, real geometry was generated using CT scans and compared
with the experimental results. The complex structure of the textile reinforced
composite was then reduced to simplified models at meso and micro-levels.
Structural disparity between these two levels was bridged using a intermediate-
level (similar to calibrating), which was chosen such that it predicted the results
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that were in good agreement with those from the experiments. The presented
multi-scale technique could be used to study knitted textile-tissue composites
which are otherwise difficult to experiment on and optimize for theirmechanical
compatibility. Apart from predicting the global response, the current approach
can also predict non-affine local deformation along with the stress and strain
states in the matrix - to better engineer the ingrowth of tissues. Such a method
could be used to optimize the textile structure along with its orientation saving
on both time and resources while improving the end product.
The approach can be made more reliable and robust by further investigations

to quantify the deviation of global and local responses due to the changes in
volume fraction of individual structural levels ensuring the effective fibre vol-
ume fraction. Investigations are also needed to determine the effect of different
idealized knit patterns and varying the cross-section at the intermediate-level
on the overall results. This would aid in creating a library of intermediate-level
models, which could be used analogously to a "plug and play" approach.
The presented approach could eventually aid in improved understanding of

engineered tissue in presence of a scaffold (textile mesh) leading to improved
biocompatible topologies.

2.7 Appendix - Modelling knit level RUC

The complex knit structure was idealized using a weft knit RUCwhich contains
segments from four identical weft knit loops as shown in Fig. 2.21. Modelling
of the weft knit loops entails parametric spline generation for the yarn path
based on structural points defining the loop (Fig. 2.22, Table 2.7). Methods for
solid modelling of realistic yarn loops for plain weft knits using splines, have
been previously presented by Kyosev et al. [2005] and Li et al. [2014].
In the current approach, the yarn path was modelled using NURBS and

a circular cross section was swept along it. All the structural parameters
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Figure 2.21: Kint level RUC model with structural parameters and dimensions

Table 2.7: Structural parameters for defining the weft knit loop
Loop dimension Relationship
Wale length W = f1 ∗ (1.2d)B
Loop height H = f2 ∗W
Course length C = H/2
Overlapping length e = H/4
Bend thickness T = f3 ∗ (1.5d)

were formulated as a function of yarn diameter d, controlled using variables
f1>4,f2>1, and f3>1. These variables uniquely define the structure of a weft
knit. Values of f1,f2,f3 were constrained to ensure that the generated weft knit
RUCpasses through the nine 3D formdefining structural pointsPi as elaborated
in Fig. 2.22. Although these constraints ensure no intersections between yarns
at these structural points, choice of the control points Ci guiding the spline
between these points can lead to intersections between yarns (see Fig. 2.23).
Therefore, a quantitative and qualitative study for generation of an acceptable
weft knit configuration was needed. A weft knit model devoid of intersections
or contact between yarns was considered as an acceptable configuration.
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Figure 2.22: Left to right: structural points of a weft knit loop; six spline segments passing
through the structural points Pi of the loop; ten spline segments for filleted weft
knit loop

Figure 2.23: Volume change and intersection in generated geometry for the parameter set [d =
0.086 mm, f3 = 1.0]

The weft knit loop was initially generated using the primary structural points
[Piwith i = 1..8] and control points [Ciwith i = 1..4]. At this stage, the spline



52 2 Multi-scale model. and sim. of a highly defo. embedded biomed. text. composite

segments at the structural points areC0 continuous. But to model the RUC, the
weft knit loop should be at least C1 continuous at these points. Hence, filleting
of the loop was introduced by adding additional structural points (Fig. 2.22).
The coordinates of these points, along with their weights and knot vector, is
given in Table 2.8
An important aspect to modelling the weft knit RUC is to maintain its vol-

ume fraction. Volume of the splines was computed numerically by linearising
the splines. In the absence of an inverse solution for modelling an accept-
able weft knit configurations for a given volume fraction, a forward solution
was required. This involved iterative generation of weft knit configurations.
Contact/intersections along the width, height and thickness directions could be
removed by increasing the values of any one of the structural variables f1,f2

and f3, respectively. For a constant volume fraction, increasing one of these
variables leads to a decrease in the values of the other two parameters. Thus,
removing intersections in one direction can lead to an intersection in other
directions.

Figure 2.24: Geometric model of acceptable configurations (no intersections): [d = 0.110 mm;
f3 = 1.2]

The change of volume fraction when varying f1 and f2 for constant yarn



2.7 Appendix - Modelling knit level RUC 53

Table 2.8: Co-ordinates of the structural, control and guiding points are mentioned in the table
below. These are used to generate the filleted weft knit loop segments for the knit
level RUC.
Structural points Co-ordinates Weights
P0 [-W/2,0,0] 1
C1 [-W/8,0,0] 1/

√
2

P1− curv1(0.8) 1
P1 [-W/8,e,2eT/H] 1/

√
2

P1+ curv2(0.2) 1
P2 [-W/4,e+(C/2),(2(e+C/2)/H)T] 1
P3− curv2(0.8) 1
P3 [-3W/8,e+C,(2-2(e+C)/H)T] 1/

√
2

P3+ curv3(0.2) 1
C2 [-3W/8,C+2e,0] 1/

√
2

P4 [0,C+2e,0] 1
C3 [3W/8,C+2e,0] 1/

√
2

P5− curv4(0.8) 1
P5 [3W/8,C+e,2(1-(C+e)/H)T] 1/

√
2

P5+ curv5(0.2) 1
P6 [W/4,e+C/2,2((e+C/2)/H)T] 1/

√
2

P7− [-W/4,e+C/2,(2(e+C/2)/H)T] 1
P7 [W/8,e,2(e/H)T] 1/

√
2

P7+ curv6(0.2) 1
C4 [W/8,0,0] 1/

√
2

P8 [W/2,0,0] 1
Weft knit spline loop construction

Structural points = [P0, C1, P1−, P1, P1+, P2, P3−, P3, P3+,
C2, P4, C3, P5−, P5, P5+, P6, P7−, P7, P7+, C4, P8]

Weights = [1, 1/
√

2, 1, 1/
√

2, 1, 1/
√

2, 1, 1, 1, 1/
√

2,

1, 1/
√

2, 1, 1/
√

2, 1, 1/
√

2, 1, 1/
√

2, 1, 1/
√

2, 1, 1/
√

2, 1]
Knot vector = [0, 0, 0, 1, 1, 2, 2, 3, 3, 4, 4, 5, 5, 6, 6, 7, 7, 8, 8, 9, 9, 10, 10, 10]

diameter (d) and RUC thickness (f3) is shown in Fig. 2.23 and Fig. 2.24.
Figure 2.23, shows three different weft knit models generated for a volume
fraction of 19%with varying combinations of [f1,f2] for a constant diameter of
d = 86µm and thickness f3 = 1. All three configurations have intersections in
different locations within the model. Increasing the radius of the yarn leads to
an affine expansion of the weft knit configuration, which tends towards optimal
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values of [f1,f2,f3] for an acceptable weft knit configuration. In Fig. 2.24, weft
knit configuration for a yarn diameter d = 110µm for f3 = 1.2 is shown. The
weft knit configuration obtained had no yarn intersections which has been used
for further computations. Transversely isotropic linear elastic material model
was used to represent the yarns (homogenized fibres), for which the material
parameters were obtained from the effective response of the fibre level RUC.
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3.1 Abstract

Tissue engineered heart valves equivalent to the native aortic heart valves are
in development as an alternative to available prostheses. To achieve sufficient
mechanical stiffness for application in tissue engineered valves exposed to the
systemic circulation, the tissue is reinforced by a textile scaffold. Mechan-
ical testing of structurally different textiles used as reinforcement in tissue
engineered heart valves is expensive and time-consuming. The current study
seeks to predict the behaviour of textile reinforced artificial heart valves using
a multi-scale modelling approach. The complex textile structure was divided
into simplified models at different scales. Virtual experiments were conducted
on each of these models and their response was fitted by appropriate isotropic
and anisotropic hyperelastic material models. The textile response was then
used in a macro heart valve model, which was subjected to dynamic cardiac
loading. It was shown that the current modelling approach is in good agreement
with the real valve behaviour.

3.2 Introduction

Valvular heart disease is characterized by damage to or a defect in one of the
four heart valves: the mitral, aortic, tricuspid or pulmonary. We focus our
attention on the aortic valve, which governs blood flow between the heart’s
left ventricle and the aorta, and thereby the blood vessels leading to the rest
of the body. Normally, functioning valves ensure that blood flows with proper
force in the proper direction at the proper time. In valvular heart disease, the
valves become too narrow and hardened (stenotic) to fully open, or are unable
to close completely (incompetent). This leads to a malfunctioning heart due
to the thickening of heart muscle or forming of blood clots Iung and Vahanian
[2011]; Novaro [2014].
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Medical treatment depends upon the extent of the disease. One suitable treat-
ment for the stenosis of aortic valve is transcatheter aortic valve replacement
which delivers an artificial valve to the site of the diseased valve through a
catheter. In the recent past there is a considerable interest in developing artifi-
cial aortic tissue engineered heart valves (TEHVs). Tissue engineering (TE) of
heart valves might overcome the well-known complications of contemporary
devices such as the need for a life-long anticoagulation therapy in the case
of mechanical prostheses Padala et al. [2011]; Pibarot and Dumesnil [2009],
the degeneration and therefore limited durability of the biological heart valves
Padala et al. [2011]; Pibarot and Dumesnil [2009] and the limited availabil-
ity of homografts Llames et al. [2012]. The ultimate goal is to provide the
patient with an implant produced with and by the patient’s own cells, able to
remodel and self-repair, with physiological haemocompatibility, biologically
and mechanically equivalent to the native tissue. Different kinds of TEHVs
are in development by various groups. One such TEHVs is being developed
by the group at the Applied Medical Engineering institute of RWTH Aachen
University Weber et al. [2013], as shown in Fig. 3.1.
Since experimental testing of different TEHVs can be extremely time-consuming

and expensive, numerical models are desired to predict the effect of geometrical
and material changes on performance. Hence, to predict the behaviour of the
artificial heart valve, which is basically a textile reinforced elastomeric com-
posite, a well known approach in the field of composites known as multi-scale
modelling is employed. In this paper, we try to establish the validity of the
approach for soft biological composites. Once the framework is set up, virtual
testing and prediction of suitability of various soft biological composites in
artificial heart valves can be developed into a very efficient tool for artificial
heart valve development.
Various works on multi-scale modelling of heart valves exist in literature,
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where the problem at hand is tackled at organ, tissue, cell and molecular scales
Weinberg and Mofrad [2007]; Weinberg et al. [2010]. In these approaches, the
material characteristics of the higher scale is obtained from the lower scale,
whereas the response of the underlying structure is often not accounted for
clearly. Argento et al. [2012] present an approach of mechanical character-
ization of the scaffolds for tissue engineered heart valves, by accounting for
the effect of underlying scaffold structure, which is similar to the approach
presented in this paper. In this work, the complex structure of the textile is
divided into three simplified structural level models. The effective response
obtained after conducting virtual experiments at the lower level model is used
to represent the behaviour at a higher level. In this manner the behaviour of
the textile embedded into the matrix is obtained. This effective response of the
textile is then used to simulate the artificial textile reinforced heart valve under
realistic loading conditions.
This paper is organized as follows. Initially a brief introduction is given

to artificial aortic heart valves (section 3.3). The structural multi-scale levels,
alongwith a small introduction to themodelling approach is provided in section
3.4. This is followed by a brief overview of the constitutive material models
used in this paper (section 3.5). The results are discussed in section 3.6. This
paper then ends with a conclusion and an outlook.

