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Abstract

Background: Atherosclerosis is a progressive arterial disease that gives rise to plaque.
Rupture thereof is a main cause of myocardial infarction and ischaemic stroke. A plaque
can have a fibrotic layer between its lipid pool and the arterial lumen, which is termed
a fibrous cap (FC). Rupture of this FC can expose thrombogenic plaque content to the
bloodstream. From a mechanical viewpoint, the FC is hypothesized to rupture when its
strength is exceeded by the structural stresses imposed thereupon. Stresses in the FC can
not be measured and are generally approximated by using digital analogs such as finite
element models. Such models require among other things a definition of the FC its in-vivo
composition. However, this is still poorly understood as it can presently not be measured
in-vivo. To investigate the relations between a FC its composition and its mechanical prop-
erties, bio-engineered FCs (BE-FC) have been developed by researchers. These BE-FCs are
reported to bear resemblance to human FCs in terms of bulk mechanical properties. This
study aims to aid in the comprehension of the biomechanical behaviour of these BE-FCs.
Methods: A finite element modeling pipeline has been developed for BE-FCs. Following
the pipeline provides a 2D BE-FC model and a total of 16 BE-FCs were modeled. Mate-
rial behaviour is defined using the Holzapfel-Gasser-Ogden model. The BE-FC models their
geometry and material parameters are acquired using geometry and collagen images in com-
bination with self-developed and data-scaleable scripts. Model simulation results provide
an approximation of the BE-FC its biomechanical behaviour. This study includes an inves-
tigation of the BE-FC models their global biomechanical behaviour as well as their stress
and strain peak values, peak value locations, and distributions. In addition a parametric
study has been performed; 1260 idealised BE-FC models were created. These models differ
in geometry and composition, allowing a more in-depth investigation of the BE-FC models
their stress and strain peak values and distributions.

Results: The global biomechanical behaviour of the BE-FC models satisfyingly approxi-
mates that of their respective BE-FC. Peak stresses and strains in the BE-FC models are
considerably higher than those found in the literature for ex-vivo uni-axially tensile tested
FCs as well as compared to FC sections of finite element models. To the same extent the
locations of the peak stresses and strains in the BE-FC models could not be co-localized
to the rupture initiation locations of the BE-FCs. The stress and strain distributions are
thoroughly examined using the simulation results of the idealised models. Depending on the
specific stress and strain metric, each is contingent on different model characteristics and/or
behaviours. In general however the most crucial of these are the collagen fibre dispersion
K, the collagen fibre mean angle ©, the degree of model compaction, and the model its soft
inclusion shape and size.

Conclusion: With this study, a novel modeling pipeline has been developed for 2D BE-FC
finite element models. Results from simulations therewith give insight into the biomechan-
ical behaviour of BE-FCs. In addition a parametric study has been performed, resulting in
numerous idealised BE-FC models. The simulation results of these models aid considerably
in the understanding of the BE-FCs their biomechanical behaviour. Taking everything in
consideration, a contribution has been made to the comprehension of BE-FCs and along
with that it therefore assists current research invested in answering how, why and when a
FC ruptures.

Keywords: Atherosclerosis, Atherosclerotic Plaque, Plaque Rupture, Fibrous Cap, Stress
Analysis, Strain Analysis, Finite Element Analysis
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1 Introduction

Myocardial infarction and ischaemic stroke are prevalent in the developed part of the world,
contributing to lifelong disability as well as mortality [1, 2]. Currently it is common knowl-
edge that in the aetiology of myocardial infarction and ischaemic stroke, coronary and
carotid atherosclerotic plaque rupture (wherewith bloodflow-blocking thrombolytic events
can occur) is a leading factor [3].

Atherosclerosis

A healthy artery consists of three wall layers. From the artery its luminal surface outwards
this includes: the tunica intima, the tunica media, and the tunica adventitia. Atheroscle-
rosis is a progressive arterial disorder characterized by adaptive intimal thickening and the
accumulation of fatty deposits in the tunica intima [4]. Significant arterial changes are ini-
tially limited to the tunica intima; yet disruption of the tunica adventitia and media may
occur in later stages of the disease [4]. Progression of the plaque can give rise to large
lipid core(s) and a fibrous layer (fibrous cap / FC) between said core(s) and the lumen [4].
Furthermore, the lipid core(s) can necrotize and the artery can develop calcifications and
or haemorrhages [4]. Fig. 1 illustrates the components of a plaque. A more comprehensive
plaque (progression) classification is imparted by Akyildiz [5].

Intimal thickening

Tunica adventitia
Tunica media

Tunica intima

Lipid core
rl-'(' shoulder

J(’ midsection

( FC shoulder

Calcifications

Haemorrhage
Fibrous cap

Lumen

Figure 1: Tllustrative representation of a plaque. All three artery wall layers can be observed: the
tunica intima, media, and adventitia. The plaque has a lipid core, calcifications, a haemorrhage,
and a fibrous cap. The fibrous cap is described into sections based upon location. These sections
are denoted by the midsection and the shoulder sections.

Plaque Rupture

Not all plaques are considered as being vulnerable to rupture. Conversely, not all plaques
that are prone to rupture, actually do so. However still, the rupture of a plaque its FC is
generally associated with adverse bloodflow-blocking thrombolytic events as it separates the
plaque its lumen from a lipid rich core. From a mechanical perspective FC rupture is hy-
pothesized to ensue when its strength is exceeded by the stress it experiences [6, 7]. Indeed,
stress concentrations are frequently used in the localization of plaque rupture [8-10]. The
stress throughout the FC and its strength both depend upon plaque geometry, composition,
and loading [4, 11]. This includes - among other things - FC curvature, FC thickness, FC



stiffness, FC inflammation, and necrotic core thickness [11, 12]. Fig. 1 illustrates a most
rupture-vulnerable plaque termed a ”thin-cap fibroatheroma”; it has a large soft necrotized
lipid core (radial direction) accompanied by a thin, stiff and inflamed FC [4, 11, 13]. Tt
follows naturally that understanding the relationship between the FC its loading, character-
istics and its biomechanical behaviour is fundamental to accurately comprehend and assess
plaque rupture.

The Fibrous Cap

The load a FC experiences is dual. A FC is subjected to structural stresses and wall shear
stresses due to blood pressure and blood flow, respectively [14, 15]. Between the pair the
wall shear stress is approximately four magnitudes lower [16]. Further, it is believed to
contribute to plaque rupture vulnerability as it contributes to plaque formation, growth,
and FC erosion [16-19]. On the other hand, structural stresses seem to play a direct major
role in FC rupture [16, 20].

As is illustrated by Fig. 2 the FC can take on many shapes; including non-circular, asym-
metric and highly curved shapes. The geometry has a pronounced effect on plaque rupture
vulnerability because thin FC sections and high lumen curvatures are associated with high
local FC stresses [5, 9, 21-24]. A majority of the FC ruptures are in fact localized to thin
FC locations or the FC shoulders (a location where marked curvature often occurs, see Fig.
2) [25-28].

Lipid core Lumen Lipid core

Fibrous cap Fibrous cap

Lumen Fibrous cap Lumen
Lipid core

Figure 2: Three exemplary plaques with different FC geometries.

The FC composition can differ substantially both between different FCs as well as between
local sections of a single FC. To start with, the FC can consist of smooth muscle cells,
microcalcifications, macrophages, lymphocytic cells, elastin fibres, and type I & III fibrillar
collagen fibres [6, 29-31]. The collagen fibres collectively constitute the main load-bearing
constituent of the FC termed the collagenous matrix [32, 33]. The properties of this matrix
depend upon the orientation, density, distribution, cross-linking, and the type of its collagen
fibres [34-37].

Fibrous Cap Rupture

The exact relations between the FC its loading, characteristics and its biomechanical be-
haviour is however still opaque. A main cause of this is that stress is not directly measurable.
The literature reports a plethora of FC rupture stress values ranging from e.g. 83 kPa to a
commonly adopted value of 300 kPa, up to 683.3 kPa [15, 17, 20, 38]. A prevalent approach



to obtain the stress involves simulations with computational finite element models. This
approach is often adopted as it is cost-efficient, because models consume relatively little
time to construct, and per the fact that models can be readily altered. A model is a digital
analog, requiring an as accurate as possible approximation of the tissue its loading condi-
tions, geometry, and composition. The in-vivo FC geometry can be measured by using e.g.
optical coherence tomography or intravascular ultrasound [39-41]. The in-vivo composition
however remains elusive. Currently employed imaging modalities are insufficient. Moreover,
ex-vivo composition characterization is sub-optimal. Excised ruptured FCs have a damaged
morphology while excised unruptured FCs are possibly unrepresentative cases as plaques
are highly heterogeneous.

Bio-Engineered Fibrous Caps

In-vitro bio-engineered collagen tissue analogs are a current topic, with literature presenting
analogs with phenotypes and behaviour alike that seen in in-vivo biological systems. Cor-
respondingly, to understand the composition and biomechanical behaviour of the plaque its
FC, Wissing et al. [42] have cultured bio-engineered FCs (BE-FCs). Multiple such BE-FCs
are illustrated in Fig. 3. Wissing et al. [42] reported that the BE-FCs have stiffness prop-
erties, a composition and a straining pattern alike that to real human FCs. Interestingly,
these BE-FCs can be readily quantified. All things considered BE-FCs provide a novel,
organized, and malleable means to investigate real human FCs in terms of composition and
biomechanical behaviour - including rupture.

= &
[/
}
~Intermittent Continuous
O ‘ fl ) i |
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Figure 3: As adopted from [42]. Six BE-FCs are shown (pink). The BE-FCs are fixed between
Velcro strips (yellow). The BE-FCs have been given a circular perforation termed a soft inclusion.
Differences in the BE-FC geometry can be noted depending upon the straining protocol (highlighted
as static, intermittent or continuous straining).

Static

Velcro

Soft inclusion

1.1 Research aim

A multitude of factors contribute to FC rupture. Moreover, the characteristics of FCs are
difficult to measure - thereby occluding the understanding énd prediction of FC rupture.
Considering the potential contribution of BE-FCs in this regard, this study aims to further
clarify their biomechanical behaviour.

To investigate the BE-FCs their biomechanical behaviour a finite element modeling pipeline
is developed. The therefrom resulting models allow an assessment of the stresses and strains
a BE-FC experiences. In specific, the stress and strain distributions in BE-FCs during uni-
axial tensile loading until rupture are investigated. In light of FC rupture this includes the



consideration of peak stress and strain values including their locations. Over and above
this a parametric study has been performed. In particular, 1260 idealised BE-FC finite
element models have been constructed with differing morphologies and compositions. This
allows the assessment of the relations between a BE-FC its morphology, composition, and
biomechanical behaviour. The distributions as well as the peak values of their stresses and
strains have been investigated.
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2 Bio-engineered Fibrous Caps

Before presenting the methods used to construct BE-FC models, the actual BE-FCs will
be discussed more in-detail first. This allows a better grasp of the BE-FC models their
characteristics, the assumptions made, and the outcomes of model simulations.

The BE-FCs have been developed by Wissing et al. [42] and associate researchers at the
Erasmus Medical Center Biomedical engineering department and at Eindhoven University
of Technology. This also includes any experiments done on the BE-FCs and the gathering
of data. Accordingly all acknowledgement goes to said researchers.

The initial Geometries

The BE-FCs start as myofibroblast-seeded fibrin-based gels affixed between two Velcro
strips. The initial planar gel geometries are shown in Fig. 4. These gels have a punc-
tured hole in their centre which acts as a soft inclusion analog (SI); replicating the lipid-rich
necrotic core as observed in plaques. To realize more inter-gel variation some SIs were filled
with fibrin for SI-gel integration.

A 15 mm
Velcro strips
15 mm
L |
10 mm C I 10 o 1
T
B 15 mm
15 mm
10 mm

Figure 4: The initial gel geometries. Three distinct geometries are illustrated. These geometries
either have an empty SI (white ellipse) or a fibrin-filled SI (yellow ellipse).

Compositional & Geometrical Changes

In order to accomplish multiple distinctly dissimilar BE-FC compositions, each gel was sub-
jected to one of three different uniaxial straining protocols. These protocols involved either
static, intermittent, or continuous straining (see Appendix A for details). The straining pro-
tocols also affect the BE-FCs their final geometry, see Fig. 5 for illustrations. In-plane the
resulting BE-FCs were seen to have compacted boundaries and a narrowed SI. In addition
many BE-FCs developed asymmetric shapes. Out-of-plane the BE-FCs matured into the
particular shape also shown in Fig. 5.
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The initial geometries of the gels have as a matter of fact been premeditated based upon
these changes. Indeed, in Fig. 6 it can be seen that the compacted planar BE-FC geometry
roughly approximates the shape of a real FC.

Out-of-pl: t;
Compactcd geometry Asymmetric geometry ui-ol-plane geomeiry

Figure 5: Tllustrative BE-FC geometries after completion of the straining protocols. Subfigure
A: two exemplary distorted planar geometries. Subfigure B: an exemplary out-of-plane BE-FC
geometry.

Out-of-plane FC slices, viewed
from the top / bottom of the FC

Compacted geometry

l

Figure 6: Interpretation of the BE-FC geometry.

Fibrous cap

Soft inclusion

Capturing the Geometry and Composition

Both the geometry as well as the composition of the BE-FCs were captured. Multiphoton
microscopy imaging was performed to obtain the BE-FC its geometry whereas multiphoton
second harmonic generation was used to visualize its composition. Both procedures com-
prise a grid-like manner imaging method, i.e. capturing 738.1 x 738.1 pum subsections of the
BE-FC and subsequently merging the images as illustrated in Fig. 7.

