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Abstract

Arterial tissues exhibit complex growth and remodeling processes, where cells continuously regulate extracellular matrix
(ECM) components in response to mechanical and biochemical stimuli. Understanding the interplay between the arterial
microstructure and mechanical behavior is crucial for characterizing cardiovascular diseases, such as hypertension and
atherosclerosis. In this study, we developed a microstructure-based representative volume element (RVE) model of
the porcine aortic medial layer, incorporating elastic lamellae, elastin fibers, collagen fibers, and smooth muscle cells.
The RVE geometry was constructed using multiple imaging modalities, including contrast-enhanced X-ray microfocus
computed tomography (CECT), multiphoton microscopy, classical 2D histology, and scanning electron microscopy
(SEM). The mechanical properties of the RVE components were assigned based on literature data, and the model
was validated against experimental tensile test data. A size convergence study determined that an RVE containing
eleven medial lamellar units is necessary to obtain a representative macroscopic mechanical response. Furthermore,
we analyzed mesh convergence and performed a parameter sensitivity analysis to assess the influence of mechanical
and microstructural properties on the macroscopic behavior. Our results indicate that the material stiffness and volume
percentages of elastin and collagen play a dominant role in the stress response. Using a homogenization approach, we
quantified the contribution of each microstructural component within the representative volume element (RVE). The
analysis showed that elastic lamellae dominate the initial linear region of the stress-strain curve, while the non-linear
behavior is primarily governed by collagen fibers. Additionally, we analyzed the stretch distribution within the collagen
network and found that stretch varies considerably across individual fibers, with the average fiber stretch remaining
well below the macroscopic stretch of the RVE. Moreover, the mechanical stretch experienced by smooth muscle cells
through their integrin complexes was characterized, revealing the presence of both compressive and tensile stretches.
This information is highly valuable for advancing our understanding of the interactions between extracellular matrix
components and how these interactions contribute to tissue remodeling in disease conditions.
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1. Introduction

Arterial tissues, like many biological tissues, are characterized by growth and remodeling processes, where
cells continuously regulate the production and degradation of components of the extracellular matrix (ECM),
both during natural aging and in response to injury or disease [1]. Homeostasis refers to the process by which
cells maintain tissue functionality and structural integrity by sensing the biochemical and mechanical en-
vironment [2]. This means that not only does the microstructure influence mechanical properties, but the
Preprint submitted to Elsevier July 11, 2025
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mechanical environment also directly affects the microstructure of arterial tissues, a phenomenon known
as mechanoregulation. This intricate relationship between arterial microstructure and mechanical behavior
is also reflected in various cardiovascular diseases, such as hypertension, where increased blood pressure
leads to stiffer arteries, characterized by increased collagen content and accelerated degradation of elastic
lamellae [3, 4, 5]. Also in atherosclerosis, hemodynamic forces, such as perturbed flow and wall shear stress
patterns, strongly correlate with atherosclerotic plaque development in addition to systemic risk factors (e.g.
smoking, obesity...) [6, 7].

In the past, much focus has been put on the development of constitutive phenomenological models, where
the macroscopic behavior of the tissue is described by a set of equations with only an indirect link to the
microstructural components. A large number of such constitutive models exist [2, 8, 9, 10], the most well-
known being the Gasser-Ogden-Holzapfel (GOH) model, where the mechanical behavior of arterial tissue
can be described using a transversely isotropic strain energy density function with five material parame-
ters [11]. Although this class of constitutive models is computationally efficient for numerical simulation
at the tissue scale, they often lack the ability to capture the underlying microstructural mechanisms that
govern the tissue’s adaptive response, such as cellular activity and ECM remodeling. Therefore, more fine-
grained models are needed to better understand the underlying mechanotransduction processes. To maintain
computational efficiency even at this level, multiscale modeling techniques can be used, e.g. based on rep-
resentative volume elements (RVEs) [12, 13].

RVE modeling provides a discrete representation of microstructural components in a representative volume
of the material. This allows the quantitative analysis of individual component deformation and loading, as
well as of the interactions between the components, which are essential metrics to understand ECM degra-
dation. When also cells are modelled, mechanical loading of these cells can be linked to ECM production,
e.g. through gene regulatory networks [14]. By applying appropriate boundary conditions and homogeniza-
tion techniques to the RVE [12, 15, 16], the microscale mechanics can then be linked back to the macroscale
mechanical behaviour. When properly validated, such RVE models can be used to test hypotheses regard-
ing certain arterial pathologies associated with ECM remodeling, by relating the simulations to clinically
observed changes in the overall mechanical behavior of the artery, and/or to tissue-scale mechanical tests.
Several studies have already investigated the potential of multiscale RVE modeling for arterial tissue [17,
18, 19, 20, 21, 22]. A comprehensive review is provided by Dalbosco et al. [23] and the most relevant
studies are briefly discussed below. Thunes et al. investigated the dissection mechanism in ascending aortic
tissue based on cohorts of non-aneurysmal and aneurysmal patients [17]. They developed an RVE based
on a single lamellar unit (LU), including two elastic lamellae, resulting in a volume fraction of 12%. The
interlamellar space (68%) was modeled with a planar network of collagen fibers represented by straight
truss elements with a fiber diameter of 3 um. The crimp of collagen fibers was not explicitly represented in
the model but was taken into account through the use of the recruitment stretch concept in the constitutive
model [22, 24]. In addition to recruitment stretch, fiber damage was also included in the model, occurring
when a critical stretch value is reached. However, their model did not account for the typical out-of-plane
distribution characteristics of collagen fibers in arterial tissue. Moreover, the elastic lamellar thickness they
considered was extremely small compared to values reported in the literature [25, 26]. Additionally, they
did not investigate the effect of RVE size on the homogenized mechanical behavior considering only a single
LU.

Following a similar approach, Mahutga and Barocas developed a LU-based RVE to study the pathophysio-
logical aspects of aortic growth, remodeling, and failure in cases of hypertension and aneurysm [18]. Their
model incorporated growth and remodeling laws applied directly to individual discrete fibers. They mod-
eled one elastic lamella as a 2D network of trusses composed of collagen and elastin, combined with a 3D
network of trusses representing actin filaments, corresponding to smooth muscle cells. Their RVE model
represents only a single LU with physical dimensions of [20 um x 20 ym x 10 um], which may not fully
capture the characteristics of the media layer due to its limited size. Indeed, a porcine medial aorta typically
consists of 70 elastic lamellae and is on average 1400 um thick [25]. Furthermore, the elastic lamella in their
model were treated as a planar network of elastin and collagen fibers. However, in reality, elastic lamellae
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are thick sheets of elastin separated by an interlamellar space filled with collagen and smooth muscle cells
[27]. Moreover, the characteristic out-of-plane angle distribution of collagen fibers was neglected, as they
modeled it as a 2D network.

To tackle the limitations related to the characteristic out-of-plane distribution of collagen fibers, Dalbosco
et al. developed an RVE model consisting of a 3D ground matrix reinforced with 1D collagen fibers [22].
Two collagen fiber families were considered, characterized by two in-plane angle distributions with opposite
mean fiber angles, as well as an out-of-plane distribution. Multiple RVE sizes as well as different boundary
conditions were investigated, and size convergence was achieved for an RVE of dimensions [120 um x 120
pm x 60 um], when applying periodic boundary conditions. Moreover, among the four different boundary
conditions tested, periodic boundary conditions proved to be the most effective for model convergence and
for minimizing dependencies on the RVE size. However, the model only accounted for the ground substance
and collagen fibers, such that interactions between these components and the elastin or smooth muscle cells
could not be studied.

Addressing the current limitations, this work aims to develop a more microstructurally accurate RVE model
for the aortic medial layer. The approach extends the formulation of Dalbosco et al. for collagen fibers
and incorporates elastin and smooth muscle cells into the framework. Focusing on the medial layer of
healthy porcine aorta, the RVE model is constructed based on microstructural information derived from
several imaging modalities, including contrast-enhanced X-ray microfocus computed tomography (CECT),
multiphoton microscopy, classical 2D histology, and scanning electron microscopy (SEM). Designed to
be fully parameterized, the model allows for quick and efficient modifications of the microstructure. The
influence of the RVE size on the homogenized mechanical behavior has been investigated, along with a
parameter sensitivity study. The RVE model was then validated against experimental uniaxial tensile tests
in both the circumferential and axial directions. Finally, the impact of microstructural changes in the RVE
model was investigated, as well as the role each RVE component plays in the macroscopic stress response.