3.3 Artificial aortic heart valves

The tube-in-stent valve consists of a tubular tissue engineered fibrin based con-
struct sewn into a stent at three single attachment points and along a circumfer-
ential line at the annulus according to the single point attachment commissure
(SPAC) technique Goetz et al. [2002]. The valves are produced by using fibrin
gel as a cell carrier embedding vascular cells isolated from human umbilical
cord veins and a tubular knitted textile structure as a co-scaffold Moreira et al.
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[2014b]. Initially, the knitted polyethylene terephthalate (PET) mesh is em-
bedded into the fibrin gel containing the cells. The tubular mesh construct is
fixed during the static cultivation for one week after which it is sutured into
a self-expandable nitinol stent. First the construct is sewn at the three single
points to form the commissure points and then circumferentially to define the
annulus (Fig. 3.1).

Figure 3.1: Fabrication of the tube-in-stent valve. From left to right: tubular construct after one
week of static cultivation still fixed at the silicone connectors, after release from the
silicone connectors and placed into the stent, after suturing at the three commissure
points and at the base of the tubular construct circumferentially (annulus) Moreira
et al. [2014a]

After static conditioning, the TEHV is conditioned for 14 days in a custom-
made bioreactor positioned in an incubator. With the use of actuators and
membranes the bioreactor is able to mimic the flow between the ventricle
and the aorta. The valve is tested under aortic flow and pressure conditions
according to ISO 5840-3 i.e., cardiac output of 5L/min, 100 mmHg mean
aortic pressure and 70 bpm (beats per minute) frequency. The pressures are
measured by pressure transducers positioned immediately upstream and down-
stream from the valves. The instantaneous flow is measured by a flow meter
positioned upstream from the valves. Pressure and flow values are recorded by
a LabVIEWTM application.
For the ease of production, testing and simulation, silicone, whose mechani-

cal properties are similar to that of engineered tissues Martins et al. [2006], is
used in this study as a replacement for tissues. The silicone based heart valve
is subjected to the same process as a tissue engineered heart valve, except for
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the cultivation period.

3.4 Finite element simulations

TEHVs used in this study can be treated as a composite at themacro level, where
the textile made by knitting multiple yarns (bundled fibres) is used as a scaffold
on which the engineered tissues are grown (see Fig. 3.2). Hence, to predict the
behaviour of a TEHVs, one needs to understand the structural response of its
constituents at different levels. Therefore, a multi-scale modelling approach is
employed. The benefit of this approach is that individual components of the
composite can be modelled by means of a simple material model which can be
characterized using simple experiments. The effective response of the material
over different scales can then be obtained from virtual experiments.

Figure 3.2: Different structural levels of TEHVs

All the finite element (FE) models are created using the commercial software
Abaqus Hibbitt et al. [2001]. The elements used are C3D4 (linear tetrahedral)
andC3D8R (eight-noded brick elementswith reduced integration and enhanced
hourglass stiffness) depending on the structural model in consideration. All the
structural models are simulated using the implicit (standard) solver of Abaqus,
whereas the heart valve model is solved using the explicit solver. Only the
material models built into Abaqus are used in this work.
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3.4.1 Multiscale modelling

The micro-structure has been simplified and divided into four levels. The
schematic representation of the different levels used in multi-scale modelling
is shown in Fig. 3.3. The modelling approach of repeating unit cells (RUC)
Hassani and Hinton [1998] is implemented at textile, knit and fibre levels. A
unit cell, when repeated in all or specified directions, represents the micro-
structure, i.e. the structure is periodic along the pre-defined directions. Virtual
experiments are conducted at a lower level RUC which then produces the
effective material response. This effective material response is subsequently
fitted by another material model used to represent the behaviour of the internal
structure within the RUC at a higher level. The same procedure is repeated
until all the scales under investigation are accounted for. This approach is
often referred to as hierarchical multi-scaling Bednarcyk et al. [2015]. For the
structures that are periodic, displacement based periodic boundary conditions
(PBCs) are used for the prediction of effective material response Bednarcyk
et al. [2015]. At the different levels different material models are utilized (see
also Fig. 3.3). These models are briefly discussed in section 3.5.
Silicone matrix and the PET fibres are characterized using experimental

results, whereas virtual experiments conducted on the RUC are used to char-
acterize the material properties of the internal structure in a higher level RUC.
All the material properties obtained are mentioned in the sections below.

3.4.2 Fibre level structural model

The fibre level represents the micro-structure of the yarn. 24 PET fibres with
a diameter of 17 µm are bundled together as a yarn. Within a yarn, it is
assumed that all the fibres are aligned in the direction of the yarn. Although
the number of fibres is probably not large enough to ignore the edge effects, the
tow was idealized using a hexagonal dense packing (HDP) RUC considering
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Figure 3.3: Schematic representation of multi-scale modelling of the heart valve

the assumption of a periodic composite. The boundary effects on the peripheral
fibres are assumed to be restricted by modelling the yarn in the knit level model
using a circular cross-section, with a volume fraction of 90%.. Therefore, the
HDP RUC is modelled with a volume fraction of 90% as shown in Fig. 3.4.
The material response of the fibres and the matrix are captured using a linear
elastic material model. The homogenized material response from this level is
used to represent the yarn in the knit level. The mesh of the fibre level structural
model has 1061514 C3D8R elements.

3.4.3 Knit level structural model

Fig. 3.5 shows some of the knit patterns in the textile. Multiple yarns are knit
together to form a textile. The knitted textile mesh was produced at the Institute
of Textile Technology (RWTH Aachen University) using medical grade PET
multi-filament fibres.
Modelling such a complex knit pattern is computationally challenging and

expensive. As it can be observed, even though the kitted textile has a repetitive
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Figure 3.4: Fibre level structural model

Figure 3.5: Different knit patterns in the textile

pattern, it is difficult to identify a consistent path along which the yarns are
knit. Hence, it is necessary to simplify the knit for computationally efficient
modelling. The simplified knit pattern has to account for the continuous load
transfer within the yarns from one knit to another and also the locking of
yarn alignment in loading direction due to the looping structure of the knit.
Therefore, in this work the complex knits are approximated by a simplified knit
pattern with a volume fraction of 19% as shown in Fig. 3.6. As the yarns are
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modelled using transversely isotropic elasticity, proper material orientations
are assigned to the yarns for which the material properties are obtained from
the homogenized response at the fibre level. Matrix is modelled as an incom-
pressible hyperelastic material. The homogenized material response from this
level is then used to represent the textile structure in the textile level RUC. The
mesh of the knit level structural model has 921635 C3D4 elements.

Figure 3.6: Knit structural model

3.4.4 Textile level structural model

Fig. 3.7 shows the textile pattern. Structurally, it represents a honeycomb
pattern. The honeycomb pattern should provide the textile with equivalent
in-plane stiffness. This is modelled using a RUC with an internal structure
of volume fraction 36.67%, as shown in Fig. 3.7. On repeating the RUC in
XY plane, one obtains a honeycomb pattern as shown. Orthotropic Fung’s
hyperelastic material model is used to represent the internal structure in the
RUC, and the matrix is modelled as incompressible hyperelastic material. The
homogenized knit level response is smeared over the internal structure using
local directions as shown in Fig. 3.7. Homogenized material response from
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this level is used to represent the centre layer in the heart valve model. The
mesh of the textile level structural model has 192930 C3D8R elements.

Figure 3.7: Textile level structural model

3.4.5 Macro level heart valve model

Fig. 3.8 shows the macro level heart valve model. The macro model of the
heart valve is divided into three layers along the thickness. The centre layer
is where the textile reinforcement is present. Only one element (i.e. single
integration point over thickness) is used to represent the textile layer in the
heart valve simulation. This layer is modelled by the orthotropic hyperelastic
material model, with material parameters obtained by fitting the Fung’s model
to the virtual experiments conducted at the textile level model.
The outer and the inner layers are considered to be pure matrix (silicone

or engineered tissue) layers and are modelled using the isotropic hyperelastic
(Arruda Boyce) material model. The material properties for the matrix are ob-
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Figure 3.8: Macro scale heart valve level in its initial sutured configuration along with fixed
boundary conditions

tained by fitting the Arruda Boyce model to the experimental results conducted
on Elastosil samples. Considering the fibre/internal structure volume fraction
across all the different layers, the overall volume fraction of the textile in the
heart valve is 2.2%, whereas from the measurements, it is calculated that the
TEHVs have a fibre volume fraction of ≈ 2.4%. The macro scale heart valve
level is now subjected to the loading of three cardiac cycles and compared to
experimental results. The macro model of the heart valve has 25317 C3D8R
elements.
The simulations in the paper are based on the tubular valve construct as

shown in Fig. 3.8 (see also Stapleton et al. [2015]). The diameter of the heart
valve is 23 mm with a thickness of 0.7 mm and a height of 18 mm. Simulation
is carried out on the initial tubular construct to achieve the geometry of the
sutured heart valve. The deformed geometry is then extracted from the output
file to obtain a stress free initial sutured configuration. Aortic and ventricular
surface pressures are applied to simulate the cardiac cycle while keeping the
suture points and the base of the heart valve fixed. Boundary conditions are
summarized as in Fig. 3.8.
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Parameters Aortic pressure Ventricular pressure
A0 0.01322 0.006065
A1 -0.0009058 0.001718
A2 -0.0009038 -0.002571
A3 -0.0005186 -0.00141
B1 0.001583 0.007505
B2 0.0002181 0.001291
B3 -0.000355 0.001006
ω 7.712 7.701

Table 3.1: Parameters for periodic aortic and ventricular pressure loading of the heart valve

The experimental aortic and the ventricular pressure which are similar to
the cardiac cycle (Fig. 3.9), are fitted by a Fourier expansion (a = A0 +∑N

n=1[An cosnω(t − t0) + Bn sinnω(t − t0)] for t ≥ t0) and applied as a
periodic change in amplitude within Abaqus Hibbitt et al. [2001] as shown in
Fig. 3.9. The parameters of the fit for ventricular and aortic pressures using
N = 3 are given in Table 3.1.

Figure 3.9: Experimental pressure and it’s fit (AP: aortic pressure; VP: ventricular pressure).
The fitted curve is used as hydrostatic loading for the finite element simulation of
the macro-level heart valve
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3.5 Material models

Four different material models are used across different levels. The fibres
are modelled as linear-elastic and isotropic whereas an isotropic hyperelastic
material model is applied for the matrix. The yarns are assumed to behave
transversely isotropically as well as linear-elastically. To fit the response at
the knit and the textile levels, Fung’s orthotropic hyperelastic material model
Fung et al. [1979] is used. Various other orthotropic/anisotropic hyperelastic
material models such as the ones suggested by Holzapfel and Gasser [2001];
Reese [2003]; Holzapfel [2004]; Gasser et al. [2006]; Ehret and Itskov [2007]
could also be used to represent orthotropic/anisotropic material response.

3.5.1 Transversly isotropic material model

The material properties of the yarn, used in the knit level RUC, are modelled
using a transversely isotropic material law. Transverse isotropy is a special
case of orthotropy, where the material has the same properties in one plane
and different properties in the direction normal to this plane. These materials
can be described by five independent elastic constants. By convention, the five
elastic constants in transversely isotropic constitutive equations are the Young’s
modulus and Poisson’s ratio in the symmetry plane, Ep and νp, the Young’s
modulus and Poisson’s ratio in the normal direction, En and νnp, and the shear
modulus µnp. Considering the out of plane direction to be the z-direction, the
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compliance matrix takes the form
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(3.1)

where for symmetry the corresponding off diagonal terms should result into
the same values.