It can be noted that the BE-FC its composition is imaged only on two whole-width grid
strips (see Fig. 7). In addition composition imaging was also performed in the in-depth
direction of the BE-FCs (an image was taken every 3 pm starting just under the surface
of the BE-FC). The collagen content was observed to differ through the thickness of the
BE-FCs, with the collagen content being considerably higher near the BE-FC its surface.
Collagenous matrix characterization in the subsequent paragraphs is performed with the
maximum intensity projection collagen images.
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Figure 7: Geometry and collagen imaging strategy BE-FCs. Two BE-FCs affixed between Velcro
strips and overlaid with a grid are shown. Darkened grid tile = location where an image is taken.
After imaging the grid tile images are merged to create a total image. Subfigure A: strategy for
whole BE-FC geometry imaging. Subfigure B: strategy for ”two-strips” BE-FC collagen imaging.

Capturing the Biomechanical Behaviour

After having captured the geometry and composition, the biomechanical behaviour of the
BE-FCs was investigated by performing a uniaxial tensile test in conjunction with digital
imaging and digital image correlation. Fig. 8 illustrates this process.

Firstly, the BE-FCs were airbrushed with a tissue dye for digital image correlation and
subsequently placed in a tensile tester. To ensure that the BE-FCs were in a static and
non-folded condition before commencement of the tensile test a pre-stretch was performed
until 0.15 mN was measured. This was followed by the application of ten pre-conditioning
strain cycles at 10% strain and a strain rate of 200%/min to get the BE-FCs in a state of
repeatable loading-unloading behaviour. Hereafter the tensile test was performed at a strain
rate of 200%/min until failure.

During the tensile test the location(s) of rupture initation and the rupture propagation
pattern(s) were captured with digital imaging. Lastly, digital image correlation provided
the local strains in the BE-FCs during the tensile test. This analysis was isolated to the
non-compacted and non-fixed region of the BE-FCs to account for artifacts.

The Specifics for Each Bio-engineered Fibrous Caps

A total of 16 BE-FCs are modeled. The details of the exact experimental procedure followed
for each BE-FC is delineated in Appendix A. These details include the number of the BE-
FC, the initial planar geometry shape including the dimensions and SI type, the particular
straining protocol imposed upon it, the clamp-to-clamp distance between the clamps when
the BE-FC is placed in the tensile tester, and lastly the specifics of the tensile test.
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Digital imaging &
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Figure 8: The uniaxial tensile test procedure for the BE-FCs.
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3 Methods

3.1 Bio-Engineered Fibrous Caps - Models

16 BE-FC finite element models have been created in the modeling software Abaqus (Das-
sault Systemes Simulia Corp.) [43]. Such models require a definition of the BE-FC its
geometry, composition, and boundary conditions. In addition to this in finite element mod-
els the geometry is represented by connected segments called elements. Collectively the
elements are termed the mesh of the model. The characteristics of these elements also need
to be specified as they influence model simulation results.

Over and above these specifications, simplifications and assumptions are made for the mod-
els. To start with the BE-FC models are simplified to 2D. This simplification greatly reduces
the complexity of the models. This is especially so due to the fact that the models will be
given an anisotropic material model while 3D anisotropic composition modeling is a stand-
alone endeavor on its own. On top of that it is currently unknown if simpler 2D models
can capture the biomechanical behaviour of the BE-FCs. As such these models will either
approve or disprove a 2D simplification; if the models cannot accurately capture the be-
haviour this could indicate the necessity of 3D models in future research. In addition the
models are assumed plane-stress as: (1) the BE-FCs are loaded dnd supported in-plane in
the tensile tester, and (2) the BE-FCs have relatively large dimensions in-plane as compared
to out-of-plane (ratio Y/X : Z ~ 1/1 : 10). Lastly, the SI is assumed to be very compliant
and therefore modeled as a ”hole”. In the following subsections the post-processing of the
acquired data and all model components (geometry, composition, boundary conditions, and
mesh specifics) will be discussed.

3.1.1 Geometry

The merged geometry image for each BE-FC (see again Fig. 7) was used to recreate the
planar BE-FC geometry. Instead of manually tracing the boundaries of each BE-FC and
calculating the dimensions, a Matlab script has been developed to achieve a geometry with
a data-scaleable approach. The essential steps are presented in the following list and illus-
trated in Fig. 9.

1. The merged geometry image is cropped to only include the BE-FC geometry itself.
Additionally, another cropped image is made which only includes the SI.

2. In both cropped images the brightness of the pixels in the background is higher. This
brightness is used to trace the boundaries of the BE-FC and the SI. In addition -
depending on the graininess of the boundaries and the amount of noise in the images -
the boundary traces are smoothed by use of a Savitsky-Golay filter. Following this the
boundary traces are combined through cross-correlation of the two cropped images.

3. Using the combined boundary a binary image of the BE-FC geometry is created. This
image clearly shows where in the original captured image the BE-FC is - and is not.
Knowing the pixel-millimeter ratio and having the geometry in binary image format, a
planar orphan mesh is constructed in Matlab by use of the Matlab package MESH2D
[44]. This mesh forms the basis of the BE-FC its geometry and is imported in the
finite element modeling software Abaqus.
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Original image

Cropped images Boundary tracing

3

+l->

Combining boundaries Binary image Orphan mesh Editable geometry
Figure 9: The steps from geometry image to model geometry. This includes: (1) image cropping to

get a cropped BE-FC and SI image, (2) boundary tracing on both cropped 1mages (3) combining
the traces, (4) creating a binary image using the traces, (5) creating an orphan mesh, and (6)
converting the orphan mesh to an editable geometry.

4. In Abaqus an orphan mesh is a near-uneditable collection of nodes and elements.
The mesh however can contain inaccuracies due to noise and/or artifacts in the im-
age. Therefore it is converted to an ordinary fully editable geometry, after which any
inaccuracies are manually edited accordingly.

3.1.2 Mesh

Mesh Element Properties

The plane-stress condition of the models is enforced through the mesh its element specifica-
tion. To that end quadrilateral plane-stress elements with 4 nodes and a bi-linear integration
scheme have been used. On top of this elements often experience large distortions in the
modeling of compliant tissues which can lead to persistent convergence issues in model sim-
ulations. To alleviate this problem the elements have been given: (1) a reduced integration
scheme to increase element distortion tolerance [45], and (2) hourglass control to combat
spurious ’zero energy modes’ which can arise due to using a reduced integration scheme.

Mesh Accuracy

The quality of the mesh and the size of the mesh its elements affect the accuracy of simula-
tion outcomes. To enforce a more equal element size over the mesh the editable geometries
have been sectioned with vertical and horizontal lines that intersect at the center-point of
the BE-FC model its SI. During the tensile test a part of each model is constrained be-
tween clamps. To prevent elements in the mesh from crossing said border - which would
otherwise cause high local distortions of these elements - the editable geometries have also
been sectioned at the two clamp to non-clamp borders. After consideration of the BE-FC
geometries (see Fig. 5) and preliminary results, a ”free medial axis” meshing algorithm with
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mesh transition has been chosen (see [46, 47] for the specifics).

Mesh Convergence

A mesh convergence has been performed for each BE-FC model to determine roughly the
minimum amount of elements that is necessary to obtain reliable results from a simulation.
To do so each model was replicated with five different meshes - each mesh differing in the
amount of elements it has. Subsequently five simulations have been performed for each
BE-FC model. Following this the five resulting model force-length relationships have been
compared for each BE-FC model. All-in-all the mesh with the smallest amount of elements
and with a force-length relationship indistinguishable to that of meshes with more elements
has been picked for the final model.

3.1.3 Material Model

The Material Formulation

All BE-FC models have been given a Holzapfel-Gasser-Ogden (HGO) material model. This
is a phenomenological hyperelastic material formulation suitable for modeling collagen fibre
rich biological tissues [48]. In point of fact, it is a constitutive framework for modeling the
arterial wall. The HGO material model as implemented in Abaqus is given by equations 1,
2, 3, and 4 [49].

el\2 _ N _
U =Culh -3+ 35 (Y5 = )+ g S tenliaBa - 1) (1)
a=1

2
where - - -
Eq. = H(Il - 3) + (1 - 3’%)(14(040() - 1) (2)
el J th th th
J :ﬁw] =1 +e")(I+e")(1+e5") (3)
1" .
k=7 p(0)sin0dO (4)
0

As can be noted the formulae contain many parameters to calculate U, the strain energy per
unit of reference volume. In consideration for sections to come the parameters to recognize
especially are: D, Cig, k1, ko, k, and ©. D describes the compressibility of the material
with D > 0. Cyp, k1, and ko are the material parameters. In specific: Cig is a stress-like
material constant related to the material its isotropic response with Cig > 0, k1 is a stress-
like material constant related to the material its anisotropic response with k1 > 0, and ko
is a dimensionless parameter that also describes the material its anisotropic response with
ko > 0. k and © are the structural collagen fibre parameters. The dispersion of the collagen
fibres relative to a mean fibre angle is given by « with 0 < x < 1/3. If k = 0 then all fibres
are aligned resulting in maximum transverse anisotropy and if x = 1/3 the material is said
to be fully isotropic. © represents the aforementioned mean fibre angle in degrees. © is also
used to calculate the value of the orientation density function p(©).
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The HGO material model allows for the modeling of multiple transversely isotropic fibre
families with different fibre-related parameter values. The amount of fibre families is spec-
ified through N with N < 3. Because of the method with which x and © are determined,
a single fibre family with V = 1 has been adopted (to be discussed). Additionally, I; is the
first invariant of C' (distortional part of the right Cauchy-Green strain), I, is the pseudo-
invariant of C' and A, (set of unit vectors with o = 1,..., N), and lastly J, J¢ and J*
represent the total, elastic, and thermal volume ratios respectively where ¢ indicates the
principal thermal expansion strains.

Assigning the HGO model Parameters

In Abaqus the HGO material model requires six parameters to be specified for a single fibre
family: D, Cig, k1, k2, Kk, and ©. How the parameters are acquired is discussed in the
following paragraphs. How these parameters are assigned will be discussed first.

The HGO material model is assigned to the elements of the BE-FC model its mesh, the
material specification can thereby be varied from element to element. Be that as it may D,
Cho, k1, and ks are assumed uniform over all elements considering that: (1) D describes the
compressibility of the model which is assumed uniform everywhere, and (2) Cig, k1, and ks
are stress-like or dimensionless material parameters which are likewise assumed consistent
all over each BE-FC.

The structural collagen fibre parameters x and © are varied from element to element be-
cause the BE-FC its collagen content is observed to vary based upon location. In addition
to this - which will become more clear in the following paragraphs - k and © are calculated
from the maximum intensity projection collagen content images. This imaging was limited
to the tiles in two strips (see Fig. 7). Hence, calculations of k and © are limited to these
strips all the while having to define both for the totality of the model. To locally define and
assign different parameter values for x and ©, the following assumptions have been made
and the following approaches have been adopted:

e k - Assuming vertical similarity the x parameter values obtained from the collagen
imaged tiles in the two strips are spread out vertically, see Fig. 10 subfigures A-C
(one k value per tile in the two strips). Next, the BE-FC model its mesh elements
their center-points are calculated, associated with a specific tile if it falls within its
boundaries, and given the s value of that specific tile. Fig. 10 subfigures D.1 and D.2
show that this leads to a sharp contrast in x between neighbouring elements, which is
judged as an unreasonable representation of what is really happening in a biological
tissue. Accordingly x is smoothed out over the elements using a nearest neighbour
averaging approach (see Fig. 10 subfigure D.3).

e O - Collagen imaging results show two distinct reoccurring © arrangements: (1) near
the BE-FC its compacted boundaries © follows the compacted shape of the BE-FC,
and (2) near the BE-FC its center O follows the shape of the BE-FC its SI. Accordingly
the elements have been given a mean fibre angle © as shown in Fig. 11. The approach
to do so is elaborated on in the following bullet points and is also (for a large part)
shown in Fig. 11.

— The edges of the BE-FC its SI and its compacted boundaries are identified. Next,
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the ST boundary is duplicated and scaled so that a repeating SI pattern forms over
the BE-FC geometry. Each edge boundary consists of a multitude of connected
points and each of these points is given a direction vector based on the point-to-
point direction. This vector is converted to an angle (©) relative to the positive
X-axis in a right-handed cartesian coordinate system.

Next, the exact location of all boundary points and the elements their center
points is determined.

The compacted boundary points and the element centres are grouped together
(as explained in the following sub-bullet) and the elements are given a collagen
fibre mean angle ©.

x If an element its center point is within 1 mm of the compacted boundaries,
that element is given the angle of a point on said boundaries. In specific,
the collagen fibre mean angle © given is that of the boundary point with the
lowest absolute distance to the element its center point.

The SI boundary points and all left-over elements centres are grouped together
(as explained in the following sub-bullet) and the elements are given a collagen
fibre mean angle ©.

x All left-over elements are given the angle of a point on one of the SI bound-
aries. Again, the collagen fibre mean angle © of the SI boundary point that
has the lowest absolute distance to the element its center point is assigned
to the element.