2. Methods

2.1. Building the RVE geometry

2.1.1. Elastin

The aortic wall consists of three distinct layers: the intima, media, and adventitia. Among these, the media
is the thickest layer, particularly in elastic arteries such as the aorta [25]. This media layer is organized into
medial lamellar units (MLUs), which serves as the fundamental structural and functional components of the
aortic wall [27]. A MLU is composed of thick and continuous elastin lamellar sheets, also called elastic
lamellae. Thanks to CECT, the elastic lamellae in healthy porcine aorta can be visualised and structurally
quantified in 3D (Fig. 1.a). According to Leyssens et al., the thickness of the elastic lamellae average to 15
pm, with the interlamellar space also having an average thickness of 15 ym [25]. The elastic lamellae con-
stitute, on average, 60% of the medial layer’s volume fraction. Sherifova et al., assessed the microstructural
organisation of human thoracic aorta using classical 2D histology and second harmonic generation (SHG)
[26]. They also state that elastic lamellae have a typical thickness of 13-15 um and a volume fraction ranging
from 25% to 50%.

The interlamellar space is filled with elastin, collagen and smooth muscle cells. According to O’Connell
et al., the elastin within the interlamellar space can be separated into thin interlamellar elastin fibers (IEFs)
and thick radial struts (90% of the lamellar thickness), which serve to connect one elastic lamella to the
next, as shown in Figure 1.b [27]. Unfortunately, the resolution of CECT imaging did not yet allow one
to visualize components found in the interlamellar space [25]. However, it was observed that the elastic
lamellae exhibit a certain degree of tortuosity and are interconnected through the merging of adjacent elastic
sheets rather than by radial struts [25]. In contrast, scanning electron microscopy has enabled O’Connell et
al. to analyze the medial layer of a rat aorta [27]. They showed that medial elastin is composed of 71% the
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Fig. 1: (a) Contrast-enhanced microCT image of a porcine aorta, where the elastic lamellae are visible in light grey. A 3D representation
of a lem X lcm sample is shown, along with the corresponding 2D slice. Two regions of interest (ROIs) in the media layer are
highlighted: one closer to the intima, in orange, and another closer to the adventitial layer in blue. These ROIs are compared with
classical 2D histology using Verhoeff’s Van Gieson stain (VVG). The thickness and spacing of the elastic lamellae in both regions are
characterized in 3D, and a 3D representation is shown with lamellae thickness represented in green and spacing in orange (adapted
from and with kind permission from [25], licensed under the Creative Commons Attribution 4.0 International License [28]). (b) Serial
block-face scanning electron microscopy image of rat aorta shows the medial lamellar unit. Thick elastic lamellae form a sandwich
structure where smooth muscle cells, interlamellar elastic fibers and elastin struts reside. Volume size of [22um x 16um X 25um]
(adapted from and with kind permission from [27], licensed under the Creative Commons Attribution 4.0 International License [28]).

elastic lamellae, 27% IEFs and 2% radial thick struts.

In this work, we hypothesized that the percentages given by O’Connell are also representative of the porcine
aorta and we have adapted them slightly for simplicity and symmetry within the RVE framework (Table
1). In our RVE model, elastic lamellae account for 50%, the interlammelar elastin fibers 5%, and the
elastin struts 1%. Because the merging of two elastic sheets is challenging to represent geometrically, radial
struts were introduced in the model to approximate these interconnections. The lamella thickness and the
interlamellar spacing were 15 um. Moreover, the elastic lamellae are aligned in the circumferential direction,
while the IEFs and elastin struts exhibit a tilt angle of approximately 20° relative to the circumferential
direction as stated by [27, 29, 30]. Table 1 provides a summary of the reported values, along with the
parameters selected for building our RVE model.

2.1.2. Smooth muscle cells

Smooth muscle cells (SMC) are present in the interlamellar space and exhibit a fusiform shape with elliptical
cell nuclei. The long axis has been reported to be 19 +3.3um and the short axis 3.1 +0.8um [27]. The SMCs
have been described to be oriented at an angle of 19° relative to the circumferential direction [27, 29, 30].
The volume fraction of SMCs in the rat aorta was determined as approximately 24% [27] and ranging from
10% to 50% in the human aorta [26, 31] (Table 1).

2.1.3. Collagen fibers
Recently, Niestrawska et al. quantified the diameter of collagen fibers in the medial and adventitial layers,
separately, of healthy human abdominal aortas using second-harmonic generation (SHG) [32]. They found

that the collagen fibers in the medial layer were 3 um [2.6-3.6 um] , whereas those in the adventitia were
much thicker 21.9 um [20.2-23.9 um].
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Table 1: Microstructural parameters for all RVE components as reported in the literature (i.e. experimental value) and implemented
into our RVE framework (i.e. simulated value). Orientation are given with respect to the circumferential direction.

Elastic lamellae

Parameter Experimental value Simulated value References
Volume Fraction V,; [25% - 60%] 50% [25, 26]
Orientation 0° 0° [25, 27]
Thickness [13-15] um 15 um [25, 26]
Interlamellar space [7-20] um 15 um [25]
Interlamellar elastin fibers
Parameter Experimental value Simulated value References
Volume fraction Vigr [6.75% - 16.2%] 5% [27]
Orientation 20° 20° [27]
Diameter d;.¢ [11.7 - 13.5] um 13.5 um [27]
Elastin struts
Parameter Experimental value Simulated value References
Volume fraction V,; [0.5% - 1.2%] 1% [27]
Orientation 20° 20° [27]
Diameter d.r [1.3-1.5] um 1.5 um [27]
Smooth muscle cells
Parameter Experimental value Simulated value References
Shape Fusiform Ellipsoid [27, 20]
Dimensions [19+3.3; 3.1+0.8] um [19,3,3] um [27]
Volume fraction V¢ [10% - 50%] 14% [27, 29, 30]
Orientation [19.1 £2.8 °] 19° [27]
Collagen fibers
Parameter Experimental value Simulated value References
Diameter d [2.6 um - 3.6 um] 3 um [22, 32]
Mean reference length Ly 120 um 120 um [33]
Volume fraction Vy [10% - 40%] 30% [26, 34]
In-plane fiber angle « [6.91°-21°] 6.91° [35, 32]
Out-of-plane fiber angle 0° 0° [32, 36, 35]
In-plane fiber dispersion «;, [0.18 - 0.41] 0.28 [22, 26, 32, 37]
Out-of-plane fiber disper- [0.41-0.5] 0.493 [22, 26, 32]

sion K,
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The collagen fiber content was reported to vary from 20% to 40% in the medial layer of the human thoracic
descending aorta [26] and from 10% to 30% in the medial layer of the porcine thoracic descending aorta
[34]. Niestrawska et al. found that collagen fibers are aligned along two preferred directions within the
circumferential-axial plane of arterial tissue, exhibiting some degree of dispersion. These fiber orientations
can be characterized by +a angles with respect to the circumferential axis, which vary depending on the
type of artery and the specific layer analyzed (Fig. 2.a). In the axial-radial plane, collagen fibers have
been described to be nearly parallel to the axial axis, exhibiting lower degree of dispersion than in the
circumferential-axial plane.

(O]

Fig. 2: Schematic representation of the collagen fiber orientation. (a) Two symmetric fiber families in the circumferential-axial plane
and (b) fiber N described in terms of azimuthal (also known as in-plane angle), (®) and elevation (also known as out-of-plane angle),

).

In order to characterize the 3D fiber orientation in our RVE model, consider coordinate system (e, ez, €3),
which represents the circumferential, axial and radial direction, respectively. N, the fiber vector, can be
defined by two angles: the azimuthal ® or the in-plane angle and the elevation angle ®, also called the
out-of-plane angle, such that

N(D,0) = cos(®)cos(®)e; + sin(DP)cos(®)e; + sin(O)es (D

where ® € [0,27] and ® € [-7/2, +7/2].