3.5.2 Arruda Boyce material model

Elastosil silicone matrix material is modelled across all scales/levels (except
the fibre level) using the Arruda Boyce model Arruda and Boyce [1993] which
is an isotropic hyperelastic constitutive model used to describe the mechanical
behaviour of rubber-like and other polymeric substances. This model is based
on the statistical mechanics of a material with a cubic representative volume
element containing eight chains along the diagonal directions. The material
is assumed to be incompressible. The strain energy density function for the
incompressible Arruda and Boyce [1993] model is given by

W = NkBθ
√
n

[
βλchain −

√
n ln

(
sinh β

β

)]
(3.2)

where n is the number of chain segments, kB is the Boltzmann’s constant, θ is
the temperature in Kelvin and N is the number of chains/density of chains in
the network of cross-linked polymers.

λchain =
√

I1
3 ; β = L−1

λchain√
n

 ; µab = NkBθ (3.3)
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λchain represents the stretch of a chain. I1 is the first invariant of the right
Cauchy-Green deformation tensor, andL−1(x) is the inverse Langevin function.
µab is the shear modulus obtained by fitting the experimental results.

3.5.3 Fung’s orthotropic material model

The generalized Fung strain energy potential in Abaqus is based on the two-
dimensional exponential form proposed by Fung et al. [1979], which was suit-
ably generalized to arbitrary three-dimensional states using Humphrey [1994].
It has the form

W =
c

2
(eQ − 1) +

K

2

(
(J2)− 1

2
− ln J

)
(3.4)

with Q being defined by
Q = E : B : E (3.5)

B is a dimensionless symmetric fourth-order tensor of anisotropic material
constants and E represents the Green-Lagrange strain tensor. The orthotropic
form of the generalized Fung model with eleven independent variables is used
in this work. The Voigt notation of the B matrix is given by

B̂ =



b1 b7 b8 0 0 0

b7 b2 b9 0 0 0

b8 b9 b3 0 0 0

0 0 0 b4 0 0

0 0 0 0 b5 0

0 0 0 0 0 b6


(3.6)

It is well known in literature that parameter fitting of the Fung model largely
depends on the choice of initial values. Hence, care has been taken to choose
the initial values reasonably while fitting this model to the virtual experiments
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at different levels.

3.6 Results and Discussions

3.6.1 Silicone matrix

The silicone matrix is characterized using tensile tests. The specimens had a
gauge length of 31.28 mm, a width of 6.35 mm, and a nominal thickness of
around 1.15 mm. The specimens were preloaded with 0.5 N, and stretched at
3 mm/min until failure. The engineering stress vs. stretch is plotted in Fig.
3.10. As can be seen from Fig. 3.10, silicone has a hyperelastic material
response, which undergoes softening under cyclic loading representing the
Mullins’ effect. As the heart valve is subjected to cyclic fatigue loading, the
silicone matrix is characterized only by the unloading curve of the last cycle.
For the fibre level model, silicone matrix is characterized using linear elasticity
(Fig. 3.11 (a)) where the elastic constant E is found to be 0.7323 MPa,
and for all the other scales, the matrix is characterized by the Arruda Boyce
model where the constants µab and n are found to be 0.0862 MPa and 1.1762
respectively. Silicone is modelled as nearly incompressible.

3.6.2 PET fibres

The PET fibre material parameters were obtained by using experimental data
from Lechat et al. [2011] as shown in Fig. 3.11 (b). This stress vs strain
curve is from a tensile test on a single PET fibre. The curve appears to be linear
initially (except for an initial non-linear period which is assumed by the authors
to be remnants of the load transfer in the experimental set-up rather than actual
material behaviour) until it became plastic. Since plasticity is not included in
the present model, only linear elasticity is considered where the E = 10.259
GPa was found and ν = 0.35 was assumed.
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Figure 3.10: Experimental data used for non-linear material fit (using Arruda Boyce model) of
the loading & unloading path for silicone

3.6.3 Fibre level structural model

The material response of the yarn (used as an internal structure in the knit
level RUC) was derived from the homogenized response of the fibre level
RUC. A far-field strain of 1% was applied to the RUC in three uni-axial strain
and three shear deformation modes in order to fully populate the elasticity
tensor (see Sodhani et al. [2015]). The material parameters, Young’s modulus,
shear modulus and the Poisson’s ratio, were obtained from the compliance
tensor (which is the inverse of stiffness tensor) as follows: Ep = 346.43,
En = 9233.01, µnp = 13.72, µp = 122.33 MPa, νp = 0.417 and νnp = 0.013.

3.6.4 Knit level structural model

To characterize the material response of the knit level model, virtual tensile and
pure shear tests were carried out at the knit level RUC for a far field strain of
25%. The material response was then fitted with the orthotropic hyperelastic
Fung’s model. The effective material response and the material fit are as shown
in Fig. 3.13. c and K were found to be 1.008 and 4.163 MPa, respectively.
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(a) (b)

Figure 3.11: Experimental data used for elastic fit of material models (a) silicone; (b) PET
fibres Lechat et al. [2011]

Nine independent parameters constituting the B̂ matrix are given in Table 3.2.

Figure 3.12

Figure 3.13: Results and fit from virtual tensile and shear experiments at the knit level
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3.6.5 Textile level structural model

The material parameters obtained from the knit level model were then used to
represent the internal structure in the textile level RUCs. Effective material
response of the RUC was obtained by subjecting it to a far field tensile strain of
50% and pure shear strain of 25%. These were then fitted with the orthotropic
hyperelastic Fung’s model. As expected, one can observe that the RUC has
comparable stiffness inX andYdirections, which is the effect of the honeycomb
structure. A shear test was carried out only in the XY plane to obtain the b4

parameter. Parameters b5 and b6 were assumed to be the same as b4. The
effective material response and the material fit are as shown in Fig. 3.14
where c and K were found to be 1.1635 and 2.000 MPa, respectively. Nine
independent parameters constituting the B̂ matrix are given in Table 3.2.

Parameters Knit level model Textile level model
b1 1.939 1.1957
b2 33.412 1.2917
b3 0.779 0.6059
b4 14.649 12.5
b5 6.039 12.5
b6 11.409 12.5
b7 2.591 0.0828
b8 0.229 0.1396
b9 1.319 0.1493

Table 3.2: Parameters of the bmatrix for Fung material model for the knit level and the textile
level model

3.6.6 Heart valve model

The parameters obtained from the textile levelmodelwere then used to represent
the textile region, which is the centre layer in the heart valve model. As
mentioned earlier, the inner and outer layers are considered to be pure matrix,
which was represented by the Arruda Boyce material model. The material
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Figure 3.14: Results and fit from virtual experiments at the textile level

parameters were provided earlier. The deformed and undeformed configuration
of the closed and open heart valve are shown in Fig. 3.15. It can be observed
that during the opening phase of the cardiac cycle the heart valve opens more
than its initial sutured configuration. Fifteen critical points on the loading cycle
are pointed out and the logarithmic strain contour plots of the heart valve for
these positions are shown in Fig. 3.16. From the contour plots, it is clear that
in spite of having a symmetric geometry initially, the deformed geometry of the
heart valve is not symmetric. In reality, this is due to the different bifurcation
modes present for the folding of heart valve leaflets based on the position of
the suture point in the corners, as explained by Stapleton et al. [2015]. In our
simulations, results are not entirely symmetric because of the choice of the fixed
nodes at the suture points. As the initial meshed structure (as shown in Fig.
3.8) is extracted from a simulation (explained in section 3.4.5), it is difficult
to choose exactly the same corresponding nodal positions at each suture point.
This creates a small perturbation of the symmetry. To evaluate the degree of
un-symmetry, the principle logarithmic strains along three pre-selected paths,
at the top, middle and bottom of the heart valve, have been plotted in Fig.
3.17. All the paths start at the vertical line crossing suture point “S1“, pass
through the verticals along the suture points ”S2“ and ”S3“, before ending at
its start point. Logarithmic strains are plotted over the normalized distance
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of each path. Five different graphs for the second loading cycle, comparing
the logarithmic strain at the mentioned critical points in the cardiac cycle for
all the three paths, have been compared. It can be observed that when the
valve is completely closed (point 6), there are large strains around the three
suture points at the top (peaks), and in the centre at the bottom. The strains in
the middle of the heart valve are relatively small in the centre but high under
the suture region. During the systole phase (points 7 and 8) of the cardiac
cycle, strains in all of the heart valve are relaxed, because during this phase
the pressure difference between the aortic and the ventricular side of the heart
valve is very small and the deformed heart valve is close to its undeformed
configuration (see Fig. 3.15). In the initial diastole phase (point 9), the strains
developed at the centre in the bottom are high compared to the other regions.
This is because the bottom of the heart valve, which is fixed, is subjected to
localised strain as the top part of the heart valve i.e. the leaflets move inward
(bend) to close the valve. This is similar to a cantilever beam subjected to
bending. The strains around the suture region are relatively small, as they are
not subjected to large local deformation during this phase. The stain pattern in
the middle layer is the same as described earlier. Maximum difference between
the aortic and the ventricular pressure exist at this point. During the diastole
phase when the aortic pressure decreases and the ventricular pressure increases
(point 11), it can be observed that the fluctuation in the pressure difference
leads to localised strains in the corners i.e. the suture region of the heart valve,
because the pressure change is not sufficient to open the leaflets of the heart
valve.
One can also observe some opening in the heart valve simulation during the

diastole phase of the cardiac cycle. This is due to the use of only three elements
over the thickness of the heart valve. To improve the closing response of the
heart valve during the diastole phase, a higher number of integration points
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Figure 3.15: Deformed and undeformed configuration in the iso-geometric view and top view

over the thickness should be used.
The maximum principal logarithmic strain obtained in the heart valve is ≈

0.55, which occurs at the constrained points in the heart valve, i.e. near the
sutured region. This is equivalent to nominal strains of ≈ 70%. In most parts
of the heart valve, the local maximum principal logarithmic strains are less than
0.4, which is equivalent to nominal strains of≈ 50%. Therefore, the choice for
the far field strain up to 50% at the textile level model is adequate to capture the
effective response of the reinforcing textile at the macro level. Furthermore,
the lower two levels are idealizations hence, it was assumed that the chosen far
field stain limits are enough to predict the behaviour. Also, to be more precise
one will need to account for local damage in the matrix due to higher far field
strains. This is outside the scope of the present work.
To validate the results of the simulation with the experimental set-up, either

a digital image correlation for the strain patterns in the artificial heart valve
is needed or the fluid flow through the artificial aortic valve needs to be sim-
ulated to compare the flow volume. Both of the above mentioned validation
approaches were outside the scope of this paper, which will be accounted for in
future work. Hence, an image processing method to acquire the percentage of
the open cross-section of the heart valve during the systole phase of the cardiac
cycle to its initial cross-section was used to validate the modelling approach.
Fig. 3.18 shows snapshots of the experimental heart valve over the cardiac
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(a)

(b)

Figure 3.16: Initial configuration (a) loading curve along with the legend of the logarithmic
strain plot (AP: aortic pressure; VP: ventricular pressure); (b) logarithmic strain
contour plot

cycle in comparison with the snapshot of the simulation at the same time step.
Comparison of this ratio is as shown in Fig. 3.18. From the comparison, it can
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(a) Different paths
(b) at point 6

(c) at point 7 (d) at point 8

(e) at point 9 (f) at point 11

Figure 3.17: Logarithmic strains along different paths for the given time points

be observed that the percentage opening of the experiment and the simulation
during the systole phase of the cardiac cycle are almost the same, whereas in the
diastole phase, the simulated heart valve does not close completely due to the



80 3 Multi-scale modelling of siTexValve

reasons mentioned earlier. In the opinion of the authors, the current validation
method, though not the most accurate, serves to validate the approach used to
simulate the behaviour of the textile reinforced artificial heart valve.