Finally, the transition of ©® from the compacted-boundary-element-angles group
to the Sl-element-angles group is improved. The border zone from group to group
is taken into account to do so (the zone is specified as being from 0.5 mm to 1.5
mm from the BE-FC its compacted boundaries; i.e. two border zones for each
BE-FC model). The elements in these two border zones are identified and the
angle between these elements is smoothed using a nearest-neighbour averaging
approach.
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Figure 10: The approach to assign x to the BE-FC model its elements. Subfigures A and B
show the strips (red) and tiles (colored) where collagen is imaged and & is calculated, respectively.
Subfigure C shows how x is spread out vertically. Subfigures D1 through D3 illustrate how & is
smoothed by use of a nearest neighbour averaging approach.
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Figure 11: The approach to assign © to the BE-FC model its elements. Subfigure A shows the
identified boundaries of the BE-FC. Subfigure B shows how the SI its boundary is multiplied and
scaled. Subfigures C, D1, D2, and D3 show: (1) how these boundaries are converted from boundary
points (sketch coordinates) to orientation vectors (sketch vectors), and (2) how these vectors are
assigned to the BE-FC model its elements (element vectors).
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Obtaining The HGO Model Parameters (1/2) - [« & O]

The collagen fibre-specific parameters x and © were determined by using the maximum
intensity projection collagen images of the BE-FCs. To get meaningful parameters that
can be compared accordingly, these images were first processed with Matlab [50] by use
of FIBLAB [51]. FIBLAB is an open-source collection of Matlab scripts to determine and
assess angular data. Herewith the wrapped (spanning [0, 7] (radians)) orientation of all the
collagen fibres in each image was obtained. This data was used as input for another Matlab
script to calculate k and ©. The latter script is self-developed and partly based upon the
coding framework of FIBLAB. The outline of the steps taken in the two scripts is shown in
Fig. 12. The following list elaborates on the details of said steps.

The main concept of the latter-mentioned script to keep in mind is: (1) the collagen fi-
bre orientation data obtained with FIBLAB is used as an independent variable on which
a statistical distribution is fitted, (2) fitting is done using an optimization algorithm that
iteratively compares the shape of the collagen fibre orientation data and the statistical dis-
tribution, (3) the statistical distribution is defined by the collagen fibre mean angle p (which
with optimized parameters is identical to ©) and a concentration parameter b (which with
optimized parameters and a mathematical conversion gives k).

e The maximum intensity projection collagen image of a tile is loaded into Matlab and
FIBLAB is utilized to obtain the orientation of all the collagen fibres in the image.
By use of FIBLAB this data is wrapped to a range spanning [0, 7] (radians).

e By use of a patternsearch optimization a unimodal 7m-periodic and transversely isotropic
von Mises (VM) distribution is fitted upon the collagen fibre orientation data. This
provides two directly interpretable parameters: (1) u = the collagen fibre mean angle
(rad) and (2) b = a concentration parameter. The particulars of the VM distribution
as well as the fitting of this distribution on the wrapped collagen fibre orientation
data with a patternsearch optimization is separately delineated in the following two
sub-bullets.

— VM distribution: the VM distribution is described by the orientation density
function given by equation 5. Here p(0©) is the VM orientation density function,
© denotes the collagen fibre mean angle in degrees with 0 < © < 180, b is the
concentration parameter with b > 0, and I - as given by equation 6 - describes
the 1st kind Oth order modified Bessel function used to convert the VM distribu-
tion to one that is transversely isotropic and m-periodic. For the mathematical
derivations leading to this particular VM distribution and a more elaborate ex-
planation see [52].

ple) = e o)
where L
Iy(b) = ;/0 exp(bcos(0))dO (6)

— Patternsearch optimization: first of all a VM distribution is created with arbitrary
values for © and b. The resulting VM distribution is compared with the wrapped
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collagen fibre orientation data and the difference between the two is calculated
using a mean squared error cost function. Next, the objective is to minimize this
difference, i.e. to minimize the mean squared error. To do this the optimization
scheme iteratively explores the parameter space values of © and b. In other words,
the optimization scheme makes a multitude of VM distributions and compares
every such distribution to the collagen fibre orientation data. The optimization
scheme stops when a mean squared error cost function value is obtained that is
satisfactorily low. It is judged out the scope of this report to discuss the modus
operandi of the patternsearch optimization scheme; for this the interested reader
is referred to [53].

e When a satisfactory fit is obtained, b is converted to x by use of equations 4, 7, and 8
as described in [52]. The relation between b and & is visualized in Fig. 13 as obtained
from [52]. For these equations © is still the collagen fibre mean angle in degrees with
0 < © < 180. p(O©) is described by the density function given by equation 7. erfi(z)
describes the imaginary error function given by erfi(z) = —ier f(z) and equation 8.

B b exp[b(cos(20) + 1)]
P(O) = 4\/; er fi(\/2b) @

with

2 i 9
erf(z) = ﬁ/o exp(—t)dt (8)

Collagen imaging & Patternsearch

FIBLAB

optimization

Obtaining the high collagen
content tile image

Assign new Von Mises
parameter values

Overlay the distribution
on the orientation data

Compare the distribution

Mean squared error lower
than a specified value?

I

No  Yes

Assign slightly different

parameter values

' to the orientation data

Lower mean
squared error?

|1 o —
Yes  No /A<, b

von Mises Parameter
values acquired

1/ FizLABI

Collagen
image orientation data

Figure 12: The collagen data post-processing steps. A grid tile its collagen image is used as input
for FIBLAB, which provides the image its collagen fibre mean angle. This orientation data is used
as input for a patternsearch optimization scheme where a VM distribution is fit upon it, providing
the collagen fibre mean angle © and the concentration parameter b.
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Figure 13: As obtained from [52]. The relation between the m-periodic transversely isotropic VM
distribution its concentration parameter b and the collagen fibre dispersion parameter k.

Obtaining The HGO Model Parameters (2/2) - [D, Cio, k1 & k2]

The remaining HGO material model parameters to be calculated are D, Cig, k1, and ko. D
describes the incompressibility of a model. All models are assumed to have an unchangeable
volume while being deformed and accordingly only isochoric deformation occurs. In other
words the models are incompressible and D = 0.001 is assigned to the models. The values
of C'yg, k1, and kg were determined with simulations of completed BE-FC models. Yet-to-be
discussed model specifics are non-essential for understanding said method.

As a first step to determine Cig, ki, and ko the experimental force-length relationship
of the BE-FCs were calculated from the clamp-to-clamp distance of the BE-FCs in the
tensile tester (see Appendix A), the force-time data from the tensile test, and the applied
strain rate (see Appendix A). The experimental force-length relationships also include data
about the rupture events. For the current calculations the part of the relationship from just
shortly before the point of rupture until the end is simply omitted because damage is not
modeled.

The method for finding appropriate values for Cyg, k1, and ko is somewhat akin to the
one used for determining x and ©. Using a patternsearch optimization scheme: (1) numer-
ous BE-FC models were created where each such model has different values for Cyg, k1, and
k2, (2) simulations were run for each BE-FC model, (3) after each simulation the resulting
model force-length relationship was compared to the experimental force-length relationship,
and (4) if the difference between the two relationships is satisfactorily low the optimization
stops, yielding the parameter values. Fig. 14 as well as the following list are included to
clarify the details of these steps.

e First of all the BE-FC model is created with arbitrary values for Cyg, k1, and ks.
Boundaries for these parameter values can be specified to decrease the parameter space
dimensions to explore, thereby reducing the time necessary for the optimization.

e The BE-FC model is converted to a model input file which is then used as input for
the Matlab script. Thereafter this model input file is replicated to a Matlab function
file. In this function file the parameter locations are ”highlighted” - allowing them to
be automatically changed in a programmed script loop.
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e For every iteration of the optimization the function file is ”called” and new parameter
values are passed through to said function file. Following this the function file creates
a new BE-FC model input file, with which an Abaqus simulation is performed through
Matlab.

e For every iteration of the optimization the model force-length relationship is calcu-
lated from the resulting simulation output data file. Hereafter this model force-length
relationship is compared to the experimental force-length relationship through the use
of a mean squared error cost function.

e The value of the cost function will be lower if the relationships are more alike. When a
simulation with specific parameter values leads to a lower cost function value, the next
iteration starts with parameter values more approximate to these. The optimization
stops after a specified minimum mean squared error value is reached. Once more,
the interested reader is referred to [53] for the exact workings of the patternsearch
optimization scheme.

Creating a model file & Patternsearch
Matlab function file optimization
Completed model with Assign new Lower mean
. —
arbitrary parameter values parameter values ] squared error?
Run an Abaqus . No Yes

simulation from Matlab

. Mean squared error lower
Obtain the force than a specified value?

and length output l l
from the data file
l No  Yes

Reconstruct the model
force-length relationship mh

Model conversion Import model file &
to file format creation of a function file

IUDEL MUDEL UNCTI

Figure 14: The optimization scheme used for determining the values of Cio, k1, and ko. A
completed BE-FC model with arbitrary values for Cio, k1, and ks is converted to a model input
file, which is then replicated to a Matlab function file. This function file is called for every iteration
of the optimization scheme. Every iteration produces a new model input file with new C1o, k1, and
ko values. In the end, optimized parameter values for Cho, k1, and k2 are obtained.
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3.1.4 Boundary Conditions

The aim of the models their loading and boundary conditions is to replicate the circum-
stances of the BE-FCs as they are loaded until failure in the tensile tester. Fig. 15 illustrates
the boundary conditions applied to each BE-FC model. Three boundary conditions are ap-
plied: (1) an encastre boundary condition, (2) a Y-axis symmetry boundary condition, and
(3) a positive Y-direction translation boundary condition. The encastre boundary condition
is assigned to each model its bottom clamp area nodes, thereby fixing each model in place.
The Y-axis symmetry boundary condition is assigned to each model its top clamp area
nodes, constraining each model to only be able to translate in the Y-axis direction. Lastly,
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the actual positive Y-direction translation is indirectly imposed on each model its top clamp
area nodes with the following steps: (1) a reference point is created above the model, (2)
this reference point is coupled to the model its top clamp area nodes, and (3) the positive
Y-direction translation is assigned to the reference point. In this way, any translation of the
reference point gets applied to the top clamp area nodes.

Model boundary conditions

-—)

« Node e Y-direction displacement +

— Clamp boundary Y-axis symmetry condition
Ref. point constrained node

—Ref. point to node coupling « Encastre constrained node

Figure 15: Illustration of the boundary conditions as assigned to the BE-FC models. Ref. point
= Reference point.

3.2 Bio-Engineered Fibrous Caps - Idealised Models

To aid the development of future BE-FCs and to gain more insight into the relationship
between the BE-FC models their characteristics and the stresses and strains they experience,
two distinct batches of idealised BE-FC models have been created. This includes: (1) a
morphology model batch and (2) a composition model batch. The first encompasses 1125
models with different geometries while keeping all other model characteristics the same,
the latter covers 135 models with different compositions while - again - keeping all other
model components the same. All 1260 models are - like the BE-FC models - 2D, plane-
stress, and have a ST modeled as a "hole” (see section 3.1 for the reasoning). Hereafter
the characteristics of the idealised models are presented in terms of their geometry, mesh,
composition, and boundary conditions.

3.2.1 Geometry

Morphology model batch

The models of the morphology model batch each have a distinctive geometry created by
changing the value of five geometry-related parameters. The five parameters have been
illustrated in Fig. 16, subfigure A (variation in model height and width has not been vi-
sualized). As can be observed the parameters include: (1) model height (H), (2) model
width (W), (3) the model its SI size in the X-direction (SIx), (4) the model its SI size in
the Y-direction (SIy), and (5) the model its left-right boundary compaction (LBc, RBc). In
addition Table. 1 presents the exact geometry-related parameter values implemented.
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Composition model batch

The models of the composition model batch have identical geometries. This one single ge-
ometry has been visualized in Fig. 16 subfigure B. See Table. 1 for the geometry-related
parameter values implemented for these models.

A Morphology models B Composition models
geometry parameters geometry parameters

RBe RBe
LBc LBc

w w

Figure 16: The geometry parameters for the idealised models. The parameters are: (1) model
height (H), (2) model width (W), (3) the model its SI size in the X-direction (SIx), (4) the model
its SI size in the Y-direction (Sly), and (5) the model its degree of boundary compaction (LBc,
RBc). Subfigure A: the geometry parameters for the idealised morphology models. Subfigure A
visualizes how these parameters are varied and what geometry results therefrom. Subfigure B: the
geometry parameters for the idealised composition models. Note that the parameter values are
identical between the idealised composition models.

Table 1: An overview of the geometry parameters their values for the idealised models. Boundary
compaction (LBc, RBc) is defined as the shift of the compacted boundary its midpoint (at midpoint
height = H/2) towards the SI; an increase in the value of LBc and RBc results in an increase of
boundary compaction. Here n = [0,1,2,3,4], m = [0,1,2], ¢ = 1 for the left compacted boundary,
and ¢ = W — 1 for the right compacted boundary.

Boundary
Height (H) | Width (W) SI X-size SI Y-size compaction
[mm)] [mm)] (SIx) [mm)] (SIy) [mm)] (LBc, RBc)
[mm]
Morphology
104+ n-1.25 10+n-1.25 1+m-0.2 14+m-0.2 q+n-0.5
models
Composition
10 15 1 1.4 q+1
models
3.2.2 Mesh

The mesh characteristics of the idealised models are near-identical to that of the real BE-
FC models (for the reasoning see section 3.1.2). All meshes are assigned 2D quadrilateral
plane stress elements with a reduced integration scheme and hourglass control. In addition
- before applying a mesh - the geometries have been sectioned at the clamp to non-clamp
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borders. The clamp to clamp distance is set as being variable due to a changing of the
(morphology) models their height (H); the clamp borders are set at a Y-direction distance
of £H/4 from the model its midpoint. Having sectioned the model geometries the mesh is
applied by using a free medial axis meshing algorithm with mesh transition enabled. To
conclude no mesh refinement is performed because: (1) a fine mesh is used for all models,
and (2) the models have a smooth and simple geometry.

3.2.3 Material Model

All idealised models have been assigned the HGO material model (for the reasoning and the
material model specifics see section 9). This material model requires six parameters to be
defined: D, Cig, k1, k2, O, and k. The HGO material model is assigned to the elements of
the idealised models their mesh. The parameter values of D, Cig, k1, and ko are - as done
for the BE-FC models - uniform over the elements of each idealised model its mesh. Per
contra to what was done for the BE-FC models, this uniformity is now also implemented
for k. Lastly, © remains element-specific.