To describe the dispersion of the fiber angles, we used bivariate von Mises distributions similarly as in
Dalbosco et al. [22], where independent probability distributions for each fiber angle are assumed:

P(®@,0) = pip(P)p,,(O) (2)
Pip(®) and p,,(O) can be defined as:
_expla cos2[D + a])]
Pip(®) = @ @)
2b exp[b(cos(20) — 1)]
0p(@) = 24— 4
S R @

where a and b are concentration parameters, a the mean fiber in-plane angle, I, the modified Bessel func-
tion of first kind of order zero and erf the error function. The mean fiber out-of-plane angle is assumed
to be zero, as described in [22, 36]. The mean in-plane angle varies from 6° to 51° in the healthy human
descending thoracic aorta, as obtained via second harmonic generation, with a mean around 15° reported
by Sherifova et al. [26]. Niestrawska et al. reported a mean in-plane fiber angle of 6.91° in healthy human
abdominal aortas, using second harmonic generation, in a 2016 study [35]. In a subsequent study published
in 2022, they reported a slightly higher mean angle of 10° [7°-21°] for the same tissue type [32].
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With this information, it is possible to link the concentration parameters a and b with scalar quantities
describing the in-plane and out-of-plane dispersion [36, 35], as:

1 L) J o1l [2 exp(-2b) 5
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Fig. 3: (a) In-plane fiber angle distributions with a mean angle of @ = + 6.91°. (b) The out-of-plane fiber angle distribution for a mean
angle of 0°.

2.1.4. Generation of the RVE medial lamellar unit

The RVE model replicates the medial lamellar unit found in elastic arteries, specifically in the porcine tho-
racic descending aorta. A Python script was developed to automatically and fully parametrically generate
the geometry of all components described above using the PyVista toolbox [38]. The script creates geo-
metrical objects that are then meshed and exported as input files for finite element analysis (FEA) in the
Abaqus software (Dassault Systémes) using a classic implicit FE solver. It begins by defining the size of
the RVE and constructing it as a solid cube representing the ground matrix into which all other components
are embedded. 8-node linear hexahedron hybrid elements (C3D8H) were used to mesh the ground matrix.
The elastic lamellae were represented as rectangular parallelepipeds , evenly spaced by interlamellar spaces
(Fig. 4).

Ground matrix Elastic lamellae (EL) Elastin struts + EL

Interlamellar elastic Smooth muscle Collagen fibers
fibers + EL cells + EL + EL
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Fig. 4: (a) A 3D CECT image of a porcine aorta (adapted from [25]), with a simplified schematic of the medial lamellar unit complex
based on the CECT data. (b) The RVE model showing: elastic lamellae (red), elastin struts (gray), interlamellar elastic fibers (orange),
smooth muscle cells (blue), and collagen fibers (green) within a (beige) ground matrix. The RVE, with a cubic size of 1203,um3, is
selected for visualization purposes and does not correspond to the converged size (see Section 3.1).
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Quadratic shell elements (S4R) were selected for the elastic lamellae. The elastin struts serve as connection
between the elastic lamellae and, for simplicity, were represented by linear truss elements (T3D2). Similarly,
interlamellar elastic fibers and collagen fibers were added between the elastic lamellae, aligned with their
preferred orientation and also represented by linear truss elements (T3D2) (Fig. 4.b). The T3D2 element
is a two-node linear truss element used in 3D to model slender, line-like structures that support only axial
loading along the element, meaning that it can carry tension and compression, but not bending, shear, or
torsion. Smooth muscle cells were then added and represented as ellipsoids meshed with 10-node quadratic
tetrahedron hybrid elements (C3D10H). Periodicity was applied to the RVE model by including only half
of the interlamellar space at the top and bottom, enabling seamless stacking of the RVE models (Fig. 5.a).
Moreover, periodicity is applied to all fibers. This means that if a fiber exits the RVE domain before reaching
its full length Ly, it re-enters symmetrically on the opposite side of the cube, with the remaining length
continuing as illustrated by the blue fiber in Figure 5.b. If the fiber stays within the boundaries, no symmetry
is applied, as depicted by the orange fiber (Fig. 5.b). This ensures faster convergence in the FEA. More
details on how the geometry of the RVE model was generated can be found in Appendix A.

RVE geometry Fiber periodicity
7.5umy
r,»
s 7 L ry
s v vV /a/‘
r.
/ M
15pm|
e AN A
15pm] 2 = maxz,z ‘min3
7.5um} — 7 “max1, min2

'min1

(a) (b)

Fig. 5: (a) Schematic overview of an RVE (1203 um? in size) with 50% elastic lamellae, defining the elastic lamellae and the inter-
lamellar regions, where fibers and smooth muscle cells will be added along the respective z-boundaries (more details in Appendix A).
(b) Schematic representation of the periodicity applied to the fibers in the RVE model. If a fiber exits the RVE domain before reaching
its full length Ly, it re-enters symmetrically on the opposite side of the cube, continuing with the remaining length and keeping the
same fiber orientation as illustrated by the blue fiber.

2.2. Material properties

Following a similar approach as in Dalbosco et al. [22], we selected a hyperelastic neo-Hookean material
model for the ground matrix, as well as for all the elastin components and SMCs. The generic strain energy
density function can be expressed as:

— = 1
F(O) =Crollh =3+ -(J - 1)? (6)
1

where J = det(F), with F being the deformation gradient defined as F = %.
The first invariant of C, the deviatoric right Cauchy-Green strain tensor, is written as:

I = trace(C) =1: C (7
where C = F - FT and F = J72/°F.

For each structural component, different material parameters, C1g and D, were used. The parameter Co =
’%, where u represents the shear modulus. The parameter D, is a volumetric penalty parameter, chosen such
that the Poisson ratio v = 0.495. Table 2 indicates the different values selected for the ground matrix, elastin
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and SMCs in the RVE model and their references. The same elastin material properties were applied to the
elastic lamellae, interlamellar elastin fibers and elastin struts.

Table 2: Neo-Hookean material parameters Co and D; selected in the RVE framework for the ground matrix, elastin components and
smooth muscle cells.

Structural component Reported value Simulated value  Simulated value References
Cio Cio D,
Ground matrix [0.1 kPa - 8.04 kPa] 8.04 [kPa] 369107 ] 120,22, 35]
[20, 39, 40]
Elastin [0.1 MPa - 1.1 MPa] 0.1 [MPa] 0297[5ﬁ§] [41, 42]
Smooth muscle cells [3.5 kPa - 100 kPa] 28 [kPa] 1.06 1073 [ﬁ] [20, 43, 44]

Collagen fibers exhibit a characteristic waviness, requiring them to unfold before contributing to the me-
chanical behavior when stretched [20]. Since this waviness is not explicitly represented in our RVE model,
the selected material model accounts for this unfolding process by introducing the concept of recruitment
stretch [20, 22]. Accordingly, the strain energy density function in our RVE model was expressed as:

0 if0<a<4,

’ 8
Ba-a,2, ifasa, ®

lIlc,-(/l) = {
where A is the stretch in the fiber direction, 4,, is the recruitment stretch of the i"" fiber and E the fiber axial
stiffness. As collagen fibers exhibit varying degrees of waviness, a distribution of recruitment stretch values
was introduced, ensuring that each fiber is assigned a specific recruitment stretch. This material model was
implemented as a user-defined material subroutine (UMAT) in Abaqus. Following a common approach [22,
24, 45], a beta distribution was introduced to define the recruitment stretches:
(A= )" (A = )
Blar, az) (A — Ap)“+a=2
where a; and a, are the shape parameters, and 1; and A, represent the bounds of the distribution—2,
being the minimum stretch at which fibers are recruited, and 1, the maximum stretch at which all fibers are
recruited. The recruitment stretch of collagen fibers is rarely described in the literature, as it is primarily
a mathematical concept used in computational modeling approaches. Therefore, we assumed in our RVE
model that collagen is fully recruited once the supraphysiological strain is reached. Physiological axial
strain is reported to range from 40% to 60% in porcine carotid arteries [46]. Additionally, Weisbecker et al.
studied the recruitment stretch in human thoracic aortas by applying a computational approach and fitting
the experimental data to the recruitment stretch model [45]. The constitutive parameters used for collagen
in our RVE model are listed in Table 3 and Figure 6 shows the beta distribution for the recruitment stretch
selected in our RVE model.

pr(A,) = )

2.3. Embedded elements

The embedded elements technique is commonly applied in fiber-reinforced materials, such as reinforced
composites or concrete [50, 51, 52]. It involves defining a host region that contains one or more embedded
regions. In our case, the host region was the solid ground matrix, within which all other structural elements
are embedded. This method enables a smoother mesh generation, as it avoids the need to cut the host
material and merge it with the embedded part. The technique assumes that both the embedded and host
regions are complete; they can be meshed separately and then combined in the FEA. By using embedded
elements, the FE solver applies embedded constraints, such that the displacements of the embedded nodes
depend on the displacements of the host nodes [53].
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Table 3: Constitutive material parameters selected in the RVE framework for the collagen fibers.