Figure 3.18: Experimental and simulation comparison of the open area ratios and their respec-
tive snapshots

3.7 Conclusion and Outlook

The goal of the current study was to show that competence of the multi-scale
modelling approach to predict the behaviour of textile reinforced aortic heart
valves, has been achieved. First, the complex structure of the heart valve was
reduced to simplified structural models at different scales. Then, different
relatively simple material models available in a commercial finite element tool
were introduced. Repeating unit cells (RUCs) of these simplified structural
models were then meshed to obtain a finite element (FE) model. These were
then subjected to periodic boundary conditions and loaded using far field strain
to obtain an effective material response. The effective material response was
then fitted using the appropriate material models.
A macro FE model was constructed for the heart valve. The model was

divided into three zones over the thickness. The outer layer was modelled as
pure silicone matrix, whereas the material properties of the textile layer were
derived from the hierarchical multi-scaling approach. Dynamic simulation of



3.7 Conclusion and Outlook 81

the heart valve was carried out, where, in the first step the heart valve was
sutured to avoid excessive distortion at one point. In the next step, ventricular
and aortic pressures were applied on the inner and the outer surface of the heart
valve. The obtained deformation pattern of the heart valve and percentage open
area of the cross-section during systole and diastole phase of the cardiac cycle
are in good agreement with the experimental results.
Further, the closing response of the heart valve needs to be improved, which

can be achieved by mesh refinement over the thickness of the heart valve and a
modified multi-scale modelling approach. Blood flow simulation using fluid-
structure interaction also needs to be carried out to realistically simulate the
cardiac cycle and analyse the flow volume through the valve. For more efficient
modelling of the TEHV, a material model accounting for extra-cellular fibre
(elastin and collagen) alignment within the matrix under cyclic loading during
cultivation needs to be developed. To make the approach more reliable and
robust further investigations are needed to quantify the deviation of the final
result due to the change in volume fraction of individual structural levels, such
that the modelling is faithful to the overall volume fraction of the heart valve.
Also, further investigations are needed to determine the effect of different knit
patterns in the knit level model on the overall results.
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4.1 Abstract

Prosthetic heart valves deployed in the left heart (aortic and mitral) are sub-
jected to harsh hemodynamical conditions. Most of the tissue engineered heart
valves have been developed for the low pressure pulmonary position because
of the difficulties in fabricating a mechanically strong valve, able to withstand
the systemic circulation. This necessitates the use of reinforcing scaffolds,
resulting in a tissue-engineered textile reinforced tubular aortic heart valve.
Therefore, to better design these implants, material behaviour of the compos-
ite, valve kinematics and its hemodynamical response need to be evaluated.
Experimental assessment can be immensely time consuming and expensive,
paving way for numerical studies. In this work, the material properties ob-
tained using the previously proposed multi-scale numerical method for textile
composites was evaluated for its accuracy. An in-silico immersed boundary
(IB) fluid structure interaction (FSI) simulation emulating the in-vitro experi-
ment was set-up to evaluate and compare the geometric orifice area and flow
rate for one beat cycle. Results from the in-silico FSI simulation were found
to be in good coherence with the in-vitro test during the systolic phase, while
mean deviation of approximately 9% was observed during the diastolic phase
of a beat cycle. Merits and demerits of the in-silico IB-FSI method for the
presented case study has been discussed with the advantages outweighing the
drawbacks, indicating the potential towards an effective use of this framework
in the development and analysis of heart valves.

4.2 Introduction

Tissue engineered heart valves have been proposed as alternatives to the clini-
cally adopted heart valves to overcome their limitations. Mechanical valves re-
quire life-long anticoagulation therapy because of the associated risk of throm-
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bosis and thromboembolism, while the biological valves which are not as stiff,
suffer from structural degeneration and therefore have a limited life. Different
tissue engineering strategies have been proposed for the realization of valves
which ultimately will consist of healthy tissues produced by the patient’s own
cells, putatively eliminating the above-mentioned limitations [Cheung et al.
[2015]; Namiri et al. [2017]]. Hence, to achieve the mechanical properties
in biological valves that would enable the correct functioning of the valve in
the systemic circulation, the tissue has been reinforced with a textile for both
surgical implantation [Weber et al. [2013]; Moreira et al. [2016]] and percu-
taneous delivery [Moreira et al. [2014a]]. The textile reinforcement must be
carefully designed: too much reinforcement can cause the valve to be too stiff
and lose functionality, while too little reinforcement can lead to early failure of
the leaflets. To facilitate intentional and intelligent valve design, computational
models of heart valves are required that form a link between reinforcement de-
sign and valve performance. The ability of a model to predict performance
relies on the representation of two main aspects: the loading of the valve and
the material properties of the constituents.
First, the loading of the blood flow on the leaflets needs to be represented.

Several studies have been carried out to evaluate the influence of topological
design and material response by simply considering the hydrostatic pressures
acting on the structural domain [Koch et al. [2010]; Li and Sun [2010]; Sun et al.
[2010]; Loerakker et al. [2013]; Saleeb et al. [2013]; Gunning et al. [2014];
Morganti et al. [2014, 2015]; Wang et al. [2015]; Sodhani et al. [2016]]. While
these methods give a general idea of the performance of the valve, decoupled
FE simulations often neglect the interaction of the fluid with the valve surface
and its resulting loads.
Hence, FSI models are becoming increasingly important for biomedical en-

gineering applications Luraghi et al. [2017]. A general review of FSI methods
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was presented in Hou et al. [2012], while reviews on FEA, CFD and FSI
simulation approaches for cardiac valves are found in Votta et al. [2013]. Ex-
perimental validation of FSI simulations have been reported inWu et al. [2016];
Joda et al. [2016]. The number of studies considering FSI to evaluate the valve
kinematics are increasing [see e.g. Borazjani and Sotiropoulos [2010]; Marom
et al. [2012]; Griffith [2012]; Sturla et al. [2013]; Borazjani [2013]; Bavo et al.
[2016]; Wu et al. [2016]; Joda et al. [2016]; Mao et al. [2016]; Luraghi et al.
[2017]]. An important consideration for the FSI simulation is the definition
of the fluid domain. Other than some exceptions [Shahriari et al. [2012];
Mao et al. [2016, 2017]; Toma et al. [2017]; Caballero et al. [2017]] that use
smooth particle hydrodynamic simulations, most works use either a boundary
conforming (ALE) or a non-boundary conforming (Eulerian) formulation.
In the ALE approach, two conforming (both structured and unstructured)

meshes are used for the fluid and the structural domains. This approach
was successfully applied to heart valves [e.g. Annerel et al. [2012]; Chandra
et al. [2012]]. However, the inability of the ALE method to cope with large
deformation problems restricts its application to the modelling of valves which
undergo both large displacements and deformations.
In the immersed boundary (IB) Eulerian approach, introduced by Peskin

[1972] for the heart valve, the fluid domain is discretized with a fixed grid
where the Navier-Stokes (NS) equations are written in the Eulerian formulation
and the structure is modelled with a Lagrangian mesh, free to move in the fluid
domain [Bavo et al. [2016]]. This is more suitable for problems with large
structural displacements/deformations [De Tullio et al. [2011]; Bavo et al.
[2016]; Wu et al. [2016]; Joda et al. [2016]; Luraghi et al. [2017]]. As only the
structural grid deformswithin a stationary fluid grid, a lower computational cost
is incurred. However, the IBmethod also has its share of disadvantages, such as
a less accurate description of the fluid-structure interface. For example, a very
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fine resolution of the IB grid would be required to accurately resolve the wall
shear stresses at the interface which in turn is computationally very expensive.
Various versions are being developed to address this [Griffith [2012]; Flamini
et al. [2016]; Borazjani [2013]; Hsu et al. [2014, 2015]; Kamensky [2015];
Joda et al. [2016]].
The second aspect which needs consideration for the design of valves is the

material representation. While several studies consider the valve to be a ho-
mogeneous elastic material [Koch et al. [2010]; Hsu et al. [2014]; Kamensky
[2015]], others model the valve accounting for the collagen fibres in the native
tissue valve using phenomenological material models. Such approaches do
not facilitate design of the reinforcements. Hence, a multi-scale modelling
approach for an artificial textile reinforced tubular aortic heart valve was de-
veloped Sodhani et al. [2016, 2018a]. In this approach, the fibre and matrix
properties were utilized in lower-scale finite element models to find the ho-
mogenized material response based on the textile geometry. While the model
was able to facilitate material design, the loading was only represented by a
hydrostatic pressure.
Therefore, in the present work, FSI simulations using the IB method have

been used to predict the kinematics of the textile reinforced tubular aortic
heart valves along with its hemodynamic behaviour. Flow rate and the geo-
metrical orifice area (GOA) ratio (i.e. ratio of open valve cross-section to its
closed counterpart) obtained from the FSI simulations were compared to the
in-vitro experimental results for validation. Apart from validating the simu-
lation methodologies, these simulations also provide an insight into the flow
dynamics and enable performance prediction and material design.
The paper is organized as follows. In Section 4.3 the artificial textile re-

inforced aortic valve (Section 4.3.1) together with the in-vitro experiment
conducted (Section 4.3.2) on the valve is presented. The multi-scale mod-
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elling approach used to determine the properties of the valve as well as the FSI
procedure to evaluate the valve kinematics are detailed in Section 4.3.3 and
Section 4.3.3, respectively. The results obtained from the computational study
are compared to the in-vitro experimental results and effectiveness of the entire
procedure as well as its advantages and disadvantages are discussed in Section
4.4. Concluding remarks and future perspectives are traced in Section 4.5.

4.3 Materials and Methods

4.3.1 The aortic heart valve

The textile reinforced aortic heart valves developed by Weber et al. [2013]
and Moreira et al. [2014a] consist of a tubular tissue-engineered fibrin based
construct using a single point attachment commissure technique [Goetz et al.
[2002]]. These valves were produced by using fibrin gel as a cell carrier
embedding vascular cells isolated from human umbilical cord veins and a
tubular warp-knitted textile mesh as a reinforcing scaffold. Initially, the knitted
polyethylene terephthalate (PET) mesh was embedded into the fibrin gel con-
taining the cells. The tubular mesh construct was kept in the static cultivation
for one week after which it was sutured into the stent. First, the construct was
sewed at the three single commissure points and then circumferentially at the
bottom to define the annulus (Fig. 4.1a). After this, the valve was dynamically
conditioned for a fixed number of weeks in a custom-made bioreactor posi-
tioned in an incubator till it achieves enough strength to withstand the systemic
circulation. This cultivated tissue-engineered textextile reinforced tubular aor-
tic heart valve (TexValve) was then subjected to an in-vitro test (explained
below, see Fig. 4.1b).
Following the work of Röhrnbauer and Mazza [2013] and Röhrnbauer et al.