Morphology model batch

The models of the morphology model batch have identical HGO material model parameter
values. See Table. 2 for the assigned parameter values. D its parameter value is identical
to the value assigned to the BE-FC models, see section 9 for the reasoning. The parameter
values for Cqg, k1, and ko have been adopted from BE-FC sample number 3 as this BE-FC
is relatively symmetric and rectangular. The collagen fibre dispersion & its value is chosen
such that it lies within the range commonly observed for the BE-FC models. © is the only
element-specific parameter, is again assumed ideal, and is assigned to the models using the
same method as used for the BE-FC models (see section 9). The to-be-smoothed collagen
fibre mean angle © has been visualised in Fig. 17 for one illustrative idealised model.

Morphology models
orientation vectors

Figure 17: An illustration of the idealised morphology models their collagen fibre mean angles ©.
Near the compacted boundaries © follows said boundaries and everywhere else © follows the shape
of the SI.

Composition model batch
Each idealised composition model has distinctive HGO material model parameter values.
Table. 2 presents said values. For all composition models the parameters that are identical

27



in-between are D and ©. These two parameters have values equivalent to what is assigned
to the idealised morphology models. The parameter values of Cig, k1, ko, and x are varied.
These four parameters were increased or decreased in value starting from the values assigned
to the morphology models, Table. 2 presents the specifics.

Table 2: An overview of the HGO material model parameter values for both the idealised mor-
phology models as well as the idealised composition models. Here n = [0,1,2] and m = [0,1,2,3,4].

# D Cio k1 ko r
Morphol
OTPROOBY | ho1 0.2023 2.75 1.85 0.23
models
(0.2023 —
. " (275 — (1.85 — :
omposition| 02022/‘10) 1 275/10)+n- | 1.85/10)+n- (3'02337178)
models (2.75/10) (1.85/10) '
(0.2023/10)

3.2.4 Boundary Conditions

All idealised models have the same boundary conditions. In addition, these conditions
are identical to the ones imposed upon the real BE-FC models. For the specifics of the
conditions, a referral is therefore made to section 3.1.4 and Fig. 15. The only contrast is
the amount of displacement applied to the idealised models. To approach the BE-FC tensile
tester circumstances the displacement applied to the idealised models is set at half their
clamp-to-clamp distance (H/4).
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4 Results

A substantial degree of similarity between the BE-FC models was observed. Subsequently
only the specifics of BE-FC sample number 3 are presented here as a representative example
(the BE-FC of which data is used for the idealised models), see Fig. 18. The specifics of all
BE-FC models can be examined in Appendix B.

Fig. 18 shows that the model geometry accurately fits the BE-FC its imaged planar shape.
Further, the fibre dispersion x assigned to the geometry its elements has an apparent ver-
tical spread and a smooth element-to-element gradient. The other material model collagen
parameter - the fibre mean angle © - follows the shape of the SI everywhere except near
the compacted boundaries of the geometry, where it follows said boundaries. Furthermore,
a moderate © gradient can be observed between these two groups with distinct fibre mean
angles. Fig. 18 subfigure E shows that the global model behaviour approximates the ex-
perimentally obtained one. Nonetheless, three points of inequality between the two can be
deduced (which are also persistent for multiple other BE-FC models, see appendix B). In
sequence with an increasing strain the model relationship relative to the experimentally ob-
tained one: (1) overestimates, (2), slightly underestimates, and then at the end (3) slightly
overestimates the force.

ACropped geometry image and collagen

fibre dispersion & mean angle B BEFC model: geometry

BE-FC model and experimental
force-length relationships

o |

=

Force N|
\

Dispersion colorbar

Anisotropic (0) Isotropic (1/3)

C BE-FC model: collagen BE-FC model: collagen
fibre dispersion per element D fibre mean angle per element

Exp. data
Sim. data

o 02 04 06 08 1 12 14 16 18
Displacement [mm]
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Figure 18: The characteristics of BE-FC model number 3. Subfigure A: the BE-FC its cropped
geometry image including the calculated collagen fibre dispersion x and mean angle © for the tiles
where collagen is imaged. Tile color = degree of fibre dispersion. Vector within a tile = fibre
mean angle. Subfigure B: the model geometry. Dark grey areas: geometry region which is fixed
between the tensile tester its clamps. Light grey areas: the non-fixed geometry region. Subfigure
C: the model its collagen fibre dispersion k. Subfigure D: the model its collagen fibre mean angles
©. Subfigure E: both the model and the experimental force-length relationship (?Sim. data” and
?Exp. data”, respectively).
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4.1 Bio-engineered Fibrous Cap Models

To allow for the investigation of stresses and strains globally as well as within or across the
collagen fibres, the model simulation results are presented in two different sets of coordinate
systems. This includes: (1) a single global right-handed cartesian coordinate system (X-
axis rightwards and Y-axis upwards), and (2) many local right-handed cartesian coordinate
systems conforming to the fibres of the elements (”local output”, one system per element,
X-axis along the element its fibre and the Y-axis across it).

A total of six normal and four local stresses and strains have been investigated: (1) the
shear stresses and strains (Sgy, & LE,,), (2) the stresses and strains in the X-direction (S,
& LE,), (3) the stresses and strains in the Y-direction (S, & LE,), (4) the local stresses
and strains along the collagen fibres (Si,.an, & LEiy fb), and lastly (5) the local stresses and
strains across the collagen fibres (Sacross-fib & LEacross-fib)-

4.1.1 Stress & Strain - Peak Values

The rupture of a BE-FC is assumed to correlate with the highest stresses it experiences.
Along with that these stresses are closely related to the strains a BE-FC sustains during
elongation. Accordingly, the peak values of both the stresses and strains in all BE-FC models
are presented in Fig. 19. Tables presenting the exact values can be examined in Appendix
C. Note that only positive values are presented for LE,, LF,,, and S, in Fig. 19, yet these
stresses and strains can also be negative in the models. The results are presented in this
manner because: (1) the sign of S,, and LE,, only signifies a directional change, and (2)
presenting the absolute peak values of LE, allows a better comparison between peak values
of the strains.

Considering Fig. 19 it can be noted that there are two stresses with especially high peak
values for all BE-FC models; S, and Sin.sp. In specific, Sy has a median of 3.151 [2.407,
3.896] MPa ([interquartile range]) and Si,.sp has a median of 3.2555 [2.352, 4.159] MPa.
Within one model the two stresses approach each other. Per contra, they can differ consid-
erably in-between models. S, Sgy, and Sacross-fib have considerably lower peak values; S,
has a median of 0.596 [0.315, 0.876] MPa, S, has a median of 1.01 [0.585, 1.428] MPa, and
Sacross-fib has a median of 0.771 [0.255, 1.29] MPa. Also, these peak stresses are generally
comparable within one BE-FC model but can differ considerably in-between the BE-FC
models.

The strains with the highest peak values are LE,, LE,,, LFi, g, and LE,cross-fib- LE,
has a median of 0.402 [0.321, 0.483], LE,, has a median of 0.419 [0.357, 0.480], LEis.an
has a median of 0.396 [0.309, 0.484], and LFEcross.fib has a median of 0.292 [0.197, 0.386].
The largest of these is LE,, for a majority of the models. Still and all, LE,, LE},_g1,, and
LE,ross-6b generally approach LE,,. Lastly, LE, is generally by far the smallest of strains
in the models and has a median of 0.189 [0.145, 0.233].

4.1.2 Stress & Strain - Peak Values Locations

Apart from the peak values of the strains and stresses in the BE-FC models, the locations
thereof are also meaningful when investigating a BE-FC its biomechanical behaviour and/or
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Figure 19: The peak values of the stresses and strains in the BE-FC models.

Split geometry - locating
peak stress and strain locations

BDuL = Boundary upper left

BDwr = Boundary middle left
BDsL = Boundary bottom left
BDuvr = Boundary upper right
BDuir = Boundary middle right
BDgr = Boundary bottom right
SluL = Soft inclusion upper left
SIyr = Soft inclusion middle left
SIeL = Soft inclusion bottom left
SIur = Soft inclusion upper right
Shur = Soft inclusion middle right
SIer = Soft inclusion bottom right
SIum = Soft inclusion upper middle
SIem = Soft inclusion bottom middle

Figure 20: An illustrative split BE-FC geometry with naming for each region to locate the stress
and strain peak values on the BE-FC models.

rupture. To methodically pinpoint these locations the models were split into the 14 regions
shown in Fig. 20. Subsequently using these regions, the peak stress and strain value lo-
cations were determined. After having done so these locations were compared with the
experimentally obtained BE-FC rupture initiation locations.

Ultimately no clear relationship was found between: (1) any of the BE-FC models their
peak stress and strain locations, and (2) the experimentally obtained BE-FC rupture ini-
tiation locations. Using the naming of the regions in Fig. 20, the actual BE-FC rupture
initiation locations as well as the models their peak stress and strain value locations are
given in Appendix D.

4.1.3 Stress & Strain - Distributions

Stress and strain peak values as well as the locations thereof do not clarify the stresses and
strains over the whole of the models. Nonetheless, such knowledge aids in clarifying the
BE-FCs their biomechanical behaviour and gives insight into the effect of modeling choices.
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Figure 21: The stress and strain distributions of BE-FC model sample number 3. Six distributions
can be seen, including that of: Sy, Sin-ab, LEy, LEyy, LEin-gb, and LE,cross-fib-

Accordingly, the distributions of the six stresses and strains in the models with the highest
peak values were investigated (i.e., the distributions of Sy, Sin-aib, LEy, LEyy, LEin g1, and
LEqcross-6ib). 1t was observed that the distributions are alike between the BE-FC models.
Therefore - and in accordance with the approach taken for presenting the models their char-
acteristics - the stress and strain distributions of BE-FC sample number 3 are presented in

Fig. 21. The distributions of all models are presented in Appendix E.

Stress distributions

Fig. 21 shows that S, and Si,.g1, have alike distributions. Further, both stresses are high
near the compacted boundaries of the model - in particular near its left compacted bound-
ary. Per contra, the stresses are especially low above and under the SI, and have moderate
values everywhere else in the BE-FC model.

Strain distributions

LE, is relatively high in three regions of the BE-FC model: near its compacted boundaries
and particularly so near its right boundary, directly to the left and right of its SI, and diago-
nally around its SI near its clamps. Per contra LE, is low above and under the model its SI,
near its corners, and in the area halfway between its SI and its compacted boundaries. The
LE;, gy, distribution is similar to that of LE,; LE;, gy is high directly left and right to the
ST as well as near the model its compacted boundaries. Over and above that LFE;, g1, is low
near the clamps and particularly so above and under the SI. The LE,oss-fib, distribution is
a counterpart of the LFE;, g, distribution. LF,cross-fib 1S high above and under the SI with
in comparison particularly high values above it. Moreover, LF, oss-ib decreases from these
two locations towards the compacted boundaries. Further, LF,. s 18 low everywhere
else in the BE-FC model. As a final observation LE,, is high diagonally around the model
its ST and at its corners.
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Table 3: An overview showing which model parameters have an appreciable effect on which stress

and strain its peak value. T = a gain in the model parameter increases the stress/strain its peak
”_”

value. | = a gain in the model parameter decreases the stress/strain its peak value. a gain in
the model parameter does not affect the stress/strain its peak value.
Sy Sin-fib LEzy LEy LEin-fib LEqacross-fib

Model height T T T 0 T 0
Model width 1 1 1 1 - "
Model compaction T T 1 - n 1
Model ST X-size - - - 1 - 1
Model SI Y-size - - - 0 - 1T
Cho ) ) - - - -
k1 T T - - - )
ko ) ) - - - -
K ! ! T T ) |

4.2 Idealised Models

The simulation results of the idealised models allow for a better understanding of the BE-FC
models their biomechanical behaviour. Following the methodology of the previous subsec-
tions, the same stresses and strains are investigated as presented before. Further, both the
peak values and the distributions of these stresses and strains will be presented.

4.2.1 Stress & Strain - Peak Values

To get an approximate grasp on the peak values of the stresses and strains in the idealised
models, Fig. 22 presents boxplots thereof without discriminating between the idealised
morphology models (Fig. 22 subfigure A) and the idealised composition models (Fig. 22
subfigure B). In accordance with the results presented for the BE-FC models, the stresses
and strains with the highest peak values are Sy, Sin-gb, LEy, LEyy, LEiy g, and LE;cross-fib-
The further presented results will be limited to these six stresses and strains.

Figures 23 and 24 present the same data as presented in Fig. 22, but take into account
the model subcategories that arise from model parameter changes (e.g. models with a
height of H = 10 mm are grouped, models with a height of H = 15 mm are grouped, and
the results of these models are presented per group). The figures present several noteworthy
observations as to which model parameter increases or decreases which stress and/or strain
its peak value. These observations are delineated in Table. 3.

Presenting the results in this manner still has a disadvantage; model subcategories still
consist of idealised models with many different model parameters. For instance, the mod-
els within the first model height subcategory (H1) all have a height of 10 mm but differ
in-between in other model parameters such as model compaction and model width. Conse-
quently the relation between a model parameter change and a stress/strain its peak value
could still be obscured. However, within a single isolated group of models, the in figures 23
and 24 observed relations are preserved (see Appendix F).
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Figure 22: Boxplots of the peak values of the stresses and strains in the idealised models without
differentiating between the morphology models (subfigure A) or the compositions models (subfigure
B).
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Figure 23: Boxplots of the stresses and strains their peak values in the idealised morphology models
per model subcategory (e.g. changing model height). The X-axes of the plots correspond linearly
(from lowest to highest values assigned) with the parameter values as presented in Tables 1 and 2.
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Figure 24: Boxplots of the stresses and strains their peak values in the idealised composition
models per model subcategory (e.g. changing a model its collagen fibre dispersion k). The X-axes
of the plots correspond linearly (from lowest to highest values assigned) with the parameter values
as presented in Tables 1 and 2.
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Table 4: An overview showing which model parameters have an appreciable effect on which stress
and strain its distribution.

