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Abstract

Background: Cardiovascular system is directly affected by mechanical loads such as blood pressure. Blood pressure induces ten-
sion in the arterial wall tissue which is sensed by the smooth muscle cells and the appropriate action such as deposition or degrada-
tion of the extracellular matrix is taken. Coupled with the blood pressure, elasticity of the arterial wall govern the load that is sensed
by smooth muscle cells. Also the mechanical behavior of the arterial wall is mostly dependent on its fibrous content and hence the
orientation of these fibers is a key factor in arterial tissue mechanics.
Objectives: The current study aims to illustrate how the fibers can change the transmural stress distribution which will activate
smooth muscle cells to balance the fibrous content.
Methods: We proposed four models with different fiber orientations across the arterial media and simulated these models in finite
element environment. The respective circumferential stress profile from each model is extracted and compared.
Results and Conclusions: Obtained stress profiles delineate some similar and some different behaviors, in the case of constant
fiber orientation across the wall resulting stress profile is monotonic while with changing the orientation across the wall, the profile
becomes different. Our results indicate that considering different fiber orientations across the wall is necessary for prediction of
arterial wall remodeling, growth and aging. This role is such that a specific orientation of collagen fibers (model II) results in totally
different circumferential stress profile as the respective profile is ascending despite the other three models. These results indicate
that single layer models of the arterial wall cannot demonstrate some major characteristics such as circumferential stress profile.

Keywords: Fiber Orientation, Circumferential Stress Profile, Lamellar Modeling, Finite Element Analysis, Constitutive Models,
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1. Background

Mechanical loads play critical roles on the regulation
of the cardiovascular system. One of the most important
mechanical stimuli in this system is the blood pressure.
Blood pressure induces tension in the arterial wall tissue
which is sensed by the smooth muscle cells and the ap-
propriate action such as deposition or degradation of the
extracellular matrix is taken [1, 2]. Also shear stress mod-
ulates the transport of lipoproteins and macromolecules
from blood flow into the arterial wall and therefore di-
rectly affects the formation and progression of atheroscle-
rotic plaques [3]. On the other hand arterial wall demon-
strates unique mechanical properties such as large elastic
deformations, anisotropy and incompressibility [4]. Since
the cellular content of the cardiovascular tissue are sensi-
tive to their mechanical environment, the interaction of
the mentioned mechanical stimuli with the unique and
complex mechanical behavior of the arterial tissue defines

the narrow border between the health and disease in car-
diovascular system. If we regard cardiovascular diseases
as the leading causes of mortality in the world [5], the im-
portance of stated coupling will be multifold. As a result
in past two decades, the vital role of biomechanics in pre-
vention, diagnosis and treatment of the cardiovascular dis-
eases is being widely investigated.

Distensibility of the arterial wall due to blood pres-
sure is dependent on its mechanical behavior. This me-
chanical behavior is dictated by the microstructural archi-
tecture of the arterial tissue. Hence, exploring these mi-
crostructural features and resulting mechanical behavior
contributes to deeper understanding of the cardiovascular
patho-physiology [2, 6].

Arterial tissue demonstrates multiscale hierarchical
organization. At micro scale, three concentric layers can
be distinguished in the arterial wall: intima, media and ad-
ventitia (inner, mid and outer layers, respectively). Intima
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is composed of a single layer of endothelial cells while the
adventitia is constructed by loose connective tissue and
serves to attach arterial wall to the surrounding tissues and
hence, mechanical behavior of the mid-layer mostly deter-
mines the mechanical behavior of the arterial wall [2, 7].
On the other hand, microstructure of the media is built of
thin and concentric lamellar units. In healthy arterial wall,
these lamellar units across media are identical in thickness
(~ 12 µm) and fibrous content (elastin 12.7 % and collagen
43.9% of the tissue dry weight) [8, 9], however the orien-
tation of collagen fibers across the arterial media and be-
tween lamellar units is variable [10]. It should be noted that
the average orientation of the collagen fibers change as we
start from the aortic root and progress along the arterial
tree. In large arteries near the heart, fibers are mostly ori-
ented in the circumferential direction and change orien-
tation toward longitudinal axis in distal branches, such as
femoral artery [10]. Since elastin and collagen fibers are the
main mechanically relevant components of arterial media,
the orientation of the collagen fibers is a determining pa-
rameter in cardiovascular biomechanics [11].

Biological soft tissues exhibit, anisotropic, i.e. di-
rection dependent mechanical behavior, hyperelastic, i.e.
elastic response over the wide range of strains up to 60
percent, and incompressible characteristics [7, 9], hence
one needs to adopt appropriate theoretical framework for
modeling these tissues. Also it should be noted that most
of the mentioned mechanical characteristics of the arterial
wall are attributed to collagen and elastin fibers of the me-
dia.