[2014], it was assumed that a tubular valve with textile mesh embedded into
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silicone (elastomer matrix) would result into the same qualitative conclusions
when compared to the corresponding experiment on fully cultivated TexValve.
Hence, in the previouswork [Sodhani et al. [2016, 2018b]] aswell as the present
work, silicone matrix was assumed to represent the behaviour of cultivated
tissues. Therefore, all the tests (including the in-vitro test of the valve) were
carried out on a silicone embedded textile reinforced heart valve (siTexValve).
siTexValve was prepared with the same radius and height of the TexValve
with an exception of thickness. siTexValve was prepared with an uniform
thickness across the valve, whereas depending on the combination of cultivation
conditions and loading cycles, thickness of a fully cultivated TexValve can
quantitatively differ in different parts of the valve. Kinematic response of
a varying thickness valve can differ from that of a constant thickness valve.
In principal, conducting this study on siTexValve enables us to validate the
modelling approach with a relatively simple material and geometry, where,
only the textile mesh was anisotropic in comparison with the TexValve, where,
both the textile mesh and the tissue-matrix were anisotropic. It is important
to note that although the silicone matrix was isotropic, the textile reinforced
siTexValve was anisotropic in nature.

4.3.2 In-vitro test

In the in-vitro test, the siTexValve was tested under aortic flow and pressure
conditions according to ISO 5840-3 i.e., cardiac output of 5 L/min, 100 mmHg
mean aortic pressure and 70 bpm (beats per minute) frequency. The pressures
were measured by pressure transducers (CODAN pvd Critical Care GmbH)
positioned immediately upstream and downstream from the valve. Instanta-
neous flow was measured by a flow meter (sonoTT, em-tec GmbH) positioned
immediately upstream from the valve. The test set-up is shown in Fig. 4.1b.
Pressure and flow values were recorded by a LabVIEWTM application (see Fig.
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4.2a).

4.3.3 FSI model for the in-vitro test

In this work, the momentum balance equations for structure (in Lagrangian
form) and fluid (in Eulerian form - Navier-stokes equation, see Appendix A)
were solved using commercially available solvers. Both structure- and flow-
solvers were employed in a co-simulation using the IB method to predict the
flow rate across the siTexValve. The coherence of the predicted systolic flow
rate and GOA ratio with the experimental measurements would imply that
the predicted material behaviour closely matches the reality, along with the
flow dynamics in the vicinity of the valve. An offset in the predicted flow
rate would suggest divergence of the obtained material parameters and the
flow dynamics from the real conditions. The FSI simulations were carried
out using co-simulation with explicit finite element commercial solver Abaqus
FEA and implicit computational fluid dynamics solver FlowVision (Capvidia
NV, Leuven, Belgium), on an Intel Xeons linux cluster of 3.30 GHz with 16
processors.
As seen in Fig. 4.2b, the valve was modelled using the dimensions of the

siTexValve measured directly on the sample. Starting with an initial tubular
model, simulations were carried out to obtain the stitched state of the valve (for
more details see Appendix B). After aligning the compartment and the stitched
valve model, a tied-type constraint between the bottom of the valve and the
compartment model was implemented arresting the sliding between model
surfaces. The three dimensional valve geometry was created and meshed using
Abaqus CAE and the compartment i.e., the flow domain was modelled using
PTC Creo. As suggested in Katayama et al. [2008], the Sinus of Valsalva (see
Fig. 4.2b) which reduces the abnormal stresses on the aortic valve and aids
in its smooth closure, has also been modelled. The dimensions of the tubular
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valve and the compartment have been reported in Table 4.1.

(a)

(b)

Figure 4.1: (a) Fabrication of the tube-in-stent valve. From left to right: tubular construct after
one week of static cultivation; placement of the valve into a stent; suturing at the
three commissure points forming three leaflets from a tubular structure; suturing the
tubular construct circumferentially (annulus) [Moreira et al. [2014a]]; (b) in-vitro
test set-up

One critical parameter of the simulation is the time step selection which
is directly related to the smallest finite element or finite volume element for
structure- and flow- solvers respectively. As the Nitinol stent (as seen in Fig.
4.1a) has very thin struts, very fine finite elements would have been required
to accurately capture the structural behaviour of the stent. Similarly, very fine
finite volume elements would have been required to resolve the flow around the
stent even if it was included in the simulation as a rigid body. This would have
resulted in exorbitant computational time. Hence, in the interest of keeping the
computational costs at an acceptable level, the stent was not modelled in this
study.
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(a) (b)

Figure 4.2: (a) measured aortic and ventricular pressure downstream and upstream of the valve,
respectively along with the flow rate; (b) in-silico FSI test set-up for fluid structure
simulations

Table 4.1: Dimensions of the tubular valve and the compartment
Dimensions Tubular valve [mm] Compartment [mm]
Length 18 50
Diameter 23 23
Thickness 0.7 -

Sinus of Valsalva diameter - 30

Material properties The liquid used for cultivations of tissues was a water based
cell carrier. Considering that it has a Newtonian behaviour, properties of
the liquid with density of 1000 kg/m3 and a dynamic viscosity of 0.0008
Pa.s (at 27 oC) were used. The valve was modelled as an orthotropic hyper-
elastic material, parameters for which were obtained using multi-scale material
modelling [Sodhani et al. [2018a]]. The silicon compartment model with the
sinus ofValsalvawas considered to be a rigid body forming the outer boundaries
of the flow domain.
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Structural multi-scale modelling Design and volume fraction of the textile in
TexValve play a critical role in its functionality. Evaluating various textile
designs and their volume fraction during the development of a TexValve can
be very challenging, time-intensive and extremely costly. It can take several
weeks to prepare specimens which are then required to be tested in a sterile
environment for characterization before the cells in the samples degrade. Also,
mechanical tests are often designed to create a macroscopically homogeneous
field of strain over a certain measurement region of the specimen, providing
little to no information about the microscopic behaviour of the reinforcement
which affect the remodelling of collagen fibres in the sample. Heterogeneity of
the deformations on smaller length scales which might increase with a decreas-
ing scale of observation, define the macroscopic behaviour of the TexValve.
This is where multi-scale modelling and computational homogenization can
be used to characterize the smaller length scales, understand the deformation
behaviour and optimize the scaffold structure.
Therefore, effectiveness of the method to derive the material properties for

evaluating the kinematics of a valve is tested using a siTexValve. As afore-
mentioned, decoupled FEM simulations have already been used to evaluate the
siTexValve kinematics in Sodhani et al. [2016, 2018a] where the interaction of
the fluid with the valve surface and its resulting loads were neglected.
Material properties of the siTexValve were determined using a methodology

referred to as "hierarchical multi-scaling" in the literature (see Bednarcyk
et al. [2015]). This means that an incremental deformation gradient was
applied on a structural unit cell model as kinematic boundary conditions. The
model was solved according to minimum energy principles and the stresses
homogenized over the volume (or reaction forces obtained averaged over the
respective boundaries) led to the incremental stress tensor, producing a virtual
experimental stress vs. stretch (or strain) curve. This was then used to fit
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(a)

(b)

Figure 4.3: (a) Schematic representation of the multi-scale method Sodhani et al. [2018b]; (b)
division of the valve into four structural levels to predict the material parameters
of the siTexValve

an appropriate material model to determine the parameters for an upper level
model. Fig. 4.3a shows a schematic representation of the method.
The approach is restricted to strain-driven computational homogenization.

The central idea of this technique is to prescribe the deformation gradient F̄,
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of the macro-scale (upper-level) onto the structure of the micro-scale (lower-
level) and to compute the effective response of the micro-scale, in particular the
macro-scale Piola stress P̄ (engineering stress). The micro-scale (lower-level)
quantities are related to their macro-scale (upper-level) counterparts through
volume averaging over the repeating unit cell (RUC). The volume averaging
over a domain B0 with a volume V0 bounded by the external boundary ∂B0 is
defined as

[(•)] =
1

V0

∫
B0

(•) dV with V0 =

∫
B0

dV (4.1)

In the context of material and geometrical non-linearity, the equivalence
of strain energy on the micro- and meso-scale is given by the Hill-Mandel
condition Saeb et al. [2016], where P̄ : δF̄−〈P : δF〉 !

= 0. The use of periodic
displacement-based boundary conditions is a well established technique to
fulfil the Hill-Mandel condition and obtain the effective properties/response of
a material from its lower level structure, particularly in the context of first-order
strain driven homogenization presently used (for example see Bednarcyk et al.
[2015]; Sodhani et al. [2015]). As mentioned earlier, to obtain the effective
property at the macro-scale (upper-level), only the micro-stress over B0 needs
to be integrated. To circumvent the computationally expensive volume integral
of the micro-stresses, the surface integral in the reference configuration was
evaluated as follows:

P̄ =
1

V0

∫
B0

T⊗X∂B0 (4.2)

where traction T = df
dA , i.e., the ratio in force df acting on the infinitesimal

area dA. For large deformations, this results in the engineering stress i.e. the
first Piola Kirchoff stress P̄. The macroscopic deformation F̄ is either given or
can also be derived using the prescribed far-field displacements. Using these
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Table 4.2: Parameters of the Fung material model for the textile layer in the valve model
c (MPa) K (MPa) b1 b2 b3 b4 b5 b6 b7 b8 b9

1.1635 2.000 1.1957 1.2917 0.6059 12.5 12.5 12.5 0.0828 0.1396 0.1493

two quantities, further continuum quantities can also be derived. For a detailed
understanding of the method please refer Saeb et al. [2016].
The same procedure was repeated until all the scales under investigation were

accounted for, finally obtaining the parameters of the heart valve which was
modelled using Fung’s orthotropic hyperelastic material model. The parame-
ters obtained for the textile layer in the valve are reported in Table 4.2. The outer
silicone layer was modelled using Arruda-Boyce [Arruda and Boyce [1993]]
hyperelastic material model, parameters for which can be found in Sodhani
et al. [2016]. The work flow for multi-scale modelling of the heart valve is
summarized in Fig. 4.3b. siTexValve valve was divided into four structural
levels with the effective fibre volume fraction of 4.47%.

Meshing of structural and fluid domains The valve model was discretized by
98700 8-node reduced-integration hexahedral elements i.e., C3D8R in Abaqus,
and was simulated using the Lagrangian approach. Fluid loads during the co-
simulation result in large rotations/bending of the valve walls. Therefore, the
fluid solver must continuously track the valve boundaries to resolve the fluid
flow andmaintain the no-slip boundary condition along themoving valve walls.
Curvilinear boundaries of the valve were hence introduced in the computational
fluid domain by a set of plane facets (surface mesh). To accurately capture the
motion while preserving the curvilinear boundaries of the valve, FlowVision
uses the finite-volume approach along with a fully automatized mesh generator
based on the Sub-Grid Geometry Resolution (SGGR) method [Aksenov et al.
[1996, 1998]] to solve the governing fluid dynamics equations.
SGGR is an advanced analogy of the well-known cut-cell approach. In this
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method, an initial Cartesian grid with local adaptation was introduced in the
computational domain. Plane facets from the external surfaces of the finite
element mesh (of the valve) were used as a boundary for the fluid domain.
These facets are formed by a set of external faces Bsij of the finite element
mesh (see Fig. 4.4a), where i is the facet number of element j. Motion of
these plane facets were accounted for using the Euler approach where, the valve
surface was moving along the stationary mesh. Movement of the valve surface
creates complex polyhedron cells where, the facets of the valve surface would
“cut” the unconformable rectangular fluid cells overlapping it. These complex
polyhedron cells contain the information about the corresponding finite element
surface mesh. The shape Sm (see eq. 4.3) of one such polyhedron can be
expressed as a sum of cell faces Elm (where l is the facet number) and part of
the facet i of the jth element cut by the fluid cell.