Sy Sin-fib LEzy LE, LEin-fib LEacross-fib
Model height X X X X
Model width

Model compaction

Model SI X-size
Model SI Y-size
Cio
k1
ko

K X X X X X X

R T

4.2.2 Stress & Strain - Distributions

The presented relations between the model parameters and the peak values of the stresses
and strains do not necessarily correspond closely to the relations between the model pa-
rameters and the distributions of the stresses and strains. Accordingly, said relations have
been investigated. This has been done in a qualitative manner, i.e. by visual inspection. If
a model parameter appreciably affects a stress and/or strain its distribution, the relation
between the two has been marked. The results hereof are presented in Table. 4 and distri-
butions will be presented for the marked stress/strain-model parameter combinations. In
addition - to present unambiguous results - the distributions belong to models which differ
in a single model parameter in-between. For instance, the effect of model height on the LE,
distribution is shown by presenting distributions of models with variable model height but
fixed and matching model width, compaction, and SI size. The fixed geometry and material
model parameters correspond to the ones assigned to the idealised composition models and
the idealised morphology models, respectively.

Sy & Sin-ap distribution

The S, and Si,.g1, distributions are shown in figures 25 and 26, respectively. The distribu-
tions of these two stresses are alike. In particular and apart from models with a high fibre
dispersion k, high stresses are limited to the middle of the compacted boundaries. Further,
the stresses are particularly low above and under the SI. The effect of a model parameter
on the distributions of .S, and Sin-gp is also similar. A gain in compaction, ki, and/or ks
increases the stresses at the compacted boundaries. Moreover, a gain in compaction also
clusters these stresses to the middle of said boundaries. A gain in the SI its size in the
Y-direction increases the stresses directly to the left and right of the SI. A gain in the SI
its size in the X-direction decreases the stresses above and under the SI. Lastly, the stress
distributions most significantly change with a gain in the fibre dispersion x. A gain therein
considerably decreases the stresses in the models. Moreover, in very isotropic models - mod-
els with a very high fibre dispersion & - the stresses are highest to the left and right of the SI.

LE,, distribution

Fig. 27 presents the LE,, distributions. All models experience a high LFE,, diagonally
above and under their SI as well as at their corners. A gain in compaction and/or height
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increases LE,, at the corners of the models. A gain in the SI its size in the X-direction
slightly increases LE,, in the model areas diagonally around the SI. A gain in the SI its
size in the Y-direction slightly increases LE,, directly and diagonally above and under the
SI. Lastly, a gain in the fibre dispersion « increases LF,, diagonally above and under the
SI as well as at the corners of the models. However, the areas with high LE,, in the model
its corners decrease in size.

LE, distribution

The LE, distributions are shown in Fig. 28. Excluding very isotropic models, LE, is high
near the clamps diagonally above and under the SI as well as around the middle of the
compacted boundaries. Moreover, in these models LE, is especially low above and under
the SI. The geometry parameters each affect the LE, distribution differently. A gain in
model height increases L, near the clamps. A gain in model width increases LE, in the
two areas between the SI and the compacted boundaries. A gain in the SI its size in the
X-direction decreases LE, above and under the SI and a gain in the SI its size in the Y-
direction increases LF, in the areas left and right to the SI. The LF, distribution most
significantly changes with a gain in the fibre dispersion . For very isotropic models LE,
is especially high directly left and right to the SI. Moreover, LE, is also considerable in
the two areas demarcated by the clamps, the middle of the compacted boundaries, and the
left /right border of the SI. Lastly, LE, is particularly low above and under the SI.

LFE;n-a1 distribution

Fig. 29 presents the LFE;, g1, distributions. The typical distribution shows a high LFi, gp
near the compacted boundaries that extends towards the SI. In addition, LFEi, g is low
above and under the SI. A change in model geometry has a conservative effect on this dis-
tribution. A gain in model height decreases LFEi, g, at the clamps while a gain in model
width increases it there. A gain in model compaction increases LFE;, g1, at the compacted
boundaries, especially around the middle thereof. A gain in the SI its size in the X-direction
decreases LFEj, g1, above and under the SI while a gain in the SI its size in the Y-direction
increases LFi, g to the left and right of the SI. The fibre dispersion k affects the LFEi, g
distribution the most. A gain in the fibre dispersion x considerably increases L Fi, ap to the
left and right of the SI. Apart from this observation and considering the higher peak value
of LEi,.f1, for these five model distributions, the distribution does not change otherwise.

LE cross-aib distribution

The LE,cross-sib distributions are shown in Fig. 30. The typical LFE,coss-fib distribution
shows high values above and under the SI with a decrease thereof towards the compacted
boundaries. In addition LFE,coss-fib is low everywhere else. The model parameters affect
LE, ross-fib above and under the SI. A gain in model height and a gain in the SI its size
in the Y-direction increases LFEj ¢ oss-6b there. Per contra, a gain in the SI its size in the
X-direction and a gain in the fibre dispersion x decreases it in these two locations.

38



Morphology models

Change boundary compaction
BD 2 BD 3 BD 4

—————
e e

Change SI size
SI X-size 1 SI X-size 2 SI X-size 3
SI Y-size 1 : l
MPa

+1.100e+01 * *
+1.008e+01 *
+9.165e+00 !
1355100 SI Y-size 2 |
+6.405e+00 |
+5.485e+00
+3.645e+00
+2.725e+00
+1.805¢+00
+8.849e-01
-3.508e-02 — — *

SI Y-size 3 :

Composition models

Change k1
k12

l 3 l

T3t Change k2

Change collagen fibre dispersion
kappa 1 kappa 2 kappa 3 kappa 4

AN BN BN B

Figure 25: S, distributions for a selection of idealised morphology and composition models. The
model parameter differing between the distributions is displayed above and/or next to its particular
distribution (e.g. ”k2 1”7). The model parameter values correspond linearly (from lowest to highest
values assigned) with the parameter values as presented in Tables 1 and 2.
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Figure 26: Sin.ap distributions for a selection of idealised morphology and composition models.
The model parameter differing between the distributions is displayed above and/or next to its
particular distribution (e.g. "k2 17). The model parameter values correspond linearly (from lowest
to highest values assigned) with the parameter values as presented in Tables 1 and 2. Note that
some distributions seem slightly asymmetrical. This is due to the fact that Sin_sb is shown for 70%
of all elements of the model.
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Figure 27: LE,, distributions for a selection of idealised morphology and composition models.
The model parameter differing between the distributions is displayed above and/or next to its
particular distribution (e.g. ”kappa 1”). The model parameter values correspond linearly (from
lowest to highest values assigned) with the parameter values as presented in Tables 1 and 2.
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Figure 28: LE, distributions for a selection of idealised morphology and composition models. The
model parameter differing between the distributions is displayed above and/or next to its particular
distribution (e.g. "W 1”). The model parameter values correspond linearly (from lowest to highest
values assigned) with the parameter values as presented in Tables 1 and 2.
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Figure 29: LEi,.a, distributions for a selection of idealised morphology and composition models.
The model parameter differing between the distributions is displayed above and/or next to its
particular distribution (e.g. ”W 1”). The model parameter values correspond linearly (from lowest
to highest values assigned) with the parameter values as presented in Tables 1 and 2. Note that
some distributions seem slightly asymmetrical. This is due to the fact that LFEiy-an is shown for
70% of all elements of the model. A
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Morphology models
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Figure 30: L Facross-sib distributions for a selection of idealised morphology and composition models.
The model parameter differing between the distributions is displayed above and/or next to its
particular distribution (e.g. ”H 1”). The model parameter values correspond linearly (from lowest
to highest values assigned) with the parameter values as presented in Tables 1 and 2. Note that
some distributions seem slightly asymmetrical. This is due to the fact that LFE,cross-fib is shown for
70% of all elements of the model.
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5 Discussion

The results of this study contribute to the current understanding of BE-FCs. As well as
that it therefore aids research aiming to comprehend among other things the biomechanical
behaviour of atherosclerotic plaque. All in all the first of such contributions is a model-
ing pipeline. Following the presented pipeline provides a BE-FC model with local-specific
characteristics; a simulation therewith confers an approximation of the BE-FC its stresses
and strains. On top of this many idealised BE-FC models were presented. These idealised
models - which comprise a great number of possible BE-FC morphologies and compositions
- allow for an in-depth interpretation of the aforementioned BE-FC models their stresses
and strains.

As the results of the idealised models can be used to interpret the results of the BE-FC
models, the upcoming discussion firstly provides a breakdown of the idealised models their
simulation results. Further, the discussion on the BE-FC models will be a combination of a
discussion on the presented results and a discussion on the developed modeling pipeline.

5.1 Idealised Models

This subsection is divided in three distinct parts. The stress and strain distributions of the
idealised morphology models will be addressed first. This will provide a thorough under-
standing of the stresses and strains in relatively anisotropic models. This is followed by a
discussion on the effects of geometrical changes in these models. Lastly, the same will be
done for compositional changes in the idealised composition models.

Idealised morphology models - stress and strain distributions

The highest stresses in the idealised morphology models are S, and Siy.a,. Moreover,
they are very much alike. These results are within expectations. The models are stretched
upwards and their load-bearing component is their collagenous matrix while the fibres there-
within can only bear a load in the fibre direction. In addition to this the assigned fibre mean
angles © seem to dictate where the two stresses will be high or low. Indeed, areas with fibres
predominantly in the loading direction experience high stresses. On the other hand, areas
with mostly fibres perpendicular to the loading direction experience low stresses. These
relations however do not explain all that is observed for S, and Sin-g. To start with, high
stresses are concentrated to the middle of the compacted boundaries (even for slightly com-
pacted models). This observation can be explained by considering two things: horizontal
contraction of a model during stretching and large local differences in a model its stiffness.
Model contraction is highest there where the model is most compliant perpendicular to the
loading direction. This corresponds to model areas with a lot of fibres in the loading direc-
tion, which is around the middle of the compacted boundaries. This localized increase in
strain around the middle of the compacted boundaries increases the stresses there. Further,
the models have three extremely compliant areas; the SI and the two areas just outside the
compacted boundaries between the corners of a model. As a model stretches these three
areas expand effortlessly, reducing the strain in the loading direction in the areas above and
underneath them. In other words, this reduces the stresses above and under the SI as well
as at the corners of a model.
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The LE,, distribution of the idealised morphology models can be comprehended by con-
sidering the assigned fibre mean angles © and local differences in stiffness. Firstly, the four
model areas close to the corners that border the clamps mostly have fibres that are oriented
largely diagonal to the loading direction. As a consequence these areas strain relatively
easily in shear, resulting in a high LE,, there. Further, as was mentioned earlier, each
model has three extremely compliant areas that reduce the strain in the loading direction
above and under the SI as well as in the corners. This reduction in actual fact is gradual
because these three extremely compliant areas are curved. As a result the idealised mor-
phology models experience a high LF,, diagonally around their SI as well as at their corners.

Model areas dominated by fibres more perpendicular to the loading direction strain more
easily in the Y-direction. This corresponds with the observation that LE, is high near
the clamps. In consequence these high LE, areas also allow a lower LE, in the two areas
between the SI and the compacted boundaries - areas dominated by fibres oriented more in
the loading direction. Indeed, the higher the L, in the areas bordering the clamps, the
lower the LE, in the two areas between the SI and the compacted boundaries. Over and
above, the high LE, near the compacted boundaries could be a result of model contraction.
As a final point, the actually observed diagonal straining pattern in the two areas bordering
the clamps seems to be a result of the three extremely compliant model areas, which lower
LE, directly above and under the SI and at the corners of a model.

As could be expected the LE;, g1, and LFE,coss-fib distributions are counterparts of each
other - there where LFEi, g1, is high, LFE,coss-6b 18 low. These strains are highly dependent
upon the assigned fibre mean angles ©. Areas with a lot of fibres in the loading direction
experience a high LFE;, gy, and a low LE,c 0ss.55- Per contra, the opposite is the case in areas
dominated by fibres that are oriented more perpendicular to the loading direction. What is
more, LE;, gy is particularly high near the compacted boundaries. Again, this could be a
result of model contraction.

Idealised morphology models - geometry changes

The relations between on the one hand model height or width and on the other hand the
stresses and strains a model experiences can be explained using a single line of reasoning.
A gain in either parameter enlarges particular model areas. In specific, a gain in height
enlarges the model areas near the clamps. These areas have fibres predominantly perpen-
dicular or diagonal to the loading direction. In other words, they are relatively compliant
in the loading direction or in shear, respectively. In consequence a gain in model height
increases LFE;,, LE,, and LE,coss-ab in the areas near the clamps, and decreases LEi, g1,
there. Further, a gain in width enlarges the model areas between the SI and the compacted
boundaries. These additional areas have mostly fibres in the loading direction near the
clamps and are dominated by such fibres in the middle. In other words, these areas are
relatively stiff in the loading direction throughout. A gain in model width therefore adds
areas between the SI and the compacted boundaries with relatively high LF, and LFE;, g1,
everywhere.

A gain in model compaction increases the curve and the size of the two extremely com-
pliant model areas outside the compacted boundaries between the corners of a model. As a
consequence the corners of a model experience an increased LF,,,. The degree of compaction
also affects the fibre mean angles © along the compacted boundaries. In specific, a gain
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thereof clusters fibres that are in the loading direction to around the height of the SI. In
contrast, a slightly compacted model has such fibres along its height. Consequently, a more
compacted model contracts more around the height of its SI and less so at any other height.
This localized increase in model contraction likely explains the increase of Sy, Siy-g1,, and
LEFE;, g at the height of the SI near the compacted boundaries in more compacted models.