Parameter Reported value Simulated value References
Uniaxial fiber stiffness Ey [4.7 MPa - 1.17 GPal] 54.3 [MPa] [33, 47, 48, 49]
Shape parameters (a; = ay) [1.41 - 1.96] 1.90 [45]
Min. recruitment stretch value A, [1-1.40] 1.323 [45, 46]
Max. recruitment stretch value A, [1.14 - 1.60] 1.523 [45, 46]

Recruitment stretch distribution (8)
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Fig. 6: Beta distribution for the recruitment stretches selected in our RVE model. The minimum recruitment stretch value, A1, is equal
to 1.323 and the maximum recruitment stretch value, A, is equal to 1.523. The black curve represents the density function p,, whereas
the bars are the random sampling corresponding to p,

2.4. Boundary conditions

Periodic boundary conditions (PBC) were applied to the RVE model. This implies maintaining the same
displacement differences between opposite faces of the RVE, ensuring periodicity, without enforcing the
faces to remain straight (Fig. 7.a) [54]. PBC prescribe the displacement differences between corresponding
nodes on opposite faces of the RVE:

ui —u; = Eij(x}’ -x;)  onéV (10)

where u; is the i nodal displacement and the subscripts + and — refer to the opposite faces of the RVE, &;
is the macroscopic strain and V the volume of the RVE.

To implement PBC in Abaqus, we considered a cube domain of length L (Fig.7.b), where the origin cor-
responds to node (0,0,0). Node sets were created for each face; however, to avoid redundancy in the con-
straints, front and back faces contain all nodes, whereas left and right faces contain all nodes, except for one
node layer adjacent to the back face. The nodes selected are indicated by the greyed zone in Figure 7.b. The
top and bottom faces contain all nodes, except for two node layers; one adjacent to the back face, and one
adjacent to the right face.

Three master nodes have been defined (M;, M>, M3), one for each degree of freedom, and all possess the
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Fig. 7: (a) Periodic boundary conditions maintain the same displacement difference between opposite faces of the RVE (ensuring
periodicity), but without enforcing the faces to remain straight. (b) Sketch of the RVE geometry and node sets.

origin as coordinate (an arbitrary choice). The periodic boundary conditions can be written as:

u® — P = M (11)
" — P = M) (12)
U Bm MEMjg) (13)

1 l

where u; is the displacement of the boundary nodes belonging to either the right face (R), left face (L), front
face (F), back face (Bk), top face (T), or bottom face (Bm), as well as the displacements of the master nodes.

Equations (11)-(13) set a constraint between the displacement of the boundary nodes and the displacements
of the master nodes. Further details on how constraints between degrees of freedom and the displacements
of the master nodes have been defined can be found in the Annex Appendix B.

2.5. Homogenization

After completing the FE analysis, the macroscopic stress was determined using two classical homogeniza-
tion approaches. The first approach consisted in defining the macroscopic stress and logarithmic strain as
the volume averages of the microscopic stresses and strains within the RVE.

1
gij = V.fvé‘[j dVv (14)

1
Eijz ‘—/f‘;O',‘j av (15)

where V is the volume of the RVE. This approach enables to obtain individual contributions from each mi-
crostructural component in the RVE model, providing a detailed understanding of their respective roles in
the overall mechanical behavior.

The second approach used the traction field on the surface of interest [16, 55, 54, 56], where the macroscopic

stress can be written as:
fo-ijdV:f [jX[dA (16)
1% 5V

This second approach was used for all results presented below, except for section 3.4, where volumetric
averaging (eq. 14) was performed to determine individual RVE components contribution. More details on
the mathematical explanation of equation 16 can be found in Appendix C.
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2.6. Loading scenarios

With the application of periodic boundary conditions, we precisely controlled the displacements of the mas-
ter nodes, allowing to simulate various loading scenarios. We focused on two loading conditions: uniaxial
tensile tests and planar biaxial tests. Uniaxial tensile tests were used to validate the RVE model against
experimental data, while planar biaxial tests enabled the identification of GOH parameters across different
RVE configurations, each with distinct material and microstructural properties. A parameter fitting approach
was employed to identify the five material parameters of the GOH model, as described in [57, 58, 59]. The
GOH strain energy density function can be written as:

k
W= Ciolh =3+ ), 5e-(exp kel = 171 = D) = p(J = 1) (17)
i=4,6

The first term of equation 17 represents the ground matrix (excluding collagen fibers) and is modeled as an
isotropic Neo-Hookean material model, where C| is a stress like material parameter representing the matrix
stiffness, and I; is the first invariant of the right Cauchy Green stretch tensor C = F'F. The second term of
equation 17 represents the anisotropic contribution from the collagen fibers, with /; pseudo-invariants of C,
representing the stretch along the preferred fiber direction. ki, k, and « represents the fiber stiffness, stiffen-
ing, and dispersion parameters, respectively. The last term of equation 17, p, is the Lagrangian multiplier
introduced for incompressible materials, and J the determinant of F.

To estimate the GOH material parameters, the GOH model forces have been compared with the RVE reac-
tion forces obtained by performing a virtual equibiaxial tensile test. It consisted of minimizing an objective
function that expresses the differences between the reaction forces predicted by the GOH model, f;’;”d , and

those obtained from the RVE model, fijE [59]:

: N RVE .\ _ fmod(p (4. 2
@%ZZM(mﬁ,®WAm} (18)

i=12 j=1

where ¢; represents the sampling point of the measured force and n the total amount of sampling points.
F(z;) is the deformation gradient at time ¢; and A the cross-sectional area.

The optimization problem was solved in Python using the non-linear least square method as implemented
in [57, 58, 59]. Twenty different start points were used to find a global minimum, as it was found to be an
optimal number to guarantee a global minimum. Indeed, less than five starting points is not recommended,
as it increases the risk of converging to a local minimum. Increasing the number beyond 20 has been shown
to have minimal impact on the outcome, while increasing the computational cost.

3. Results

3.1. Model verification

To assess the influence of the RVE size on the macroscopic stress and strain response, five RVEs of increas-
ing dimensions were constructed, with cube size of 603, 1203, 2403, 360° and 4803 um3, respectively (Fig.
8.a). The number of elastic lamellae doubled with each doubling of size. Virtual uniaxial tensile tests with
a 60% stretch were conducted on each of the five RVEs in both the circumferential and axial directions. A
consistent mechanical behavior is reached for RVE 4, with cubic size 360 um® (Fig.8.b). The root mean
square error (RMSE) between RVE 4 and RVE 5 is 0.6% in the circumferential direction and 0.1% in the
axial direction. In comparison, the RMSE between RVE 3 and RVE 5 was 1.6% circumferentially and 0.4%
axially. Therefore, RVE 4 was selected for all subsequent analyses of this study.
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Fig. 8: (a) RVE 1 (smallest) to RVE 5 (largest) are constructed with the same microstructural parameters defined in Table 1-5. (b)
Homogenized (macroscopic) stress response in the circumferential and axial directions, for the five RVE sizes. The curves obtained
numerically show an overlap between RVE size 4 and size 5, with a RMSE of 0.6% circumferentially and 0.1% axially.