Sm =
∑
l=1,L

Elm +
∑
j=1,J

∑
i=1,I

dFijm (4.3)

where, L is the number of existing fluid cell faces, I is the number of planar
facets from a single finite element and J is the number of finite elements in
one fluid cell. All geometrical information necessary for approximation of
governing equations were determined, like, volume of the new cell, squares
of its boundaries, distances from boundaries to a mass-centre of the cell and
its neighbours. All the governing equations were approximated on the basis
of the applied grid. In order to account for the geometric changes imposed
by the moving walls (directly affecting the fluid flow characteristics), the cell
volumes were allowed to change. Solving the fluid dynamic equations on
such cells provide a direct data transfer mechanism without any intermediate
interpolation. This is a special case for immersed boundary method. For
example, the pressure of fluid pij on face Bsij is found by integrating pressure
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over all fluid cells (M ) containing this face, given by,

pij =
1

A(Bsij)

∑
m=1,M

pmA(dFijm) (4.4)

where, A(Bs) is the area of face Bs and A(dFijm) is the area of the facets in
the cell m. This information can then easily be exchanged between the finite
element and fluid solvers.
The gridwas refined (adapted) based on two conditions: (1) the fine structures

of the valve surface, and (2) high gradients of the fluid flow velocity, in order
to achieve the sufficient accuracy of the numerical simulations. The initial grid
was an ordinary structured grid. Each cell of the grid can be subdivided (when
adaptation occurs) into eight cells of a higher level grid which can be further
subdivided. During the simulation, the conditions for the mesh refinement
need not be satisfied in some parts of the flow domain. In such cases, the
reverse process of making the mesh coarser was applied: where, the previously
refined cells were joined together to form a bigger cell. In this way, a fully
dynamic mesh adaptation was achieved. Dynamic mesh adaptation can be used
for improved computation time with reasonable accuracy as it refines the flow
domain around the stationary as well as moving bodies, provided, the starting
grid accurately captured the flow dynamics within the bulk of the flow domain.
The initial number of cells in X, Y and Z directions are 22, 78, and 22,

respectively. The bounding planes on either side of the fluid domain act as the
inlet and the outlet boundaries. The volume adaptation with level 2 (see Fig.
4.4b) and cell division of 8 was used near the valve surface and a volume merge
as explained earlier was used in the computational domain. This leads to a fine
flow grid around the valve at all times and a coarse flow grid in the flow domain
away from the valve, as shown in Fig. 4.4c. As the deformation of the valve
was time dependent, the fluid grid was reconstructed dynamically in real-time.
Therefore, the total number of cells in the fluid domain was dynamic and in
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(a) (b)

(c)

Figure 4.4: (a) Cutting of fluid domain by finite element [Aksenov et al. [1998]]; (b) an
adaptively refined hierarchical Cartesian grid comprised of two nested levels shown
in 2D; (c) fluid domain mesh adaptation around the valve

this particular case ranged between 280,000-300,000 cells.

Boundary conditions As a boundary condition for the structural part, the bottom
and the stitched regions of the valve were fixed in all directions. For the fluid
part, the transvalvular pressure was applied to the inlet and a zero pressure
condition was applied to the outlet (see Fig. 4.2b). Transvalvular pressure
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is the difference between the upstream (ventricle) and downstream (aortic)
pressures, measured in the in-vitro test. The fluid domain was fixed in space
using a reference point. Two cycles, 0.86s each (according to 70 bpm of in-vitro
test), were simulated to ensure a stable response of the simulation. The applied
transvalvular gradient and the corresponding pressures have been reported
in Fig. 4.5b. Apart from the pressure boundary conditions for simulating
flow dynamics and structural deformations, no slip boundary conditions were
specified on the fluid-structure interface. Pressure pij and velocity vij were
transferred between the solvers using eq. 4.4 and eq. 4.5, respectively.

vij =
∑
n=1,N

wniju̇nij (4.5)

where, N is the number of nodes on the element face Bsij, wnij is the weight
coefficient for calculating face velocity depending on the face geometry.

Contact modelling Management of solid-solid contact directly in Abaqus dur-
ing the co-simulation plays a critical role in the outcome of the simulation. In
literature, it is often observed that minimum threshold distance between the
leaflets was imposed, to preserve a gap during the diastole. This introduces
unwanted artificial leakage which is reduced by modifying the permeability of
the cell located in the area during the coaptation time. But, use of the FlowVi-
sion solver enables the complete closure of the valve. To enable this, the single
geometry of the tubular valve was divided into three leaflet geometries. These
were then tied together at the cutting plane. Contact between the pair of leaflets
was modelled using a penalty based general-contact algorithm (an interaction
option in Abaqus) with contact surfaces defined on the ventricular side of the
leaflets. Contact was also defined on the aortic side of the valve together with
the inner-surface of the compartment (specifically the sinus of Valsalva region)
using a general contact algorithm.
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(a) (b)

(c)

Figure 4.5: (a) The pressure wave forms obtained by fitting a three term Fourier series equation
to the experimental curve shown in Fig. 4.2a. The fitted values are reported in
Sodhani et al. [2016]; (b) boundary conditions applied on the valve and the flow
domain in the FSI simulation; (c) tie and contact definition

Setup of co-simulation The employed simulation method uses a two-way cou-
pling procedure. Information exchange between Abaqus and FlowVision was
performed at time steps ∆t defined by the user. The time step ∆t = tn+1 − tn
is the so-called FSI time step. This consists of several Abaqus and FlowVision
time increments.
The FSI coupling includes the following steps:

• For the structural part (superscript s), eq. 4.13 was solved by Abaqus
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to obtain displacements of the nodes, un+1 corresponding to time tn+1.
Fluid pressure pn was obtained from the previous time step tn and was
assumed constant during the time step ∆t.

• Displacement of the nodes, un+1 was transferred to FlowVision; Velocity
of the deformed surface vs was calculated.

• Navier-Stokes equation (eq. 4.16) along with interface boundary condi-
tions (eq. 4.17) were solved by FlowVision to obtain fluid loading on the
structure.

• Pressure pn+1 was transferred to Abaqus at the end of all FlowVision time
increments at tn+1.

Decoupled FE simulation The results obtained from the FSI simulation were
also compared to decoupled finite element simulations. The boundary and
contact conditions for these simulations are identical to those of the coupled
FSI simulations. Hydrostatic transvalvular pressure as shown in Fig. 4.5b was
applied as an uniform surface pressure on the ventricular surface of the valve.
For a detailed description of simulation setup and results analysis please refer
to Sodhani et al. [2018a, 2016].

Wall Shear Stress analysis FSI simulations also enable us to compute hemody-
namic risk indexes based on the Wall Shear Stress (WSS). WSS is represented
by the time varying local signal S = S(x, t) , exerted by the fluid flow on
the valve walls. Leaflet wall-shear stress was computed for both sides of one
leaflet (aortic and ventricular) similar to the study of Chandra et al. [2012].
The shear stress exerted by the fluid on the arterial wall, S(x, t), is defined as
the tangential component of the traction vector τf , S(x, t) = τf .tf , where τf
is the tangent unit vector to the fluid domain in the current configuration and
pointing in the mean direction of the fluid.
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The two most common risk indicators related to the concept of the hemody-
namic shear stress and adopted in the clinical practice, are the time-averaged
magnitude of the wall shear stress, (Sa), and the oscillatory shear index, OSI,
respectively. OSI characterizes the oscillatory nature or the directionality of
the wall-shear stress (OSI = 0: purely unidirectional/pulsatile flow; OSI =
0.5: purely bi-directional/oscillatory flow) whereas Sa represents the average
magnitude of the wall-shear stress over one cardiac cycle. The pulsatility and
magnitude of the leaflet wall-shear stress was characterized over one cardiac
period (T) of 0.86s. OSI and Sa are defined as follows,

OSI =
1

2

[
1−

(∣∣∣∣ ∫ T

0

S(t)dt

∣∣∣∣/∫ T

0

|S(t)|dt
)]

(4.6)

Sa =
1

T

∫ T

0

|S(t)|dt (4.7)

As it can be observed, OSI and Sa are insensitive to the magnitude and
direction of the shear stress, respectively. Therefore, alternative indexes, have
been proposed in the recent literature, trying to extend the predictive power of
OSI, e.g. the residency time (proportional to µf/T (1− 2.OSI)Sa) [Himburg
et al. [2004]] or TBDN and TBD∆T detailed in Bianchi et al. [2017]; Nestola
et al. [2015] based on the three-band decomposition (TBD) approach proposed
by Gizzi et al. [2011]. The TBD analysis divides the generic time-varying
signal of WSS (S = S(x, t)) into a set of three functions via a control running
threshold, Ŝ.

S+(x, t) =

S(x, t), for S(x, t) ≥ Ŝ

0, for S(x, t) < Ŝ
(4.8)
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S0(x, t) =

S(x, t), for − Ŝ < S(x, t) < Ŝ

0, for S(x, t) ≤ Ŝ and S(x, t) ≥ Ŝ
(4.9)

S−(x, t) =

S(x, t), for S(x, t) ≤ −Ŝ

0, for S(x, t) > −Ŝ
(4.10)

The closed time support of functionS+(x, t) ismade up byN+ time intervals,
where N+ denotes the numerosity, and is computed as the number of time
intervals where S(x, t) ≥ Ŝ. The union of these N+ time intervals gives the
total time duration T+ when S+ 6= 0. Similarly,N 0 and T 0 (resp.,N− and T−)
are the numerosity and the total duration associated to S0 6= 0 (resp., S− 6= 0).
Two synthetic risk predictors (TBDN and TBD∆T ) based on time inter-

vals T+,0,−(Ŝ) and numerosity N+,0,−(Ŝ) are defined to condense the vast
information contained in the dynamic evolution of the WSS signal. Values of
these risk predictors are calculate by considering k equispaced values of Ŝk
for the threshold in range [0,max(S(x, t))] over the interval [0,T]. TBDN and
TBD∆T are defined as

TBDN(x) =

∑K
k=0 ŜkN

−(Ŝk)∑K
k=0 Ŝk[N

+(Ŝk) +N 0(Ŝk) +N−(Ŝk)]
(4.11)

TBD∆T (x) =

∑K
k=0 ŜkT

−(Ŝk)∑K
k=0 Ŝk[T

+(Ŝk) + T 0(Ŝk) + T−(Ŝk)]
(4.12)

The N− values derived by WSS signals are typical signatures of the recircu-
lation zones, when compared to the contributions given by N+ and N 0, due
to the unidirectional net flows. Moreover, the threshold Ŝ in the definitions
allows to account also for the magnitude of the shear stress. High values of
these indicators are related to the presence of low and retrograde WSS signals
and thus linked with the possible deposition and growth of the thrombus. For a
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detailed understanding of this method, the readers are referred to Bianchi et al.
[2017]; Nestola et al. [2015]; Gizzi et al. [2011].

4.4 Results and Discussions

FSI simulations provide a range of results for both fluid and structural analysis.
Simulation results between the time range of 0.80s to 1.66s were chosen to
illustrate and compare one "close-open-close" cycle (Fig. 4.5b) with the in-
vitro tests. The presented results were normalized for one beat cycle of 0.86s.