To apprehend the relations between on the one hand the shape and size of a model its
SI and on the other hand the stresses and strains a model experiences, it is important to
recognize that these SI characteristics affect a model its fibre mean angles ©. In specific
and except near a model its compacted boundaries, the assigned fibres follow the shape of
the SI. A gain in size of the SI in the X-direction therefore increases the size of the model
areas dominated by fibres more perpendicular or diagonal to the loading direction, i.e. these
model areas become more compliant in the loading direction and/or in shear. In conjunc-
tion this increase in compliance also allows for more expansion of the SI, especially in the
loading direction. As a result a gain in SI size in the X-direction decreases Sy and Sin-ab
around the SI. Furthermore, an increase in compliance in shear leads to an increase in LE,,
in the model areas diagonally around the SI. In like manner an increase in compliance in
the loading direction and an increased expansion of the SI increases LE, diagonally around
the SI, and decreases it above and under the SI and between the SI and the compacted
boundaries. Lastly, the change in fibre mean angles © and the increase in expansion of the
SI also decreases LFEi, g1, and LE,coss-ap above and under the SI. A gain in the SI its size
in the Y-direction per contra increases the size of the areas with mostly fibres in the loading
direction. Accordingly, the stresses and strains in a model are affected opposite to what
happens with a gain in SI size in the X-direction.

Idealised composition models - composition changes

Of all model parameters changed in the idealised models, the fibre dispersion k is of prin-
cipal interest. A change therein exceedingly affects all the stresses and strains examined.
When a model is relatively anisotropic its biomechanical behaviour seems to be dictated
mainly by the characteristics of its collagenous matrix. When a model is very isotropic -
when the fibre dispersion & is high - the collagenous matrix its dominant effect on a model
its biomechanical behaviour is diminished. In such models the stress and strain distribu-
tions can be recognized as being contingent on model geometry. On account of that the
stresses would be high at a geometrical irregularity there where the model its cross-section
perpendicular to the loading direction is small. This is exactly what is observed - they are
particularly high to the left and right of the SI. In addition to this another observation can
be made for Sy and Siy-g1, in very isotropic models; the stresses brought forth by a model
its geometrical features are much lower in magnitude. This particular observation seems to
be brought about by a decrease in a model its stiffness with a gain in isotropy. Still further,
this decrease in stiffness also augments the contraction of a model and the expansion of the
three extremely compliant model areas (the SI and the two areas outside the compacted
boundaries between a model its corners). Moreover, these observations together explain the
strain distributions in increasingly isotropic models. Indeed then a more isotropic model
should experience that what is observed: (1) an increase in LE,, diagonally around the SI
as well as at the corners, (2) an increase in LE, and LE}, g1, in the area between the SI
and the compacted boundaries and especially so directly to the left and right of the SI, and
lastly (3) a decrease of LEcoss-ib @above and under the SI.
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The last of all model parameters to be discussed are ki and k. The results show that
a gain in k; and kg affects Sy and Sin.ap - increasing them near the compacted boundaries.
These results are as expected. Firstly, these locations already show high stresses for lower
k1 and ko values. Secondly, these parameters affect the stiffness of the model - %y is a
stress-like material parameter and ks is a dimensionless material parameter. In consequence
these locations should therefore experience an increase in stress with a gain in the value of
these parameters.

5.2 Bio-Engineered Fibrous Cap Models & The Modeling Pipeline

Bio-engineered fibrous cap models - stress & strain distributions

The stress and strain distributions of the idealised models and the BE-FC models are globally
very similar. In actual fact, the distributions of the BE-FC models are readily comprehensi-
ble having thoroughly considered those of the idealised models. To do so it can be concluded
that multiple model behaviours and characteristics must be taken into account. This in-
cludes a model its: collagenous matrix characteristics, contraction, localized differences in
stiffness, and its geometrical features. An extrapolation here of all these findings to that of a
BE-FC model would be an exhaustive repetition of everything that has already been stated
for the idealised models. However still - to provide a representative example - a discussion
on the stress and strain distributions of BE-FC model number 3 is added to Appendix G.

Bio-engineered fibrous cap models - stress & strain peak values, and rupture

The highest stresses in the BE-FC models are S, and Si,.61,. Moreover, their peak values are
comparable within each BE-FC model. Between all BE-FC models Sy has a median of 3.151
[2.407, 3.896] MPa ([interquartile range]) and Sin-a, has a median of 3.2555 [2.352, 4.159]
MPa. These stresses are high when compared to the ultimate tensile strength observed in
uni-axially tensile tested ex-vivo and unruptured human carotid FCs; Teng et al. [15] and
Davis et al. [54] reported a ultimate tensile strength of 0.158 MPa [0.072, 0.259] and 0.366
[0.279, 0.648] MPa (median, [interquartile range]), respectively. Comparably, Holzapfel et
al. [55] reported a ultimate tensile strength of 0.255 £+ 0.0798 MPa (mean + SD) in ex-vivo
uni-axially tensile tested FCs of iliac plaques. The peak stresses in FC sections in finite
element models of plaques are likewise considerably lower than the peak stresses obtained
in this study; Li et al. [56] reported a peak stress of 0.683 MPa and 0.227 MPa in mod-
els of ruptured and unruptured carotid plaques, respectively. Still further and in similar
conflicting manner the peak stresses in the BE-FC models could not be co-localized to the
rupture initiation locations observed in the BE-FCs, while the literature provides proof that
FC rupture in actual plaques is preceded by high structural stresses [16, 17, 20, 38, 57, 58].

There are several explanations for the aforementioned dissimilarities. Firstly, the BE-FCs
could be less prone to rupture than real human FCs, leading them to rupture at higher
stresses. Indeed, one such indication is that human ex-vivo uni-axially tensile tested FCs
rupture at lower strains. For instance, Teng et al. [15] reported an ultimate strain of 1.18
[1.10, 1.27] (median, [interquartile range]) for carotid FCs and Holzapfel et al. [55] reported
similar values of 1.182 + 0.1 (mean, SD) for iliac FCs. Per contra, the peak values of the
highest strains in the BE-FC models at rupture were much higher. In addition the actually
observed BE-FC rupture initiation could transpire through a yet unidentified damage mech-
anism; BE-FCs can be regarded as fibre-reinforced soft tissues which are known to exhibit
distinctive damage mechanisms. More specifically, these mechanisms include a division of
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matrix failure and fibre failure [59-61]; a fibre-reinforced soft tissue its matrix and fibres can
fail in both tension as well as compression, and damage can also ensue due to shear between
the fibres and the matrix, which is termed delamination. These damage mechanisms are
not necessarily represented in the peak stresses and strains in the models, or their locations.
Matrix failure for instance could occur at lower stresses and/or strains. Presently it is un-
clear through which mechanism the BE-FCs develop damage that leads to rupture. Along
with the aforementioned, assumptions were made in the modeling pipeline which affect the
stress and strain peak values and their locations. These assumptions are addressed later on.

Bio-engineered fibrous cap models - global behaviour

The global biomechanical behaviour of the BE-FCs is satisfyingly approximated by the mod-
els. However still differences were observed. Firstly, the model relationship overestimates
the experimental in the low strain regime. Here the experimental relationship resembles
what is termed a ”toe region” - a phenomenon transpiring from unloaded collagen fibres
realigning and stretching easily without much force [62]. This behaviour is not defined in
the models. Different methods to do so in a soft biological tissue have been presented in the
literature (e.g., see [63]). For higher amounts of strain there is a consequent underestima-
tion and overestimation of the force. This in all probability arises from the inability to fit
the toe-region or from (micro)damage accumulating in the BE-FC, or from a combination
thereof. The latter stated behaviour is not incorporated in the models. To do so one could
e.g. use a material model formulation such as presented by Gasser [63], which consists of
a decomposed material deformation formulation that contains an elastic and a plastic con-
stituent.

Bio-engineered fibrous cap models - modeling pipeline assumptions & choices
Following the presented pipeline provides 2D models. The BE-FCs however exhibit a
variable thickness and a changing composition in the in-thickness direction (increasingly
isotropic farther within the tissue). These characteristics may significantly affect the BE-
FCs their biomechanical behaviour (including their rupture characteristics) and could ne-
cessitate the use of 3D models. As per example, a high stress and/or strain gradient may
well ensue from a sharp isotropy increase in a BE-FC in the in-thickness direction. In
consequence, this high gradient could cause damage within a BE-FC, possibly even in the
low strain regime. Having said that, constructing 3D BE-FC models requires new methods
or adjustment of the methods in the provided pipeline. To give an instance of the latter,
a geometry could be constructed by using a combination of the already adopted planar
geometry images in combination with for example in-thickness echo data. On top of that
a composition could be established by: employing the HGO material model, utilizing nu-
merous in-thickness stacked collagen images, determining the material parameters with the
presented methods, assigning the parameters to a model geometry using the location of the
collagen images, and e.g. smoothing the assigned parameters between said locations with a
smoothing operation.

BE-FC collagen imaging was limited to two whole-width grid strips. Moreover, the fibre
dispersion £ and mean angle © were determined therefrom. Consequently two assumptions
were necessary to define them over the whole of the BE-FC models. The fibre dispersion
was spread out over each BE-FC model and the fibre mean angle © was assumed to either
follow the shape of a model its SI or its compacted boundaries. As the presented results
show that the fibre dispersion x and mean angle © considerably affect the biomechanical
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behaviour of the BE-FC models, improving these collagen-related parameters their accuracy
should be a principal interest of future modeling studies. Availability of collagen images over
the whole of the BE-FCs would omit the two assumptions and is therefore recommended
for such studies. Supplementary to this the collagen images could be sectioned and a x and
© could be determined for each such section, resulting in a higher resolution of the two
collagen-related parameters.

On a related note to the aforementioned, the presented method to determine the fibre
dispersion x and mean angle © from a collagen image can only extract a single of each
parameter per said image. This allows the modeling of only a single fibre family per image,
while - in some cases - the data showed multiple families. The source of this limitation is
the unimodal transversely isotropic VM distribution that is fitted to the fibre orientation
distribution of a collagen image. This specific VM distribution is defined by only a single
fibre dispersion xk and mean angle ©. To obtain multiple such parameters one must change
the to-be-fitted statistical distribution to e.g., a bi-variate transversely isotropic VM distri-
bution. Be that as it may, available literature was explored to no avail. Future studies could
aim to develop a method for determining multiple x and © per image.

A BE-FC model its composition is further defined by the material parameters Cig, ki,
and k5. These were specified as locally in-variant. Model simulation results however could
benefit from these parameters being locally variant. Cyg, k1, and ko were determined with a
method alike to inverse finite element modeling. In particular, they were obtained by opti-
mizing the model its force-length relationship to the experimentally obtained one. To obtain
locally variant parameters this framework has to be altered. Firstly, the parameters must
be optimized using locally variant experimental data. In this regard e.g. BE-FC strains
as determined by digital image correlation could be used. Further, making the parameters
locally variant leads to a lot of to-be-optimized parameters. In other words, the parameter
space to be explored during the optimization significantly increases. This particular problem
can be alleviated by making the parameters semi-locally variant; they could be determined
for e.g. clusters of elements rather than for instance per element.

The final point of discussion is on the modeling approach of the BE-FCs their SI. Some
of the BE-FCs their actual SI is a hole and accordingly the approach to model it as such is
assumed to be appropriate. However, a proportion had their SI filled with fibrin during the
culturing process and these Sls exhibit a thin layer of fibres which integrate with the rest of
the BE-FC. In consequence, the models of these BE-FCs may perhaps benefit from another
modeling approach such as regarding them as a filled region and assigning a HGO material
formulation.

6 Conclusion

With this study, a novel modeling pipeline has been developed which when followed through
with provides 2D finite element models of BE-FCs. Among other things it includes three
especially noteworthy and self-developed scripts. The first provides a model geometry in a
data-scaleable manner by utilizing the pixel brightness in geometry images. Further, the
second contributes the stress-like HGO material model parameters using a method alike to
inverse finite element modeling. Lastly, the remaining HGO material model parameters - the
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collagen fibre dispersion x and mean angle © - are obtained from collagen images using an
optimization scheme that fits a unimodal m-periodic transversely isotropic VM distribution
onto collagen fibre orientation data. Results from simulations with these BE-FC models
give insight into the biomechanical behaviour of BE-FCs. Over and above this idealised
BE-FC models have been created which allow a more thorough investigation of the relations
between on the one hand a BE-FC its morphology and composition, and on the other hand
its biomechanical behaviour.

Analysis of the simulation results included an investigation in terms of the global biome-
chanical behaviour as well as the stress and strain peak values, peak value locations, and
distributions. The experimentally obtained global biomechanical behaviour of the BE-FCs is
satisfyingly approximated by that of their respective model. The peak stresses and strains in
the BE-FC models are considerably higher than those observed in uni-axially tensile tested
FCs, as well as in FC sections of finite element models. In like manner, the locations of
the peak stresses and strains in the BE-FC models could not be co-localized to the rupture
initiation locations of the BE-FCs. Lastly, the stress and strain distributions are thoroughly
investigated and each is contingent on different model characteristics and/or behaviours. In
general however the most crucial of these are the collagen fibre dispersion k, the collagen
fibre mean angle ©, the degree of model compaction, and the SI its shape and size.