To investigate the mesh convergence for RVE 4, seven different mesh sizes of the ground matrix were
selected with characteristic element sizes of 66, 60, 48, 42, 36, 30 and 24um. For reference, mesh 1 corre-
sponds to the coarsest mesh (66um), while mesh 7 represents the finest mesh (24um), following the order
in which they appear. The mesh size of the other embedded components was kept constant. Each elastic
lamella was meshed with 1600 elements, while each SMC contained 157 elements. Each fiber was divided
into multiple segments based on the domain length, ensuring that each element has a length of 18 um, which
corresponds to 5% of the RVE size. Mesh convergence is achieved with mesh 7 (Fig. 9). The difference in
the macroscopic First Piola-Kirchhoff stress between mesh 6 and mesh 7 was less than 0.01% at a stretch
level of 30%, where collagen fibers begin to contribute, and 0.05% at a stretch level of 60%, where all colla-
gen fibers are fully recruited. This discrepancy is likely due to the discretization of the collagen fiber mesh,
which was kept constant for this analysis but may need to vary according to the host mesh size.
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Fig. 9: Mesh convergence analysis on seven different mesh sizes. A convergence is obtained for mesh 7 (24um). (a) The macroscopic
stress at stretch of A = 1.3 is computed for all seven meshes. (b) The macroscopic stress at stretch of 4 = 1.6 is computed for all seven
meshes.
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3.2. Parameter sensitivity analysis

Next, a parameter sensitivity analysis was conducted on the mechanical and microstructural input parameters
of our RVE model. For every parameter, a reference value and a range was retrieved from literature. The
parameter was then discreetly varied from the reference value with + 10 and 20%, whereby the percentage
is calculated with respect to the reported range. In total, 11 parameters were varied one at a time, resulting
in 44 simulations of biaxial tensile tests. On average, a simulation takes around 20 minutes to complete
with 4 CPUs and an Intel(R) Xeon(R) Gold 6152 CPU processor with 96GB RAM. For every parameter,
the tangential stiffness of the resulting circumferential stress-strain curves was evaluated at a strain of 30%
(end of the toe region) and 60% (exponential part) and compared to the reference RVE represented by the
black 0% line. Figure 10 illustrates variations in tangential stiffness, highlighting increases or decreases
relative to the reference. Figure 11 illustrates the variation in stress—stretch curves resulting from changes
in the most influential input parameters. For elastin stiffness and collagen stiffness, decreasing the reference
value by 10% and 20% of the literature-reported range resulted in negative stiffness values. Therefore, the
selected values were adjusted to remain positive. Similarly, for k,,, a 10% and 20% increase resulted in no
fiber dispersion, as it exceeded the upper limit of 0.5. Consequently, the values were slightly adjusted to
stay within the valid range, allowing for fiber dispersion. Table E.5 contains all the input values selected to
run the 44 simulations.
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Fig. 10: Parameter sensitivity analysis of mechanical and microstructural input parameters. Biaxial virtual tensile tests were performed,
and the resulting circumferential stress—strain curves were analyzed. Tangential stiffness was evaluated at 30% nominal strain (toe
region) and 60% nominal strain (exponential region), and the results were compared to the reference RVE, indicated by the black 0%
line. The relative increase or decrease in tangential stiffness is illustrated with respect to the reference RVE in percent. Values are
capped at 250% for visualization purposes; however, values exceeding this threshold are indicated in white.

For the mechanical parameters, an increase in elastin stiffness and a decrease in recruitment stretch values
had the highest impact at low strain (Fig. 11.a). Indeed, as long as the collagen fibers are not recruited,
elastin dominates the stress-strain curve response, leading to a 171% increase in stiffness for a 20% increase
in elastin stiffness and a reduction of -65% for a 20% decrease. A decrease in recruitment stretch value
caused an earlier onset of the exponential behavior (Fig. 11.a). At -20% of the recruitment stretch value,
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the tangential stiffness increased by 752%; however, for visualization purposes, it was limited to a 250%
increase in the plot ((Fig. 10). At higher strain, collagen stiffness had the greatest influence on the tangential
stiffness. A 20% increase in collagen stiffness resulted in a 420% rise in tangential stiffness. Contrarily, a
20% decrease in collagen stiffness reduced tangential stiffness of -10% of the reference RVE value. The
stiffness of the ground matrix and smooth muscles cells had almost no impact on the overall stress-strain
curve as their stiffness was significantly lower than the one of elastin and collagen.

In comparison, the microstructural parameters had a lesser impact on the tangential stiffness of the stress-
strain curve. At low strain, the volume fraction of elastic lamellae played the most significant role ((Fig.
11.b). An 20% increase in volume fraction raised the tangential stiffness of 13%. At higher strain, the
collagen volume fraction and in-plane collagen fiber dispersion («;,) had a more dominant influence ((Fig.
11.b). A 20% increase in collagen volume fraction results raised the tangential stiffness of 22%. In the
contrary, a 20% increase in «;, decreased the tangential stiffness to -6%.
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Fig. 11: (a) Stress—stretch curves in the circumferential direction illustrating the influence of key mechanical input parameters (i.e.
collagen stiffness, elastin stiffness and recruitment stretch) on the overall mechanical response. (b) Stress—stretch curves in the cir-
cumferential direction illustrating the influence of key microstructural input parameters (i.e. collagen and elastin volume fractions,
and collagen in-plane fiber dispersion ;) on the overall mechanical response. Each parameter was varied from its reference value by
—20%, —10%, +10% and +20% relative to its range reported in literature. The black thick line is the reference RVE.

3.3. Model validation

To validate the model, uniaxial tensile tests were performed on descending thoracic porcine aorta samples
(i.e. intercostals four until seven). Porcine aortas were obtained from the WestVlees slaughterhouse (Bel-
gian Pork Group, Westrozebeke, Belgium) and were cut in dogbone shaped samples according to the C*Bio
protocol [60], along the circumferential and axial direction. The adventitial layer was removed by carefully
peeling it off. For each direction, seven samples from seven different pigs were tested. More details on the
materials and methods regarding the mechanical tests can be found in the Appendix D.

By performing virtual uniaxial tensile tests on the reference RVE model with a 60% stretch (i.e. chosen to
match the maximum stretch level reached in the experimental mechanical tests) and comparing the resulting
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homogenized First Piola-Kirchhoff stress with the experimental data, one can observe that the model stress-
strain curves are within the experimental range (Fig. 12). The circumferential RVE stress tends towards
the upper limit of the experimental range, whereas the axial RVE stress tends towards the lower limit of the
experimental range.
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Fig. 12: Experimental validation of the RVE model by performing uniaxial tensile tests in both circumferential and axial direction on
porcine thoracic descending aortas, where the adventitial layer was removed. The greyed region represents the variability across the
seven samples tested.

3.4. Role of RVE Components in the Macroscopic Stress Response

To better understand the influence of each microstructural component from the RVE model on the overall
macromechanical response, equations (14-15) were used to plot their individual contributions (Fig. 13). A
virtual biaxial test was performed on the reference RVE configuration. The collagen fibers played a predom-
inant role at higher stretch and provide the non-linear and exponential behavior to the stress-stretch curve.
Since smooth muscle cells, elastin struts, and interlamellar elastin fibers have a low volume percentage in
the RVE model, their mechanical contributions were combined and are represented in dark red. In the axial
direction, the collagen fibers played a less dominant role since collagen fibers are preferentially aligned
along the circumferential direction.
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Fig. 13: The circumferential and axial stress-stretch curves are decomposed into their microstructural components, showing the indi-

vidual contributions of every microstructural component to the overall mechanical behavior, such as the smooth muscle cells (SMCs),
elastin struts, interlamellar elastic fibers (IEFs), ground matrix, elastic lamellae and collagen fibers.
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3.5. Impact of microstructural changes

As the RVE model script is fully parametrized, we can easily generate a different RVE microstructure by
modifying the microstructural inputs. To illustrate this, two RVEs with different elastin and collagen volume
fractions were constructed. RVE|, the reference model, is composed of 30% of collagen fibers and 50% of
elastic lamellae as mentioned in Table 1, and represents a porcine thoracic descending aorta. RVE, is sim-
ilar to RVE], except that the collagen content was increased to 55% and the elastic lamellae decreased to
25%. A 20%-40% elastin content, typically corresponds to infrarenal aortas [34]. All other microstructural
components (i.e. elastin struts, smooth muscle cells...) were kept constant (Table 1). RVE; consisted of
109,245 truss elements representing the collagen fibers, while RV E, contained 201,520 truss elements. Vir-
tual equibiaxial tests up to 60% nominal strain were performed on both RVEs (Fig. 14.a). RVE, exhibited a
stiffer behavior towards higher stretches, due to its higher collagen content. However, it exhibited a slightly
softer behavior in the toe region as the elastin content was decreased. Additionally, parameter fitting was
performed to identify the five parameters of the GOH model (Table 4). Figure 14.b shows that the fit was
better in the axial direction than in the circumferential direction. Indeed, the GOH model had difficulties in
accurately capturing the long toe region present in both the experimental and the RVE model.

Table 4: Gasser-Ogden-Holzapfel model parameters identified for the two different RVEs.