(a) (b)

Figure 4.6: (a) Comparison of the flow rate between in-vitro and the FSI simulation results;
insert: close up view of the siTexValve showing a gap at its geometric centre,
resulting in a continuous back flow which is corroborated by a negative flow rate
recorded in the experiments during the diastolic phase; (b) geometric orifice area
ratio obtained by FSI simulations are in good agreement with the in-vitro results
during the systolic phase of a beat

A comparison of the flow rate and the GOA ratio, from the in-vitro test and
the FSI simulation are plotted in Fig. 4.6a and Fig. 4.6b, respectively. From
the graphs one can observe that the simulation results are in good agreement
with the experiments during systole but show some discrepancy between
the in-silico and in-vitro flow rate waveform during diastole. However, the
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(a)

(b)

Figure 4.7: (a) radial displacement of three points on centre of the free edges of the tubular
valve leaflets has been plotted over one beat cycle and comparison of the valve
deformation state at nine different time points in a normalized beat cycle has been
presented; (b) overlay of simulated valve deformation on in-vitro valve movement.

simulation results overestimates the peak systolic flow rate and the GOA ratio
by 10.3% and 5.03%, respectively. Tubular siTexValve kinematics have also
been reported for the entire cycle in Fig. 4.7a, where it can be noted that
the open and close kinematics of the valve in the FSI simulation is in good
qualitative syncwith the experimental results. From the valve kinematics, it can
be observed that although the free edges of the valve almost achieve a complete
closure during the diastolic phase, there remains a tiny opening in the centre.
This incomplete closure of the valve in the simulation results into artificial
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valvular leakage (flow from the aortic to the ventricular side), leading to valve
reverberations. The small opening further causes localized high pressures (see
pressure distribution in Fig. 4.8 at 0.5s & 0.7s) and high velocity zones (see
velocity distribution in Fig. 4.8 at 0.5s & 0.7s), resulting into the oscillations
observed in the diastolic phase of the flow rate (Fig. 4.6a).
The incomplete closure of the valve is the limitation of valve geometry/design

and its meshing. In literature, valves are either modelled using shell elements
or solid elements. Often when the valve is modelled using solid finite ele-
ments only half a leaflet (or one sixth of a tri-leaflet valve) is modelled with a
symmetric boundary condition on both flow and structural domains (e.g. see
Joda et al. [2016]; Loerakker et al. [2013]). This introduces a sharp edge and
a corner point at the centre of the free edge of the valve leaflet facilitating the
complete closure of the valve which is then represented by mirroring the leaflet
across the symmetry plane. When the entire valve (i.e. all the three leaflets) is
modelled, it can be observed in the work of several authors (e.g. see Hsu et al.
[2014]; Kamensky [2015]; Sun et al. [2010]) that the valve does not close com-
pletely in the geometric centre leading to a geometric central leakage area. In
principle, the leaflets of the valve are dominated by a bending type deformation
whereby it would be possible to achieve a better closing behaviour at the centre
by refining the mesh but it is not possible using finite elements (even with a
very fine mesh) to achieve a complete closure of the valve at it’s geometric
centre. Hence, contrary to reality often an artificial kink is introduced in the
geometry at the centre of the free edge to achieve compete closure of the valve
(e.g. seeMarom et al. [2012]) or the permeability of the fluid cell in the leakage
region is modified during the diastole to prevent leakage (e.g. see Bavo et al.
[2016]). But, if observed closely (see Fig. 4.6a), even the siTexValve does
not close completely and there is also a constant leakage from the valve used
in the in-vitro test as seen in Fig. 4.6a. These simulation strategies were not
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Figure 4.8: Pressure and velocity distribution on a plane passing through the geometric central
leakage area are reported. As expected, the absolute pressure build up on the
ventricle side of the valve can be clearly observed during the diastolic phase.
Velocity vector plots also show the build-up of vortices in the sinus of Valsalva
(e.g. at 0.50 sec). These vortices assist in the closing of the valve during the
diastolic phase. Changes in pressure at the geometric central leakage area leads to
valve reverberations and inversely the reverberations of the valve lead to localized
pressure changes. This results into the leakage area behaving like an exit of a
nozzle with respect to the flow direction where localized low pressure relative to
its surroundings develop, resulting into high velocity back flows (e.g. at 0.50 &
0.70 sec).
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Figure 4.9: 3D streamlines with contours of velocity distribution show the flow pattern (turbu-
lence, laminar & vortices) in the fluid domain at different time points in one beat
cycle.

employed in this study while modelling the valve only with five elements over
thickness to conserve the computational costs. This results in a physiologically
acceptable leakage in the simulation from the geometric central leakage area.
The leakage could be reduced/avoided by introducing a small asymmetry in
the leaflets of the tubular valve (or in tri-leaflet valve) as suggested in Sun et al.
[2010]. A small example of such a computation is presented in Appendix C,
which is a part of our on-going study and has not been included in the current
work in detail due to the length constraints of the paper.
In the FSI simulation the silicone compartment is assumed to be rigid in

contrast to the in-vitro experiment. This is because the results of these FSI
simulations are compared to the decoupled FEM simulations Sodhani et al.
[2016], where the loads on the compliant silicone compartment are not con-
sidered. But, the presence on an elastic compartment would result in a more
compliant system as it would dissipate the total energy in the system resulting
in reduced valve reverberations in turn reducing the valve leakage (e.g. see
Hsu et al. [2014]; Flamini et al. [2016]; Marom et al. [2012]). Maximum
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(a)

(b)

Figure 4.10: Comparison of induced stresses and strain between FSI and FEM simulations; (a)
contour plots for maximum principal stresses [MPa] and (b) maximum principal
nominal strains in the valve

principle stresses and maximum principal nominal strains experienced by the
valves in both FEA and FSI study are plotted in Fig. 4.10a. The effective
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Figure 4.11: Contour plots of WSS at different time points in one cardiac cycle on the ventricle
and aortic side

(a) (b)

(c)

Figure 4.12: Comparison of von Mises stress between decoupled FEA and coupled FSI on a
node at (a) the commissure, (b) the belly and (c) the free edge region of the valve;

von Mises stresses were sampled at three different nodes along the centre line
of a leaflet, from both the FSI and the decoupled FEA simulations. Higher
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effective stresses are observed at the belly (Fig. 4.12b) and free edge (Fig.
4.12c) region of the valve (in the FSI simulation) during the diastolic phase.
These higher stresses are attributed to the fluid hammer effect, which cannot
be captured in a decoupled FEA simulation. This reiterates the need for FSI
study over decoupled FEA study to predict the valve kinematics, as suggested
by Luraghi et al. [2017]. As FSI vs. decoupled FEA simulation was not the
primary focus of this work, further detailed comparison of these methods have
not been reported in this work.
One can also determine various useful indicators such as pressures (Fig. 4.8)

& velocity fields (Fig. 4.8), areas of abnormal recirculation, vortices (Fig. 4.9
at 0.5s) and leakages (see velocity distribution in Fig. 4.8 at 0.5s & 0.7s).
These indicators could help in improving the valve design and the cultivation
cycle. As, the primary goal of this work was to use the FSI simulations to eval-
uate the kinematics of siTexValve (which is a composite valve) further detailed
analysis of the flow domain has not been reported in this work. Furthermore,
an extensive process of validation would be required with measurements of
other quantities like velocities (e.g. by means of particle image velocimetry)
or quantification of valve displacement/deformation using digital image corre-
lation. Appendix E evaluating the wall shear stress has been included for the
sake of completeness.
An overall good correlation of the results indicate that the coupled FSI sim-

ulation carried out using the explicit Abaqus and implicit FlowVision solvers
can reasonably predict the flow dynamics around the valve. Although there
are notable differences between in-vitro and in-silico tests, important parame-
ters like duration of valve opening, valve closing and the instant of maximum
valve opening were similar (see Fig. 4.6a, 4.6b, 4.7b). Also, considering that
the siTexValve was subjected to complex loading conditions leading to large
displacements and deformations, a good correlation between the simulation
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(a) (b)

(c) (d)

(e) (f)

Figure 4.13: Wall Shear Stress for different points (see Fig. 4.14) over one cardiac cycle T =
0.86s

and experimental results confirms the credibility of the multi-scale modelling
approach proposed in Sodhani et al. [2018b] for determining robust material
parameters.
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(a) (b)

(c) (d)

(e) (f)

Figure 4.14: Different parameters for risk analysis are plotted for three points in a line at
different regions of a leaflet on both aortic and the ventricle side. (a) points
on a leaflet for evaluation (1-7 on the aortic side and 8-14 on the ventricle
side); (b) average magnitude wall shear stress (Sa); (c) retention time (RT);
(d) Oscillatory Shear Index (OSI);(e) Three band decomposition (number of time
intervals)TBDN ;(f) Three band decomposition (time interval)TBD∆T . Legends
are as follows: LCA-Line in the Center of leaflet on Aortic side, LCV - Line in
the Center of leaflet on Ventricle side, LEA - Line at the Edge of leaflet on Aortic
side, LEV - Line at the Edge of leaflet on Ventricle side, LBA - Line in the Belly
of leaflet on Aortic side, LBV - Line in the Belly of leaflet on Ventricle side
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Fig. 4.13 depicts the time evolution of the computed WSS signal at the
fourteen control points P1 to P14 of the fluid-valve interface, where points 1-7
are on the aortic side while the rest are on the ventricle side of the valve (see
Fig. 4.14). Moderate oscillating values of the shear stress (peak values less
than 20 Pa) are obtained for most of the points in the valve, except the central
points on the valve edge (P1 and P8). These features are further confirmed by
the time-averaged WSS values within the six distinct regions reported in Fig.
4.14. The high shear stresses (higher at P8 than at P1) are due to the high fluid
velocities experienced by the centre points of leaflet edge due to incomplete
closure of the valve, as explained earlier. Therefore, the wall-shear stress
magnitude predicted along the ventricle side is consistently higher than that
computed along the aortic side. This can also be seen from the contour plots of
the wall-shear stress on either side of the valve in Fig. 4.11. As expected, the
leaflets experience the flow transitioning from unidirectional/pulsatile at the
base to oscillating/recirculating at the belly and edge on the aortic side. This is
due to the presence of sinus ofValsalva in the computations, which assist in flow
recirculation. Also, as the outlets from the sinus of Valsalva into the coronary
arteries was not considered, the recirculation of the fluid persists for the entire
duration of diastole. Contrary to this, the ventricle side mostly experiences a
unidirectional flow which transitions into recirculating zones close to the stitch
areas of the leaflets. But, as the retention time of the fluid is in the order
of 10−3, risk of deposition and growth of thrombus are rather low. This is
further confirmed by the low values (in comparison to the values mentioned
in Nestola et al. [2015]) obtained for the two novel risk predictors TBDN and
TBD∆T . Due to the lack of other experimental or computational data for
direct comparison of the risk predictors for the siTexValve when tested in the
current experimental set-up, risk analysis presented here is used to evaluate the
trends obtained for different risk indicators mentioned in the literature. These
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indicators also help in quantifying the hemodynamics of the flow around the
valves.
The current study and the approach used have its fair share of limitations,

primary being the lack of details like stents or elastic domain resulting in
simplification of the case study to conserve the computational costs. This
could be overcome by using reduced order approaches (e.g. see Yang and
Veneziani [2017]; Bertagna and Veneziani [2014]; Radermacher and Reese
[2016]) and optimal utilization of computational resources when simulating
the true case sans simplifications. The presence of compliant compartment,
stent and the compliance chamber (using multi-scale flow simulations) on the
aortic side of the valve would further stabilize the valve motion leading to more
accurate valve simulations. Availability of Digital Image Correlation to track
valve kinematics and Particle Image Velocimetry to observe the flow patterns
would further enhance the evaluation of the robustness and accuracy of the
simulations. An optimum asymmetry could also be introduced in the valve
model to reduce leakage.
The coupled FSI simulations were carried out on a single node with 16

processors and required around 120 hours for two complete cycles. In contrast,
the decoupled FEA simulation for the valve required 48 hours for two complete
cycles.
In the current study, multi-scale modelling strategy have been used in a tradi-

tional sense of a fibre reinforced composites. The material parameters obtained
were appropriate phenomenological representation of underlying constitutes
and their structural response. In recent works, e.g. a study by Bianchi et al.
[2017], multi-scale modelling has been used tomodel the tissues structure of an
aortic section based on parameters having a clear histological and biochemical
meaning. In principle, the current method along with the approach presented
in Bianchi et al. [2017], can form a complementary multi-scale method for



4.5 Conclusion 117

TexValve. The multi-scale modelling approach [Sodhani et al. [2018a]] could
further be coupled with tissue growth and remodelling models (like Loerakker
et al. [2016]) to predict the macroscopic behaviour of textile reinforcements on
tissue development in TexValves.