To conclude, future research could set out to: construct 3D BE-FC models, create models
with collagen-related data that is available throughout the BE-FCs, compose programs that
determine multiple HGO material model collagen-related parameters per collagen image, or
even expand on the presented parametric study by e.g. looking into the relation between
a BE-FC its asymmetry and its biomechanical behaviour. Certainly, there are sufficient
outstanding research possibilities.
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8 Appendix A - Bio-engineered Fibrous Caps - Specifics

Bio-Engineered Fibrous Caps - Straining Protocols

The straining protocols for bringing about compositional and geometrical changes in the
myofibroblast-seeded fibrin-based gels are presented in the following list and Fig. 31 (as
partially adopted from [42]). In particular, each gel was subjected to one of three straining
protocols for a period of seven days by placing them on a post in the Flexcell FC-4000T
(Flexcell Int, McKeesport, Pa). This Flexcell creates a vacuum chamber, straining the gel
by a specified amount.

e Static straining (S-strain): a no-strain protocol. No strain is applied at all to achieve
a high degree of isotropy (high collagen fibre dispersion).

e Intermittent straining (I-strain): an intermittent straining protocol. A strain of
4% is applied for 1 hour at 0.5 Hz followed by 3 hours of 0% strain. The I-strain
protocol is aimed at creating anisotropic BE-FCs (low collagen fibre dispersion) by
inducing fibre remodeling and synthesis.

e Continuous straining (C-strain): a continuous straining protocol. A strain of 4 %
at 0.5 Hz is applied for the whole straining period. The C-strain protocol is intended
to create anisotropic BE-FCs with cross-linked collagen fibres through the balancing
of fibre remodeling and the maturation of fibres (because of less ”late-stage” fibre
synthesis and remodeling as compared to the I-strain protocol).

The three cell culture straining protocols

Static protocol:
Day 14 Day 21

(0% strain for the total seven days)

Intermittent protocol:

Day 14 Day 21
NV /

T 1
(4% strain for 1 hour at 0.5 Hz followed by 0% strain for 3 hours)

Continuous protocol:

Day 14 Day 21

(4% strain at 0.5 Hz for the total seven days)

Figure 31: The static, intermittent, and continuous straining protocols applied to the gels.

Bio-engineered Fibrous Caps - The Specifics For Each

The exact experimental procedure followed for each BE-FC is delineated in Table 5. More-
over, the BE-FCs subjected to C-strain were loaded by using a 4.5 N load cell whereas
for the others a 10 N stepping motor load cell was used. At the end digital imaging was
performed at either 25 fps (sample 1), 30 fps (samples 2-11), or 120 fps (sample 13-17).
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Table 5: An overview of the exact experimental procedure followed for each BE-FC. This includes:
the BE-FC sample number, the initial planar geometry shape including the dimensions (width x
length, [mm]) and the SI type, the straining protocol, the distance between the clamps when the BE-
FC is placed in the tensile tester, the pre-stretch characteristics, the details of the pre-conditioning,

and the specifics of the tensile test itself.

Shape, size .
Unclamped Pre- Tensile
# (w x h), SI | Protocol i Pre-stretch L.
distance conditioning test
type
Rectangular, 10 cycles,
1-2 15 x 10 mm, C-strain 5.02 mm OIOS;retCh/’ 0.17 mm/s Olosgret‘:h/’
fibrin SI e mm/s until 0.5 mm s mm/s
Rectangular, 10 cycles,
3-11 | 15x 10 mm, I-strain 5.02 mm 01052"6“}‘/ 0.17 mm/s Olosztre“h/’
fibrin SI e mimn/s until 0.5 mm He mm/s
Rectangular, 10 cycles,
12 15 x 10 mm, S-strain 4.92 mm olosgtrlflt;h/~ 0.17 mm/s Olosgtrg;lh/s
empty SI ’ S until 0.5 mm '
Rectangular, 10 cycles,
13 15 x 10 mm, S-strain 4.92 mm OIOS;retCh/’ 0.17 mm/s Olls;remh/’
fibrin SI e mm/s until 0.5 mm - f mm/s
Rectangular, 10 cycles,
14 15 x 10 mm, | S-strain 4.92 mm Olos;rgr;h/’s 0.17 mm/s Olls;rf;frf}’s
fibrin SI ’ until 0.5 mm '
Rectangular, 10 cycles,
15 15 x 10 mm, S-strain 4.92 mm OIOSQtrI(:f;};" 0.17 mm/s Olls’;r;t;};‘
empty SI ’ S until 0.5 mm ' s
Dogbone, 10 . 1 stretch, 10 cycles, 1 stretch,
16 x 15 mm, S-strain 7.50 mm 0.05 / 0.26 mm/s 0.026 y
fibrin SI PO IMS gl 0.75 mm | o0 THRY/E

9 Appendix B - Bio-engineered Fibrous Cap Models -
Characteristics

Bio-engineered Fibrous Caps - Geometry & Composition

Fig. 32 presents the cropped geometry images of the BE-FCs. It is of note that there were
large differences in the final geometry between a number of FCs. Firstly, the geometries
differ in size in both the X-direction as well as the Y-direction. Secondly, the BE-FC can be
asymmetric. This is especially noticeable in samples 1, 2, 5, 7, 8, 10, 11, 12, and 13. More-
over, the compacted boundaries can be seen to have bulges and indentations for samples 1,
4,7,8,9,11, 12, and 13.

Fig. 32 also shows the grid tiles where collagen is imaged. The color of a tile indicates
the degree of collagen fibre dispersion k. The direction of the vector within a grid tile indi-
cates the collagen fibre mean angle ©. Several observations can be made regarding x and ©.
Firstly, Overall lower values for s are found for BE-FCs 1 and 2. This is followed by slightly
higher x values for k for BE-FCs 3 through 10. BE-FCs 11-17 show the overall highest values
for k. Secondly, For BE-FCs 1 through 10 the overall lower value for x is concentrated near
the BE-FC its compacted boundaries. In addition « is higher everywhere else. Lastly, near
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the compacted boundaries of the BE-FC, © follows said boundaries. Everywhere else on
the BE-FC its geometry - for many of the BE-FCs (samples 1, 2, 4, 7, 9, 10, 11, 12, 13, 14,
and 15) - © seems to roughly follow the shape of the BE-FC its SI. For the BE-FCs where
this is not the case (samples 3, 5, 6, 8, and 16) © seems to be a combination of following
the BE-FC its SI and a vertical alignment.

S1: C-strain (15x10) rectangular

S2: C-strain (15x10) rectangular ~ S3: I-strain (15x10) rectangular

S4: I-strain (15x10) rectangular  S5: I-strain (15x10) rectangular  S6: I-strain (15x10) rectangular

S8: I-strain (15x10) rectangular  S9: I-strain (15x10) rectangular
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S10: I-strain (15x10) rectangular S11: I-strain (15x10) rectangular S12: S-strain (15x10) rectangular

S16: S-strain (10x15) dogbone

Dispersion colorbar
Anisotropic (0) Isotropic (1/3)

Figure 32: The geometry images of the BE-FCs. The collagen fibre dispersion s and the collagen
fibre mean angle © are shown for the tiles where collagen is imaged. The color of a tile represents
the degree of collagen fibre dispersion k. The direction of the vector within the tile indicates the
collagen fibre mean angle ©.

Bio-engineered Fibrous Cap Models - Geometry

Fig. 33 presents the BE-FC models their geometries. Of note to mention here is that some
models are flipped or rotated around their midpoint (relative to the depiction in Fig. 32) to
replicate the placement of the BE-FCs in the tensile tester. The light grey areas represent
the non-fixed areas of the BE-FCs in the tensile tester. The darkgrey areas show where the
BE-FCs are fixed in the tensile tester.
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S1: C-strain (15x10) rectangular S2: C-strain (15x10) rectangular S3: I-strain (156x10) rectangular
S4: T-strain (15x10) rectangular 55: I-strain (15x10) rectangular S6: I-strain (15x10) rectangular

S7: I-strain (15x10) rectangular S8: I-strain (15x10) rectangular S9: I-strain (15x10) rectangular

S10: I-strain (15x10) rectangular S11: I-strain (15x10) rectangular $12: S-strain (15x10) rectangular

$13: S-strain (15x10) rectangular S14: S-strain (15x10) rectangular S15: S-strain (15x10) rectangular

S16: S-strain (10x15) dogbone

)

Figure 33: The geometries of the BE-FC models. Dark grey areas: the BE-FC regions fixed
between the clamps of the tensile tester. Dark grey areas: the non-fixed BE-FC regions.
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Bio-engineered Fibrous Caps - Material Model

The values of the HGO material model parameters D, Cig, k1, and ko as assigned to the
BE-FC models are shown in Table. 6. Apart from D these parameter values are found
with a method alike to inverse finite element modeling (as discussed in section ). On ac-
count of that the experimental and model force-length relationships are presented in Fig. 34.

The collagen fibre dispersion k as assigned to the BE-FC models is shown in Fig. 35.
As expected from the assumptions made to assign «, clear vertical x spread patterns can be
noticed. In addition a smooth gradient in x between elements can be observed as well.

Fig. 36 shows the collagen fibre mean angle © as assigned to the BE-FC models (for
70% of all elements). Due to assumptions made to assign © over the whole of each BE-FC
model two clear orientation patterns can be noticed. Near the compacted model boundaries
© follows said boundaries and everywhere else on the model © follows the shape of the SI.
Lastly, a moderate smoothing can be seen between two clear © patterns.

Table 6: An overview of the HGO material model parameter values (D, Cio, k1, and k2) as assigned
to each BE-FC model.

# D C1o k1 ko

1 0.001 0.0673 0.3594 1.9438
2 0.001 0.0422 0.2500 0.8500
3 0.001 0.2023 2.7500 1.8500
4 0.001 0.0969 2.0000 3.1000
5 0.001 0.1691 3.2500 0.1000
6 0.001 0.1672 2.0000 2.1000
7 0.001 0.0813 1.1250 2.3500
8 0.001 0.1750 0.7187 0.1000
9 0.001 0.0969 1.2500 1.3500
10 0.001 0.0998 1.0000 1.6000
11 0.001 0.1360 1.5000 2.1000
12 0.001 0.0656 4.6875 0.0375
13 0.001 0.2922 5.3750 0.1000
14 0.001 0.3527 7.8125 0.1000
15 0.001 0.1164 3.7500 0.1000
16 0.001 0.2805 5.2500 1.7250
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S1: C-strain (15x10) rectangular

S2: C-strain (15x10) rectangular

S3: I-strain (15x10) rectangular
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Figure 34: The BE-FC model force-length relationships (?Sim. data”) plotted with the experi-
mentally obtained force-length relationships ("Exp. data”).
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S3: I-strain (156x10) rectangular

S1: C-strain (156x10) rectan S2: C-strain (15x10) rectangular

33: S-strain (15x10) rect-angulr S14: S-strain (15x10) rectangular S15: S-strain (15x10) rectangular

S16: S-strain (10x15) dogbone

Dispersion colorbar

Anisotropic (0) Isotropic (1/3)

Figure 35: The collagen fibre dispersion  of each BE-FC model. The color bar shows the color
map for k. The color bar ranges from from fully anisotropic (0) to fully isotropic (1/3).
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S1: C-strain (15x10) rectangular S2: C-strain (15x10) rectangular S3: I-strain (15x10) rectangular

S4: I-strain (15x10) rectangular S5: I-strain (15x10) rectangular S6: I-strain (15x10) rectangular

S7: I-strain (15x10) rectangular S8: I-strain (15x10) rectangular S9: I-strain (15x10) rectangular

S10: I-strain (15x10) rectangular S11: I-strain (15x10) rectangular S12: S-strain (15x10) rectangular

S13: S-strain (15x10) rectangular ~ S14: S-strain (15x10) rectangular S15: S-strain (15x10) rectangular

S16: S-strain (10x15) dogbone

)-§

Collagen fibre mean angle
per element

Figure 36: The collagen fibre mean angles © of each BE-FC model (for 70% of each model its
elements).
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10 Appendix C - Bio-engineered Fibrous Cap Models -
Peak Values

Table. 7 presents the peak values of the normal stresses and strains in the BE-FC models.
In addition, Table. 8 presents the same data for the local stresses and strains.

Table 7: The peak values of the normal stresses and strains in the BE-FC models. Stresses in
MPa.

# Sa Sy Say LE, LEy, | LEg
1 | 03766 | 3.4771 | 0.7882 | —0.2367 | 0.4708 | 0.5623
2 | 0.1480 | 1.3290 | 0.3142 | 0.2215 | 0.4134 | 0.4666
3 | 10516 | 3.6263 | 1.6020 | —0.2150 | 0.4491 | 0.4343
4 | 04189 | 2.7691 | 0.8965 | —0.1628 | 0.3380 | 0.3677
5 | 0.7144 | 4.0601 | 1.4690 | —0.1888 | 0.3904 | 0.4083
6 | 0.6305 | 3.1496 | 1.1534 | —0.1746 | 0.3896 | 0.4120
7 | 0.5385 | 2.6997 | 0.9641 | —0.2080 | 0.4491 | 0.4522
8 | 0.3414 | 1.3210 | 0.5526 | —0.1812 | 0.3878 | 0.4231
9 | 0.5993 | 3.2896 | 1.0760 | 0.2524 | 0.4653 | 0.5219
10 | 1.2000 | 5.8440 | 2.0365 | 0.2481 | 0.5247 | 0.4677
11 | 0.5895 | 2.6842 | 0.9379 | —0.2222 | 0.4651 | 0.4730
12 | 0.5783 | 2.4476 | 0.7939 | —0.1543 | 0.3851 | 0.4019
13 | 0.7703 | 3.1526 | 1.2255 | 0.1862 | 0.3664 | 0.4543
14 | 0.8322 | 29464 | 1.2525 | 0.1815 | 0.3581 | 0.4089
15 | 0.7472 | 3.1980 | 1.0496 | —0.1900 | 0.4244 | 0.4540
16 | 0.5917 | 3.3960 | 0.8409 | —0.1538 | 0.3140 | 0.4469

Table 8: The peak values of the local stresses and strains in the BE-FC models. Stresses in MPa.