Model Cio[MPa]l ki [MPal ky[-] «[-] «alrad] RMSE

RVE, 0.014 0.17 1.65 0.055 0.26 0.05
RVE, 0.001 0.4 1.94  0.055 0.26 0.09
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Fig. 14: (a) Two different RVE models with size 360°um>® were created and tested virtually with a biaxial tensile test. RVE] is
composed of 30% collagen and of 50% elastic lamellae, representing a thoracic descending aorta, whereas RVE> is composed of 55%
collagen and 25% elastic lamellae, representing a infrarenal aorta [34]. All other components are kept the same as defined in Tables
1, 2 and 3. RVE, exhibits a stiffer behavior towards higher stretches. (b) The Gasser-Odgen-Holzapfel (GOH) model was fitted to the
data to define the five different parameters for both RVEs.

Cjo was logically higher for RVE| than RVE, since it represents the shear modulus of the ground matrix



18 M. Pétré etal./ (2025) 1-31

and elastin, which is more abundant in the former. In contrast, k; and k,, which correspond to the fiber
stiffness and fiber non-linearity, respectively, are higher in RVE, than in RVE; due to the higher collagen
fiber content in RVE,. The fiber dispersion x and mean fiber angle @ remain identical in both RVE models
since the fiber orientation was not changed between RVE| and RVE,.

Figure 15 presents the decomposition of the stress—stretch curve obtained from both the RVE and GOH
models, allowing for a comparison of the contributions from different components. Specifically, it illus-
trated how much of the curve was attributed to the anisotropic response of the collagen fibers versus the
isotropic response of the ground matrix, elastic lamellae, smooth muscle cells (SMCs), elastin struts, and
interlamellar elastin fibers (IEFs). In the GOH model, the isotropic matrix contribution was minimal, reach-
ing only about 0.001 MPa. In contrast, the corresponding isotropic contribution in the RVE model was
significantly larger, accounting for up to 0.12 MPa of the total stress—stretch response.

Moreover, the RVE stress—stretch curve enabled the identification of the individual contributions of each
component within the ground matrix, including the elastic lamellae, smooth muscle cells (SMCs), elastin
struts, interlamellar elastin fibers (IEFs), and the remaining matrix material. Additionally, the RVE model
provided insight into the specific stretch experienced by the collagen fibers, as well as the SMCs. It is
particularly important to focus on the stretch experienced by smooth muscle cells (SMCs), as they are
often connected to adhesion molecules such as integrins and cadherins that are responsible for cell-cell and
cell-matrix interactions. Depending on the magnitude and nature of the stretch, these molecules initiate
intracellular signaling pathways that regulate various SMC functions, including proliferation, migration,
and phenotypic switching [61, 62].
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Fig. 16: (a) A biaxial test with 1.6 stretch applied to the RVE, showing the different fiber stresses in the deformed configuration. (b)
Plots of collagen fiber stretch and stress for the two RVEs as well as the SMCs stretch.

Figure 16.a illustrates how the RVEs deform under 60% strain. Despite the periodic boundary conditions,
the collagen fibers exhibit higher stresses near the boundary of the RVE. Figure 16.b shows the SMCs stretch
distribution in both RVEs simulation as well as the collagen stretch and stress distributions. Although the
virtual biaxial test applied a 60% stretch, most individual fiber stretches did not reach such high values.
Moreover, the fiber stress distribution indicated that some fibers experienced zero stress, as their stretch
levels remained below the assigned recruitment stretch value. Similar to the collagen fibers, the stretch
distribution of the SMCs revealed lower stretch values than the 60% applied stretch.

4. Discussion

In this study, we developed a microstructure-based representative volume element model of arterial tissue,
incorporating key structural components, in casu elastic lamellae, elastin fibers, collagen fibers, and smooth
muscle cells. Using the embedded element technique, we were able to discretely represent the microstruc-
ture of the porcine aortic medial layer. The microstructural inputs were derived from literature data as
multiple imaging techniques are required to visualize the various structural components due to their differ-
ing scales. These techniques include CECT, classical 2D histology, multiphoton microscopy, and SEM. A
limitation of this approach is that the data were obtained from various species and different arteries, such
as the aortas and carotid arteries of rats, pigs, and humans. Consequently, we assumed that values reported
for rats and humans were reasonably comparable to those of porcine arteries, allowing us to approximate
certain microstructural properties when specific porcine data were unavailable. In this study, the aorta was
chosen because it is extensively studied in the literature. However, many cardiovascular diseases occur in
other arteries, such as the coronary and carotid arteries, particularly in the development of atherosclerosis.
Moreover, investigating aortic aneurysms or dissections presents an interesting direction for future work,
particularly by constructing distinct RVEs for different regions of the aortic wall to capture localized patho-
logical changes. To effectively use the RVE model as a tool for understanding disease progression, it is
essential to obtain accurate microstructural data for the arteries of interest. This highlights the importance
of imaging the microstructure of arteries in high detail and combining several imaging modalities to capture
all the necessary information.
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Our RVE model provides a more advanced and detailed representation of arterial tissue microstructure
compared to existing models in the literature. We discretely incorporate multiple medial lamellar units,
capturing key microstructural components with greater fidelity. To the best of our knowledge, no previously
proposed arterial RVE includes such a comprehensive set of microstructural components. However, further
refinement is possible by including additional components, such as Glycosaminoglycans (GAGs) and their
swelling behavior. GAGs are typically bound to core proteins to form proteoglycans, which contribute to the
structural integrity and function of blood vessels [63]. These molecules play a vital role in various vascular
events, such as the regulation of vascular permeability, lipid metabolism, hemostasis, and thrombosis, but
also interact with vascular cells, growth factors, and cytokines to modulate cell adhesion, migration, and
proliferation [64]. It could be interesting to implement such GAGs complex and their responses into the
RVE model such as described in [65, 66].

In this study, we investigated the size convergence of our RVE model and demonstrated that the macroscopic
behavior was dependent on the selected size up to a certain threshold of 360 um, beyond which consistent
mechanical behavior was observed regardless of further size increases. This indicates that eleven medial
lamellar units are required in our model to obtain a representative mechanical behavior. A medial lamel-
lar unit is defined as two elastic lamellae with an interlamellar space containing collagen, smooth muscle
cells, and elastin fibers. To provide context, a porcine medial aorta typically consists of 70 elastic lamellae
and is on average 1400 um thick [25]. Moreover, we analyzed the mesh convergence of the host mesh by
assessing five different mesh sizes. While the impact of the mesh size was less than 0.2% between mesh
1 and mesh 7 (the most refined) at low stretches in the toe region, it increased up to 2% as the stretch in-
creased. This is likely due to the fiber mesh discretization, which was kept constant in this analysis and
should potentially be varied in accordance with the host mesh size. In this context, it is also worth noting
that inadequate discretization of the fiber mesh may have contributed to localized stress concentrations near
the boundaries of the RVE. In our model, collagen fibers were divided into elements with a length of 18
pm, which corresponds to approximately 5% of the RVE size. A mesh sensitivity analysis on the collagen
fiber mesh should be conducted in future work to determine the optimal discretization size and minimize
localized stress artifacts. Indeed, when the collagen fibers were removed from the RVE model, no stress
localization was observed. Additionally, the use of a quadratic material model for the collagen fibers may
amplify stress concentrations, particularly in regions with high deformation gradients.

By assigning mechanical properties obtained from the literature, our model successfully replicated the ex-
perimental mechanical behavior observed in uniaxial tensile tests on porcine aortic tissue. The fit between
the RVE model and the experimental data could be further improved through a proper calibration step using
additional experimental samples and by performing more physiologically relevant biaxial tensile tests [67].
Moreover, no pre-stretch was applied to the RVE model. To better replicate the in vivo pre-strains, this as-
pect could be explored in future work. Beyond validating the model’s ability to reproduce experimental data,
we conducted a parameter sensitivity analysis to evaluate the influence of mechanical and microstructural
properties on the overall mechanical response of the RVE. However, our local sensitivity analysis focused
only on evaluating the impact of each individual parameter on the mechanical behavior of the RVE. This
provided insight into the most influential parameters, namely the mechanical properties assigned to the RVE
components and the volume percentages of elastin and collagen present. A next step would be to perform
a global sensitivity analysis and explore interactions between multiple parameters using a variance-based
method, such as the Sobol method, to better understand their combined effects on the overall mechanical
behavior [68]. As this would require a large number of simulations, it might be necessary to define a surro-
gate model for this step, as done for example in [69].