A popular framework that is capable of capturing such
mechanical behavior is strain energy approach [4, 12-14]. In
this process, a form of strain energy function (SEF) is pro-
posed, such that its derivative with respect to the strain
tensor, provides the mechanical stress. Such SEF is fur-
nished with material parameters which are determined by
experimental data for any specific material. These parame-
ters characterize the mechanical behavior of the biomate-
rial. Obtained material parameters are then implemented
into the numerical simulation environment to predict the
mechanics of that specific tissue in different physiopatho-
logical states (interested reader is referred to the previous
paper of the author [15]). It should be noted that FEM sim-
ulations are very strong and popular tools in the modeling
of the arterial wall mechanics [6, 11, 16].

Blood pressure generates transmural stresses in the ar-
terial media, and the magnitude of these stresses regulate
cellular activities. Since the orientation of collagen fibers
impacts these stress distributions, in the current research
this contribution is investigated and the resulting stress
profiles are reported and discussed.

2. Methods

Circumferential stress profile is one of the main deter-
minants of formation or degradation of ECM in the arte-
rial wall. To evaluate this stress profile, different patterns
of collagen fiber orientations is built on a regular geome-
try of arterial wall, then a series of simulations were car-
ried out and the obtained stress profiles are compared ac-
cordingly. Such simulations of the soft tissues necessitate
the use of nonlinear continuum theories. The details of the
modeling and the finite element simulation is provided in
the following.

To account for the anisotropic behavior of the arterial
wall a previously-described form of SEF [15] is utilized for
each region (Eq. 1). In this equation W denotes the SEF,
c1, c2, a1, a2 and a3 are material parameters, Ii and Ei de-
note deformation measures (invariants of the right Green-
Cauchy tensor and diagonal components of Cauchy-green
strain tensor, respectively). While the first term reflects
the isotropic behavior of the ECM, the second exponential
term encapsulates the anisotropic response of the arterial
wall mechanics originating from collagen fibers. As a re-
sult, the material parameters in the exponent represent
the role of fiber orientation on the mechanical behavior
of the arterial wall in circumferential and axial directions.
When the fibers are aligned mostly in the circumferential
direction then the material will be much stiffer in that di-
rection compared to the axial direction and hence a1 « a2
and vice versa.

Also is should be noted that when a fiber is making and
angle θ with the circumferential direction, its angle with
longitudinal axis will be (90 - θ) and the contribution of
the fiber elasticity in desired axis is proportional to the co-
sine of the angle with the intended axis, for example, for a
fiber with θ = 30 degrees, its contribution to the stiffness
of the circumferential axis is higher compared to longitu-
dinal direction. Based on previously reported values of the
material parameters of the above-mentioned strain energy
function (refer to [6]), the values of a1 and a2 are estimated.

2.1. Modeling Approach

To investigate the effect of fiber alignment on the
distribution of the circumferential stress in the artery, a
model of the aortic media containing five concentric and
interconnected regions were proposed (Figure 1). The aor-
tic media is consisting of approximately 60 lamellar units
stacked radially [8], modeled five region denote inner to
outer regions of the media and each region represents a
group of adjacent lamellar units. These five regions are
sufficient to visualize the trend of stress profile across the
aortic media. Four patterns of fiber alignment in the pro-
posed model is simulated and resulting circumferential
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stress profile is compared. Detailed information of fiber
alignment for proposed patterns is provided in the follow-
ing. It should be noted that this information was adopted
in the mechanical properties of each region and their con-
tribution were reflected in mechanical properties of the ar-
terial tissue accordingly. In different arteries, the orienta-
tion pattern of the collagen fibers is different. Hence, sev-
eral generic models of the arterial wall with similar dimen-
sions and different orientation of fibers were considered.

Adventitial Side 

Region 5 

Region 4 

Region 3 

Region 2 

Region 1

Luminal Side 

Figure 1. A Schematic of the Aortic Media and the Five Concentric Regions Are Shown

2.2. Model I

In this model, fibers are aligned at an angle of 15 de-
grees to the circumferential axis on the luminal side of the
media and this angle is increased with a step of 15 degrees
outward. The details of fiber orientation in each region is
summarized in Table 1.

2.3. Model II

Fiber direction in this model is complement of model
1. On the inner region, fibers make an angle of 75 degrees
with circumferential direction (or equivalently 15 degrees
with longitudinal direction) and this angle is decreased
with a step of 15 degrees toward the outer regions (Table
1).