## Sin-fib Sacross-fib LE;y b LE,cross-fib
1 3.4805 0.3346 0.4698 0.2655
2 1.3573 0.1435 0.4134 0.2013
3 4.0134 1.3120 0.4487 0.2840
4 3.0323 0.4267 0.3311 0.2561
5 4.5793 0.7259 0.3877 0.2943
6 3.5517 0.8175 0.3707 0.3211
7 2.6490 0.5151 0.4970 0.3581
8 1.4646 0.4545 0.3918 0.2547
9 3.2930 0.6747 0.4650 0.3968
10 5.8637 1.0181 0.4202 0.4574
11 2.6930 0.6800 0.4547 0.3419
12 2.4633 0.9607 0.3227 0.3210
13 3.5968 0.8626 0.3761 0.2083
14 3.2180 1.0234 0.3572 0.1938
15 3.2082 1.1588 0.4007 0.3611
16 3.3610 0.9852 0.3279 0.2888
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11 Appendix D - Bio-engineered Fibrous Cap Models -
Locations

The locations of the normal stresses and strains their peak values in the BE-FC models are
given in Table. 9. Table. 10 presents this data for the local stresses and strains. These
tables also present the experimentally obtained BE-FC rupture initiation locations. When
the experimentally obtained rupture initiation location coincides with the model peak stress
or strain value location, said value is highlighted with red in the tables.

Table 9: An overview of each normal stress/strain its peak value location in the BE-FC models.
The table its second column presents the experimentally obtained rupture initiation location of each
BE-FC (Exp. data). If a stress/strain its peak value location coincides with the experimentally
obtained actual rupture initiation location, said value is highlighted in red.

# | Do S S, Suy LE, LE, LEq,
1 BDyr BDyp, BDpy, BDyp, BDgr SImr Slpr
2 - BDyr BDpr, BDpgr SIpm BDpgr SIpr,
3 BDyL BDyr BDyr BDpr, SIyr SIpmr BDpr,
4 BDyr BDpr, BDnr BDyr SInr SInr Slyr
5 Sy BDyL BDyL BDyL SIyr SIpmr Slyr
6 SIgr, BDypgr BDpRr BDpRr BDyr BDygr BDpRr
7 BDgr BDpr BDyr BDgpr Sy BDyr Slyr
8 SIyr BDyr BDpr, BDyr SInr Sl BDyr
9 SIyr BDyr BDyp BDyL Slpnm BDyp Slyr
10 Slyr BDpr BDyrr BDpr, Slym BDpr SIpr
11 | BDyL BDpr, BDygr | BDpr SIyr SIyr Slyr
12 | BDpr BDyr BDur BDyr BDyrr BDyr BDyrL
13 | Slys | BDur | BDur | BDur | Slunm | Siur | BDur
14 | BDyr BDgpRr BDyr BDgpRr SIpm SIpr BDpr
15 BDyr, BDpgy, BDyy, BDyy, BDyr BDpggr BDpgy,
16 BDyr, BDggr BDgpgr BDgpy, BDyr BDgpgr BDgpgr
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Table 10: An overview of each local stress/strain its peak value location in the BE-FC models.
The table its second column presents the experimentally obtained rupture initiation location of each
BE-FC (Exp. data). If a stress/strain its peak value location coincides with the experimentally
obtained actual rupture initiation location, said value is highlighted in red.

# Exp. data Sin-fib Sacross-fib LEi, fiv LFE;cross-fib
1 BDyr BDpy, BDpRr Slyr BDpn
2 - BDpy, BDpr BDgpy, BDpr
3 BDyr, BDgpy, BDyy, Slyr BDyr
4 BDyr, BDyr, BDpy, SIvr BDpr
5 SIyr BDyr BDpRr Slyr BDyr,
6 SIpr BDpgr BDygr BDpr BDygr
7 BDpRr BDyRr BDpy, BDyr BDyr
8 SIyr BDpy, BDygr SIvr BDygr
9 SIyr BDur BDpRr BDur BDpr,
10 Slur BDur BDpy, BDyr BDpr
11 BDyr, BDyRr BDyy, SIvr BDyy,
12 BDpy, BDyr BDyr BDpr BDyr,
13 Slynm BDyr BDpy, BDyr BDpr,
14 BDygr BDpgr BDpr SInr BDpr
15 BDyrr, BDyr, BDpr BDyr, BDpy,
16 BDyr, BDgr BDgRr BDgr BDgr

12 Appendix D - Bio-engineered Fibrous Cap Models -
Distributions

The distribution of Sy, Sin-ab, LEyy, LEy, LEin b, and LE.cross-ab in each BE-FC model
is presented in the following 16 figures.
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LEy
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+2,898e-01 -4.879e-02
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s 74 7 '\‘\‘\\\\1\\\ 1
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+2.813e-01

-1.160e-01
-1.557e-01

Sample #13

+2.627e-01 -3.415e-02 -3.823e-01
-2.140e-15 -7.057e-02 -4.543e-01

+2.997e-01 . .
T 351015 -1.110e-15 -1.772e-01

-1.450e-01
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Sample #14

-9.729e-04
-3.688e-02
-7.279¢-02

LEin-fib

+3.275e-0 .
+2.977e-0 +1.326e-01
+2.679e-0 +%.0§ge-01

+2.977e-02 -1.430e-01
-2.021e-14 -6.994e-15 -11737e-01

Sample #15

: : 3 3
+2.665€-01 . -31794e-0
-9.383e-15 -4.540e-0

LEacross-fib

+2.674e-01 . /
-9.409e-15 -1.021e-14 -1.900e-01
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Sample #16

LEy LEx
+3.396e+00 +3.140e-01 +4.134e-01
+3.113e+00 +2.878e-01 +3.417e-01]
+2.829e+00 +2.617e-01] +2.700e-01
. +2.355e-01 +1.983e-01
+2.093e-01] +1.266e-01.
+1.832e-01] +5.493e-02]
+1.570e-01 -1.676e-02
+1.308e-01 -8.845e-02
+1.047e-01 .601e-01
+7.850e-02] -2.318e-01
+5.233e-02] -3.035e-01
+2.617e-02| -3.752e-01
-1.512e-15 -4.469e-01

LEin—ﬁb LEacross—ﬁb

+3.280e-01] +2.889%e-01
+2.954e-01] +2.520e-01
+2.627e-01 +2.151e-01
+2.301e-01] +1.782e-01
+1.975e-01 +1.413e-01
+1.649e-01] +1.044e-01
+1.323e-01 +6.748e-02
+9.972e-02 +3.058e-02
+6.711e-02 -6.312e-03
+3.450e-02 -4.321e-02
+1.898e-03] -8.010e-02
-3.071e-02 -1.170e-01
-8.867e-02 -6.331e-02 -1.539%e-01

13 Appendix F - Idealised Models - Peak Values Iso-
lated Model Group

Figures 37 and 38 present the peak values of the highest stresses and strains in a single
isolated group of models without lumped parameters. The fixed model parameters are as
follows. For the idealised morphology models the geometry parameters coincide with the
values adapted for the idealised composition models. For the idealised composition models
the geometry parameters coincide with the values adapted for the idealised morphology
models.
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Idealised morphology models peak output Stresses | | Strains
parameter values per geometry parameter
for a single model
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Figure 37: Bar plots of the stresses and strains their peak values for every model subcategory
(e.g. changing model height) while fixing all other model parameters. The values on the X-axes of
the plots correspond linearly (from lowest to highest values assigned) with the parameter values as

presented in Tables 1 and 2.
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Idealised composition models peak output
parameter values per material model parameter

for a single model
Change C10
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Figure 38: Bar plots of the stresses and strains their peak values for every model subcategory (e.g.
changing the to the model assigned C10 value) while fixing all other model parameters. The values
on the X-axes of the plots correspond linearly (from lowest to highest values assigned) with the

parameter values as presented in Tables 1 and 2.
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14 Appendix G - Bio-Engineered Fibrous Cap Model 3
- Distributions

This appendix presents a discussion on the distributions of the stresses and strains in BE-FC
model sample number 3. For overview purposes the characteristics of this model as well as
its distributions are again presented in figures 39 and 40.

Sy and Sin_gp are similar in both magnitude as well as distribution. More specifically, high
stresses are observed in model areas that exhibit both a relatively high degree of anisotropy
and wherein the fibres orient predominantly in the loading direction. This is as expected
because these model characteristics make the model stiffer in the loading direction. In like
manner the model shows comparably lower stresses in areas that are more isotropic and
wherein the fibres orient predominantly perpendicular to the loading direction. Further, the
stresses near the model its left compacted boundary and the lower half of its right com-
pacted boundary could in part be a result of model contraction, which is highest in model
areas with a lot of fibres in the loading direction. Further, the model has three extremely
compliant areas; its SI and the two areas outside its compacted boundaries between its cor-
ners. During elongation of the model these areas expand effortlessly, decreasing the strain
in the loading direction and therefore the stresses in the areas above and under them.

The BE-FC model experiences high LE,, in two different batches of areas. The first hereof
comprises the areas near the model its clamps and its corners, diagonally around its SI.
These areas are relatively anisotropic and dominated by fibres oriented largely diagonal
to the loading direction. In other words, these areas are relatively compliant in shear.
Moreover, LE;, is low in the model its bottom right area because it is relatively isotropic
there. Further, the three extremely compliant model areas gradually decrease the strain in
the loading direction above and under them because they are curved. This strain gradient
causes a high LE,, diagonally around the model its SI and in its corners.

LE, is high in both relatively isotropic as well as anisotropic model areas. Firstly, LF,
should be high there where the model is isotropic, has a geometrical irregularity, and there
where the cross-section of the model perpendicular to the loading direction is small. Indeed,
LE, is especially high directly to the left and right of the SI as well as at the model its
right compacted boundary. In addition LE, is high in the areas near the clamps diagonally
around the SI. Two observations explain this: these areas are relatively isotropic and they
have mostly fibres perpendicular to the loading direction. In other words, these areas are
compliant in the loading direction. LFE, is also high near the model its left compacted
boundary. This area is relatively anisotropic from clamp to clamp and has largely fibres
more in the loading direction; in consequence, the strain is distributed evenly throughout
the model its height. Moreover, the LE, there is increased due to model contraction.

As per deduction LE;, gp should be high in areas that are compliant whilst having a lot of
fibres in the loading direction. Accordingly, such areas should have a high degree of isotropy.
This corresponds to the areas directly to the left and right of the SI. Indeed, a high LFi, g}
is observed there. Further, LE;, g1, is also high near the left compacted boundary and the
lower part of the right compacted boundary. These areas likewise have fibres predominantly
in the direction but are relatively anisotropic. The high LFE;, g5, in these areas could be
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a result of model contraction. Per contra to this LF,coss-ib Should be high in areas with
mostly fibres perpendicular to the loading direction. Indeed such is observed - LEcross-fib
is high above and under the SI. Moreover, it is higher above the SI. This could be a result
of the SI being closer to the bottom clamp; the area above the SI is larger and therefore
strains more relative to the area under the SI.

ACropped geometry image and collagen

fibre dispersion & mean angle B BEFC model: geometry

BE-FC model and experimental
E force-length relationships
g

Force N]

Dispersion colorbar

Anisotropic (0) Isotropic (1/3)

C BE-FC model: collagen BE-FC model: collagen
fibre dispersion per element D fibre mean angle per element

Exp. data

Sim. data

o o2 o4 06 08 1 12 14 16 18
Displacement [mm]

Dispersion colorbar

Anisotropic (0) Tsotropic (1/3)

Figure 39: The characteristics of BE-FC model number 3. Subfigure A: the BE-FC its cropped
geometry image including the calculated collagen fibre dispersion x and mean angle © for the tiles
where collagen is imaged. Tile color = degree of fibre dispersion. Vector within a tile = fibre
mean angle. Subfigure B: the model geometry. Dark grey areas: geometry region which is fixed
between the tensile tester its clamps. Light grey areas: the non-fixed geometry region. Subfigure
C: the model its collagen fibre dispersion k. Subfigure D: the model its collagen fibre mean angles
©. Subfigure E: both the model and the experimental force-length relationship (?Sim. data” and
?Exp. data”, respectively).
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Sample #3
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+3.621e-01
+2.899e-01
+2.176e-01

+3.022e-01 -3.602e-01
-1.830e-14 -4.325e-01

+3.345e-01 +3.739e-02) -1.727e-01
-1.760e-14 -1.121e-14 -2.143e-01

Figure 40: The stress and strain distributions of BE-FC model sample number 3.

80



	Introduction
	Research aim

	Bio-engineered Fibrous Caps
	Methods
	Bio-Engineered Fibrous Caps - Models
	Geometry
	Mesh
	Material Model
	Boundary Conditions

	Bio-Engineered Fibrous Caps - Idealised Models
	Geometry
	Mesh
	Material Model
	Boundary Conditions


	Results
	Bio-engineered Fibrous Cap Models
	Stress & Strain - Peak Values
	Stress & Strain - Peak Values Locations
	Stress & Strain - Distributions

	Idealised Models
	Stress & Strain - Peak Values
	Stress & Strain - Distributions


	Discussion
	Idealised Models
	Bio-Engineered Fibrous Cap Models & The Modeling Pipeline

	Conclusion
	References
	Appendix A - Bio-engineered Fibrous Caps - Specifics
	Appendix B - Bio-engineered Fibrous Cap Models - Characteristics
	Appendix C - Bio-engineered Fibrous Cap Models - Peak Values
	Appendix D - Bio-engineered Fibrous Cap Models - Locations
	Appendix D - Bio-engineered Fibrous Cap Models - Distributions
	Appendix F - Idealised Models - Peak Values Isolated Model Group
	Appendix G - Bio-Engineered Fibrous Cap Model 3 - Distributions