Our model allows for the quantification of how each individual constituent deforms during the overall de-
formation process. We demonstrated that the degree of stretch varies across collagen fibers and SMCs, with
average stretch levels significantly lower than the macroscopic stretch applied to the RVE. Looking ahead,
the model could be extended to explicitly incorporate adhesion molecules such as integrins and cadherins,
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which play a critical role in mechanotransduction and cellular response to mechanical stimuli. This is partic-
ularly important when studying the pathophysiological processes involved in ECM growth and remodeling,
as it would provide valuable insights for integration into cell-scale models that include gene regulatory
networks [14]. Building on this, the RVE framework could be extended in a full multiscale approach by
coupling it with such cell-scale models [14, 70]. For instance, a gene regulatory network could inform the
RVE about changes in matrix composition (e.g., collagen, elastin). In turn, the RVE’s homogenized me-
chanical response could feed back into a tissue-scale model, enabling dynamic, bidirectional interactions
across scales and offering a more comprehensive understanding of tissue adaptation and remodeling. How-
ever, there is room for improvement in the material models selected for elastin and SMCs. When analyzing
the contribution of different RVE components to the macroscopic stress response, we found that collagen
and elastic lamellae played a dominant role, while SMCs, interlamellar elastin fibers, and elastin struts had
a minimal impact. This can be explained by the difference in stiffness between collagen and the other RVE
components, as well as the material models chosen. Neo-Hookean material models were initially selected
for their simplicity and computational efficiency, which allowed us to focus on establishing and validat-
ing the RVE framework. However, this simplification limits the ability to capture the viscoelastic behavior
typical of soft biological tissues. In the current implementation, collagen fibers are the only components
contributing to the non-linear and anisotropic mechanical behavior. In the future, it could be valuable to
adapt the material models of elastic lamellae and SMCs, and to explore alternative formulations such as
Mooney—Rivlin or Ogden models, or even to develop a custom user-defined material model tailored to these
components. Indeed, elastic lamellae also exhibit a certain degree of tortuosity, which can be visualized and
quantified using CECT [25]. Incorporating this feature into the model could be beneficial, potentially by
implementing a material model similar to that of collagen, with a recruitment stretch principle. Addition-
ally, SMCs exhibit both active and passive mechanical behavior, which could be worth exploring further in
a more complex material model than the neohookean model [71, 72].

Thanks to the parametrized Python code that enables the generation of the RVE geometry, we were able to
easily modify the microstructural parameters by adjusting, in this study, the volume percentages of elastin
and collagen. We demonstrated that our RVE model was sensitive to these changes, as it produced different
mechanical behavior for the two RVE geometries. We used the GOH model to identify the five homoge-
nized parameters for both RVEs. Only the material parameter Cyg linked to the ground matrix (i.e. elastin,
SMCs...) and the two parameters k| and k, linked to the collagen fiber stiffness and fiber non-linearity dif-
fered from RVE 1 to RVE 2. The other parameters, related to collagen fiber orientation, were not impacted,
as the same orientation and dispersion were maintained from RVE 1 to RVE 2. However, the fit between the
GOH stress-strain curve and the RVE model was not perfect, especially in the long toe region, which was
observed both experimentally and in the RVE model. The lack of fit was more pronounced for RVE 2, which
deviates from the microstructure of a healthy artery. This suggests that there is a need in using different con-
stitutive model formulations, particularly when modeling altered or diseased arterial microstructures. One
potential solution could be automated model discovery, where a neural network identifies the most suitable
constitutive model [73, 74]. Recent advances even enable the identification of complex, time-dependent
material behaviors such as viscoelasticity using inelastic Constitutive Artificial Neural Networks (iCANNSs)
[75]. Another approach is to explore poro-visco-hyperelastic models, which account for the coupled effect
of fluid transport, viscoelasticity, and non-linear elasticity, offering a more physiologically representation of
the tissue-scale behavior [76, 77].

5. Conclusion

In conclusion, we presented a microstructurally detailed RVE model for the porcine aortic medial layer
based on information from multiple imaging modalities. By incorporating elastic lamellae, elastin fibers,
collagen fibers, and SMCs representing the microstructural information obtained from the literature as faith-
fully as possible, we were able to successfully replicate experimentally obtained stress-strain curves. The
model’s size convergence analysis demonstrated that at least eleven medial lamellar units are required for
a representative mechanical response. Mesh convergence and sensitivity analyses further highlighted the
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importance of selecting appropriate microstructural and material parameters. Our results demonstrated that
collagen fibers have the most impact on the overall mechanical behavior due to their significantly greater
stiffness and specific material model. Moreover, our model allows to quantify how each individual con-
stituent deforms during the overall deformation, and we showed how the de degree of stretch level varies
over the collagen fibers, whereby the average stretch level is significantly below the macroscopic stretch of
the RVE. Future refinements could involve enhancing the material models for elastic lamellaec and SMCs
to account for lamellae tortuosity and the more complex active and passive mechanical behavior of SMCs.
Thanks to its fully parameterized code, this RVE framework provides a valuable tool for understanding arte-
rial microstructure-function relationships, with potential applications in cardiovascular disease research and
computational modeling of arterial pathologies.
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Appendix A. Generation of the RVE

To generate the RVE geometry, we started by defining the domain size, L.,.. The interlamellar space was
set to 15um, and the volume fraction Vg, of the elastin lamellae is fixed at 50%. For an RVE of size 120
um, this results in four elastic lamellae. The elastic lamellae are modeled as shell elements, initially created
as 2D planes in Pyvista. Later, in Abaqus, a thickness was assigned to these planes, growing outward from
their mid-surfaces. The thickness of the elastic lamellae is defined as:

Tgp = Vg * Lcube/nplanes (A.D)

To impose periodicity, the first plane is positioned at zcoor¢ = 15um, where it it grows symmetrically by 7.5
um on each side. This ensures that the first and last interlamellar spaces each have a thickness of 7.5um,
so that when stacked, they form a complete interlamellar space of 15um (Fig. 5). The z-coordinates of the
subsequent elastic lamellae are determined by incrementally adding a spacing T'scing, Which is set to 30um
in this case (see algorithm 1). Finally, the z,,;, and z,,,, coordinates of the interlamellar space, where fibers
and SMC:s reside, can be determined (Fig. 5).

Algorithm 1 : Generation of elastic lamellae

Illpllt: Lcubea VEL, Nplanes» TEL7 Tspacing
Olltpllt: N, EL

: Define thickness of elastic lamellae: Trz = Vir * Leube/Rplanes
. Define z;pora = 0.015 of 1* plane
s fori=1,...1p0ns do

Create plane with length L., at updated Z.oorq
Define z,,;, and z,,4, as an array for each interlamellar space

1

2

3

4: Zeoordt = Tspucing
5

6

7: end for

Once the elastic lamellae were created, the corresponding z,,;; and z,,,, coordinates of each interlamellar
space are known. For each interlamellar space, a fiber orientation angle is first selected from both the in-
plane and out-of-plane distributions, alternating between +a and —a (see algorithm 2). The fiber direction
vector is then computed. Next, a random nucleation point ry is generated within the boundaries of the
interlamellar space domain. The fiber’s endpoint r; is determined by adding to ry the fiber length multiplied
by the orientation vector. Then, r| is checked to see if it lies outside the interlamellar space boundary. If
r; remains within the boundary, the fiber is added to the pool, and the steps are repeated until the current
volume fraction V F yren; reaches the target fiber volume fraction V. If r| extends beyond the boundary, the
intersection point with the boundary is determined, and r is set at this intersection. A second fiber is then
generated symmetrically from r; with the remaining length to ensure the total fiber length equals L;. Both
fibers are added to the pool and the steps are repeated until VF e €quals V.
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Algorithm 2 : Generation of the collagen fiber networks

Input: Lcube,VF > d’ Zmin> Tmax
Output: Yk = 1,... Nyipers, (r, %)