4.5 Conclusion

One of the major challenges with heart valve simulations is the determination
of the material properties of the valve. Often, contrary to reality, the valves
are assumed to be linear elastic in these simulations [Van Loon et al. [2005];
Koch et al. [2010]; Hsu et al. [2014]; Kamensky [2015]]. This is because,
it is difficult to conduct experiments on tissues. Above that, determining a
statistically converged experimental result can be very expensive. Therefore,
to accurately predict the valve properties and its kinematics, a multi-scale
modelling method was proposed in Sodhani et al. [2018a,b]. This method was
initially evaluated for a standard composite specimen to evaluate its robustness
and accuracy, before using it to evaluate the valve kinematics and validating
it with the in-vitro tests conducted on silicone embedded textile reinforced
heart valve (siTexValve), where, silicone was used as a replacement for tissue
models. The FSI setup used a commercially available tool for modified IB-FSI
method with adaptive re-meshing of the fluid domain whereas the material
parameters of the tubular valve were derived from the hierarchical multi-scale
method. Four hierarchical levels were introduced to derive the properties of
the valve starting with its constituents (PET fibres and silicone matrix) and
accounting for the textile structure Sodhani et al. [2016]. The FSI setup was
used to predict the flow rate and geometric orifice area of the valve subjected
to systemic circulation. In-vitro and in-silico systolic flow rate (Fig. 4.6a)
and geometric orifice area ratio (Fig. 4.6b) were in good agreement for the
considered "close-open-close" phase, i.e., one beat cycle of 0.86s. Hence,
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the results produced in this study validate the numerical methodology used to
determine the material properties as well as simulate the valve kinematics and
flow dynamics.
Clearly, the objective of this work was to evaluate if the multi-scale mod-

elling approach and the structural model of the tubular valves were capable of
reproducing the in-vitro test results. As the simulation results obtained were
in good agreement with the experimental results, it can be stated that advanced
validated in-silico models can expedite the development process of TexValves.
These methods represent useful tools in determining design errors and have
the potential for optimizing the implant before the fabrication of prototypes.
This study proves the viability of using the multi-scale methodology in

conjunction with FSI simulation to evaluate the valve behaviour. Therefore,
the method is applicable for initial development of hybrid reinforced valves,
and further investigation into the method without the simplifying assumptions
are being conducted.

Appendix A: Governing equations

The computational domain is denoted by Ω = Ωs ∪ Ωf , confined within the
boundary B0, where Ωs is the structural domain surrounded by boundary Bs0

and Ωf is the fluid domain. Considering d’Alembert’s principle, the balance of
momentum for both structure and fluid can be expressed in tensor notations as:

ρf,sv̇f,s −5 · σf,s + ρ f f,s = 0 (4.13)

where, the superscripts s and f represent the structural and fluid domains,
respectively. f f,s represent the body force vectors, such as gravity. For the
structural domain, the velocity vs, is the total (or material) time derivative of
the displacement field us, i.e., vs = u̇s. In the structural form (superscript s) of



4.5 Conclusion 119

the eq. 4.13, which is used in a Lagrangian description, the first two terms are
associated with inertia and internal stresses, respectively. The structural stress
follows from the non-linear hyperelastic orthotropic Fung’s material model.
For the fluid domain which is represented using Eulerian description, eq. 4.13
can be rewritten as (neglecting the superscript f )

∂(ρv)

∂t
+ 5 · (ρv ⊗ v) = −5 ·pI + 5 · τ + f = 0 (4.14)

where, ρ is the density, v the flow velocity, 5· the divergence operator, p
the static pressure, I the identity matrix and τ the deviatoric parts of the
stress tensor. The inertia term has been split in variational and convective part
whereas, assuming an incompressible Newtonian fluid, the internal stress has
been split into volumetric and deviatoric part. For an incompressible fluid
considering 5 · v, divergence of the deviatoric stress, τ = µ(5v + 5vT )

results into

5 · τ = µ5 ·(5v + 5vT ) = µ52 v. (4.15)

Using eq. 4.15 in eq. 4.14, and averaging over the density of fluid results into
the incompressible Navier-Stokes equation

∂(v)

∂t
+ (v ·5)v − µ

ρ
52 v = −5 p

ρ
+ f (4.16)

As the highly dynamic movement of the valve would result in turbulent
flows around the valve edges, the effective viscosity µ is calculated using the
standard k − ε turbulent model. To maintain the no-slip condition along the
fluid-structure interface Bs0, the following Dirichlet and Neumann conditions
can be imposed

vs = vf on Bs0, (4.17)
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σsn = σfn on Bs0 (4.18)

The non-conforming mesh methods enforces the Dirichlet condition i.e.,
eq. 4.17, whereas, the conforming mesh methods requiring regular mesh
updates enforces the Neumann condition i.e. eq. 4.18. The non-conforming
mesh methods can be derived from the theorem of Lagrange multipliers [Haug
[1992]], where inmost cases they appear as source (or, forcing) terms in the fluid
equation. Thus, in these methods, computation of the Lagrange multipliers is
essential and directly affects the accuracy of the fluid and solid solutions (for
more detailed study readers are referred to Hou et al. [2012]).

Appendix B: Stitching simulation

Figure 4.15: Boundary condition and loads on the initial tubular construct to obtain the stitched
topology of the valve. Schematic representation (left) and pre & post stitch
geometry and FE mesh (right).

To obtain the initial stitched configuration of the tubular valve, U-shaped
cuts were introduced in the model to avoid large distortion of elements in the
stitch zones. Opposites torques (or rotational forces) were applied on small
patches on either side of the U-shaped cuts while the corner node on the inner
wall of U-shaped cut was fixed to act like a pivot and twist the valve into stitch
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like position. The twisted patches were then compressed together to obtain
the topology of the stitched tubular siTexValve. The magnitude of torque
and compression were obtained using an iterative process to avoid element
distortion. Deformed configuration was then imported into a new model to
achieve a stress free stitched valve model. Boundary conditions and applied
loads are as shown in Fig. 4.15.

Appendix C: Effect of valve design on closure

As mentioned in Sec. 4.4, and demonstrated by Sun et al. [2010], presence
of a small asymmetry in valve design can either improve or degrade the valve
closure kinematics. An example of such an effect on improved valve closure
kinetics from our ongoing investigations is presented here for completeness.
In this particular case an asymmetry in the position of stitched commissure
points was introduced making one leaflet of the tubular valve smaller than the
other two. So far only decoupled FE simulations were used. The valve closing
pattern was also compared to a similar TexValve, Fig. 4.16.

Figure 4.16: Affect of asymmetry on valve closure (right) and comparison with a similar
TexValve (left).





5 Conclusions and Outlook

Native heart valves or textile reinforced tissue-engineered heart valves are nei-
ther isotropic nor do they have a linear elastic behaviour. One of the major
challenges in using simulations-based development of tissue-engineered heart
valve prostheses is the determination of thematerial properties of the composite
valve. Hence, one of the goals of the current study was to develop and evaluate
the competence of a hierarchical multi-scale modelling approach to predict the
behaviour of the reinforcing biocompatible material. The secondary goal was
to use the developed modelling approach, to predict the material properties of
a prosthetic valve, which were in turn to be used in the simulation of the com-
posite aortic valve. The hierarchical multi-scale method was initially evaluated
for its robustness and accuracy using a textile reinforced silicone composite
test specimen. The macro-structure was divided into several representative
structures using both realistic approximation of the geometry, generated us-
ing CT data as well as idealized representative geometrical units. Both these
approaches maintained the effective fibre volume fraction of the composite.
Owing to the quality and complexity of the reconstructed geometry, it was
found that the hierarchical multi-scale method using idealized structures was
more robust in predicting the behaviour of the macro structure.
Having established themodelling approach, themethodwas used to derive the

material properties of the macro scale composite valve. The derived material
properties were then used in a dry FEM simulation of the valve. The predicted
valve kinematics were found to be in good correlation with the experimental
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in-vitro valve kinematics but lacked the hemodynamical performance of the
valve. A comprehensive comparison of both the valve kinematics as well as its
hemodynamical behaviour was evaluated using a multi-physics fluid-structure
interaction (FSI) simulation for one heart beat. These simulations predicted
the flow rate and geometric orifice area of the valve. In-vitro and in-silico
systolic flow rate and geometric orifice area ratio were in good agreement, with
some deviations during the diastolic phase of a beat. The predicted stresses and
strains in the valve from the FSI and FEM simulations were comparable in most
regions of the valve. But some zones of the valve experienced significantly
higher stresses in FSI simulations compared to FEM simulations which were
attributed to the fluid hammer effect, not included in the dry FEM simulations.
This implicates the importance of multi-physics FSI over dry FEM simulations.
The presented multi-scale technique could be used to study knitted textile-

tissue composites which are otherwise difficult to experiment on, and to opti-
mize their structure for mechanical biocompatibility. Apart from predicting the
global response, the current approach can also predict non-affine local defor-
mation along with the stress and strain states in the matrix - to better engineer
the ingrowth of tissues. Therefore, this method could be used to optimize the
textile structure along with its orientation saving on both time and resources
while improving the product. The presented approach could eventually aid in
improved understanding of engineered tissue in presence of a scaffold (tex-
tile mesh) leading to improved biocompatible topologies. Hence, advanced
validated in-silico models can expedite the development process of TexValves.

5.1 Outlook

To further enhance the simulation technique, a material model accounting for
extra-cellular fibre (elastin and collagen) alignment within the matrix under
cyclic loading during cultivation needs to be developed/employed. A quick
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evaluation of the presented multi-scale technique to predict the effect of re-
inforcement in a tissue-engineered construct was carried out using a recently
published material model by Loerakker et al. [2016]. This material model
was developed for computational analysis of cell-mediated compaction and
collagen remodelling in tissue-engineered heart valves.

Figure 5.1: Cultivated tissue construct with reinforcing textile and observed collagen orienta-
tion using fluoroscopy.

In this evaluation, a tissue construct reinforced with the presented biomed-
ical textile was cultivated for four weeks and analysed for the orientation of
developed/grown collagen fibres. The tissue material model provided by Prof.
Loerakker was coupled with the textile level RUC model and subjected to the
same cultivation cycle of 15% strain at a frequency of 2Hz for four weeks .
The textile structure was modelled using the Fungs orthotropic hyperelastic-
ity with parameters derived using the multi-scale method, whereas the matrix
was modelled using the mentioned tissue model with reported parameters in
Loerakker et al. [2016]. The tissue construct was observed using the fluo-
roscopy technique for collagen orientations around the reinforcing textile (Fig.
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5.1) and compared with the predicted collagen orientation from the simula-
tions(Fig. 5.2). The predicted collagen orientations using the numerical model
was closely matching the experimental result, where, one can observe a distinct
collagen orientation in the developed tissue away from the textile fibres, and
distributed collagen orientations close to the textile fibres.

Figure 5.2: Predicted collagen fibre orientations close to and away from the textile structure.

This study was conducted as a proof of concept of the ability of the presented
modelling approach in predicting collagen remodelling, and requires a com-
prehensive statistical evaluation for different loading conditions, cultivation
cycles, reinforcing structures, etc. before being used in the development of
textile reinforced tissue engineered heart valves.
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