1: forn =1, ..., npanes do
2 VF currens = 0
3 Lf=0.12
4 count =0
5: while VF ., ens < Vi do
6 Sample out-of-plane angle value 6, from the von Mises distribution (Eq. 4)
7 if count = odd then
8 Sample in-plane angle value ¢; from the von Mises distribution (Eq. 3), centered on +a
9: else
10: Sample in-plane angle value ¢, from the von Mises distribution (Eq. 3), centered on —a
11: end if
12: Calculate the fiber direction N(®, ®) (Eq. 1).
13: Initiate random initial fiber nucleation point ry = [xo,Y0,20], With xo € [0, Leypel, yo €
[0» Lcube]’ 20 € [me',ﬁ ngx]-
14: Compute end point of fiber r| = ry + Lyiper ¥ N(D, ©)
15: Check if ry is located outside of cube boundaries
16: if r ¢ [(O, Lcube), (0, Lcube)s (ZZin’ Zﬁ:wx)] then
17: Define r{* the point located at the intersection with the boundaries of the cube
18: Fiber + = (ro, r{*")
19: Compute Liper = (4 = x0)° + (" =30 + (& = 20)°)
20: VF currem+ = Lfiber%d2
21: Define r;;*"” the symmetrical point from "
22: Compute the remaining length L?f,‘;r = L¢ — Liper
23: ry=ro+ L%:”er * N(D, ©)
24: if 2 ¢ [(0, Leuve) (0, Leupe) (Ziin’ Zﬁmx)] then
25: Repeat step 16-19
26: else
27: Fiber + = (r;®", 12)
28: VFE e+ = L’}f[?;rﬁdz
29: end if
30: else
31: Fiber + = (ry, 1)
32: VF currem+ = LF%d2
33: end if
34: end while

35: end for
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Appendix B. Abaqus implementation of PBC

The periodic boundary conditions (Eq. 11-13) can be written as:

R L _— (R Ly _ = , (M 0
uf ) uf ) = ei_,-(xg ) x(j )) = ei_,-(xg. D _ xg. )) (B.1)
F Bk) _ = , (F Bl _ = (M 0
uf ) _ uf ) = eij(xg ) xi. )y = Eij(x; 2 _ x; ) (B.2)
T B - (T B - M 0
uf ) uf m = ei_,-(xE ) xi. my = eij(x; - xi. ) (B.3)

where the difference between the coordinates of corresponding nodes on the right and left boundaries is
equal to the difference between the coordinates of master node 1 and the origin, and where x&o) = 0. Sim-
ilarly, this applies to the top and bottom boundaries, as well as the back and front boundaries, with the
corresponding relationships for master node 2 and the origin, and master node 3 and the origin.

The displacement of the master nodes can then be expressed in terms of the macroscopic strain tensor, which
is assumed to be known:

™ =g (B.4)
M. - M.

uM™ = e,»,xi. 2) (B.5)
M - M

uf 3 = eijxi. 3 (B.6)

In Abaqus, constraints between degrees of freedom, equations (11-13), are implemented using the keyword
*EQUATION:

«EQUATION

3
Right,1,1,Left,1,-1,M;,1,-1
3
Right,2,1,Left,2,-1,M,;,2,-1
3
Right,3,1,Left,3,-1,M;,3,-1
3

Front, 1,1,Back,1,-1,M,,1,-1
3

Front, 2,1,Back,2,-1,M,,2,-1
3

Front, 3,1,Back, 3,-1,M,,3,-1
3

Top, 1,1,Bottom, 1,-1,M3,1,-1
3

Top, 2, 1,Bottom, 2,-1,M3,2,-1
3

Top, 3, 1,Bottom, 3,-1,M3,3,-1

The displacements of the master nodes, equations (B.4)-(B.6), is prescribed via *BOUNDARY:

*BOUNDARY
Node i, 1,3,0

M, 1,1, "

My, 2,2, u™

My, 3,3, ul™

My, 1,1, u{™?
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My, 2,2, ud™
MZ, 3, 3, uéMZ)
M3, 1,1, u{"™
M3, 2,2, ul"™
M3, 3,3, ul"™

where the displacement of Node i is fixed to prevent any rigid body translation.

Appendix C. Homogenization using traction fields

One way to retrieve the overall macroscopic stress is to know the traction field on the surface of interest [16,
55, 54, 56]. Indeed, the microscopic stress can be written as follows:

(S)Cj
O'ijzo'ikéjkzo'ikd_xk (C.1)
where ¢;; is the Kronecker’s symbol. It follows that the integral of the microscopic stress can be rewritten
as:
(SXJ'
Tij dv = Oik— dv (C2a)
v v o 0xg
o o0
= f L oaxpdv— | ZE xav (C.2b)
Vv 6Xk Vv 6)Ck
=0
= f X jng dA (C.2¢)
sV
- f oy dA (C.2d)
v

The second equality arises from the application of the product rule. The second term on the right-hand side
becomes zero due to mechanical equilibrium. The third equality is derived using the divergence theorem,
while the fourth equality follows from Cauchy’s law #; = o7;n;. Similarly, one can express:

fc’,jdV=f [j)C,'dA (C.3)
Vv oV

Since the stress tensor is symmetric, it follows that:

1
fo-,-jde—f(t,-xj+tjxi)dA (C4)
Vv 2 oV

Expression (C.4) is preferred over expression (C.3) as it ensures that the macroscopic stress calculated from
the surface traction is symmetric. In Abaqus, the traction fields can be easily obtained by extracting the
reaction forces at the master nodes used in the simulation.

Appendix D. Experimental mechanical tests

Uniaxial tensile tests were performed on descending thoracic porcine aorta samples to validate the RVE
model. Within 24 hours after harvesting, all samples were preserved at -80°C through a snap freezing
step in -75°C isopentane before being used for mechanical testing [78]. On the day of the experiment, the
samples were thawed at room temperature and their thickness was measured with a micro-laser scanner
(Gocator 2300, LMI technologies, Canada). Then, the samples were tested with a Messphysik-Zwick/Roell
uniaxial tensile testing machine (Zwick/Roell, Germany) under displacement control. The samples were
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mounted using metallic toothed clamps and were placed in a PBS liquid bath at 37°C to replicate the in
vivo conditions. A preload of 0.1 N was applied to avoid sagging of the sample. Ten loading cycles
were performed with a total displacement of 16 mm, followed by a final cycle in which the sample was
loaded until failure. Fourteen samples, each from a different pig, were tested in uniaxial tension in both
directions (seven samples per direction). A speckle pattern with graphite powder was deposited on the
sample for strain mapping with 2D digital image correlation (DIC) using the software VIC-2D (Correlated
Solutions, USA). The area of interest to compute the correlation was defined by the neck region of the
dogbone sample in its reference configuration. A subset of 65 pixels and a step size of 7 pixels were
used. Thanks to the VIC-2D DIC analysis, the spatial distribution of the Green-Lagrange strain components
along the principal experimental direction was computed. The 1¥ Piola-Kirchhoff stress P was computed
by dividing the reaction forces measured RF(¢) by the undeformed cross-sectional area Ag. Due to the
snap-freezing step used for sample preservation, it is unlikely that the SMCs remained viable. However,
while their active contractile function is likely lost, their passive mechanical properties are still expected to
contribute to the overall tissue response.

Appendix E. Parameter Sensitivity Analysis

The parameter sensitivity analysis was performed on the following mechanical and microstructural input
parameters described in Table E.5. For each parameter, we considered the range reported in the literature,
computing 10% and 20% of this range. We then applied a decrease and increase of 10% and 20% to the
simulated value chosen for the reference RVE. In total, 44 simulations were performed. The values in bold
were adapted to maintain a positive stiffness for elastin and collagen and to ensure that «,,, € [0, 0.5] remains
within a valid range for fiber dispersion.

Table E.5: Input parameters selected for the parameter sensitivity analysis. The values in bold were adapted to maintain a positive
stiffness for elastin and collagen and to ensure that «,, € [0, 0.5] remains within a valid range for fiber dispersion.

Mechanical parameters Reference value -20% -10% 10% 20%
Ground matrix stiffness [kPa] 8.04 6.45 7.25 8.83 9.63
SMC stiffness [kPa] 8 8.70 18.35 37.65 47.30
Elastin stiffness [MPa] 0.1 0.03 0.05 0.2 0.3
Recruitment stretch [start - end] [1.323-1.523] [1.24-1.43] [1.28-1.48] [1.36-1.57] [1.40-1.62]
Collagen stiffness [MPa] 54.3 4.70 29.30 170.83 287.36
Microstructural parameters Reference value -20% -10% 10% 20%
Volume of elastic lamellae [%] 50 43 46.5 53.5 57
Volume of collagen [%] 30 24 27 33 36
Orientation « [°] 6.91 4.09 5.5 8.32 9.73
Kip 0.28 0.23 0.26 0.30 0.33
Kop 0.493 0.475 0.484 0.497 0.499
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