2.4. Models III and IV

These two models are based on constant fiber orienta-
tion across the regions. In model III, fibers in all five re-
gions are aligned at an angle of 30 degrees with respect to
circumferential direction. This angle for the model IV is 60
degrees with circumferential direction (or similarly 30 de-
grees with longitudinal axis) (Table 1).

2.5. Finite Element Modeling

According to the symmetry of the arterial wall geom-
etry, a sector of cylindrical geometry were simulated in-
stead of full cylinder. 2D geometry of the arterial section
(circumferential-radial plane) were meshed using 3200
CPE4RH elements and simulated for finite element analy-
sis. It should be noted that mesh independency is checked
and selected number of elements are adequate for circum-
ferential stress evaluation. Five concentric regions were
distinguished on the geometry to account for changes in
the fiber orientation across the thickness. The aortic wall
was modeled as a thick-walled and deformable cylinder
with inner radius of 5 mm and thickness of 0.5 mm. These
dimensions resemble the tunica media of a medium-sized
artery in the body.

Symmetric boundary conditions were applied to the
model, i.e., the lateral boundaries of the section are re-
stricted in circumferential and longitudinal directions
and allowed to displace only in radial direction (Figure 2).
Blood pressure of 13.3 kPa applied on the luminal side of
the model (Figure 2). Arterial wall was assumed to be stress-
free prior to loading. It should be noted that the current
study investigates the circumferential stress profile result-
ing from blood pressure and other mechanical couplings
between the blood flow and the arterial tissue, e.g. shear
stress and harmonic pressure wave, is not considered (ad-
ditional detail on the FE simulation is published in our
previous paper [2]). It should be noted that circumferen-
tial stress is the main component of mechanical stimulus
that governs the wall remodeling and stimulate smooth
muscle cells to synthesize or degrade extracellular matrix
(ECM).

After the simulation, the circumferential stress profile
along a radial path from luminal to adventitial side of the
media is extracted and compared.

3. Results

Based on the FE simulations, circumferential stress
profile along a radial path for the models were extracted
and illustrated in Figures 3 and 4. Models I and III are rep-
resented in Figure 3 (models with fibers tending more to
circumferential direction on inner side) and model II and
IV are shown in Figure 4 (fibers orientation in inner regions
is more in axial direction). The nature of stress profiles rep-
resenting models I, III and IV is descending while the stress
profile representing model II is arising as we move from lu-
minal to adventitial side.
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Table 1. The Orientation of the Fibers in Each Region for the Proposed Models is Summarizeda

Variables Orientation of Fibers with Respect to Circumferential Axis, Degrees

Model I Model II Model III Model IV

Region 5 75 15 30 60

Region 4 60 30 30 60

Region 3 45 45 30 60

Region 2 30 60 30 60

Region 1 15 75 30 60

aThese angles are represented in degrees and measured with respect to the circumferential direction of the artery.

Figure 2. Geometry, Loading and Boundary Conditions of the Arterial Wall FEM
Model In The Circumferential-Radial Plane

P = 13.3 kPa

The left and right edges are fixed in circumferential and longitudinal directions and
are only allowed to move in radial direction. Luminal blood pressure of 13.3 kPa is
applied as loading.

St
re

ss
 (K

Pa
)

700

600

500

400

300

200

100

0

Normalized Radial Path

Luminal Side Adventitial Side

Model I
Model III

Figure 3. Circumferential Stress Profile Along a Radial Path for Models I and III.

Among these curves, models III and IV exhibit a more
uniform stress profile. For model III and IV, stress pro-
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Figure 4. Circumferential Stress Profile for Models II and IV Showing the Ascending
and Descending Stress Curves for Model II and IV, Respectively

file deviates around 300 kPa and 500 kPa, respectively. Al-
though, stress profile of the model I and II show a nonlin-
ear trend and more changes in the stress from luminal to
adventitial side.

Maximum stress among the models is observed on the
luminal side of model I and similarly the minimum stress
among models is observed for luminal side of the model II.

4. Discussion

Stress profiles shown on Figures 3 and 4 indicate the vi-
tal role of the fiber orientation on the distribution of cir-
cumferential stress in the arterial wall. The profile of the
circumferential stress in the arterial wall plays an impor-
tant role on the regulation of ECM [2]. Stresses higher than
physiologic range, stimulate the SMCs and lead to forma-
tion of new fibers while, stresses below the normal range,
cause fiber degradation in order to keep the mechanical
stiffness of the arterial wall in the optimal level. Regularly
in a pressure vessel, the stress profile is descending (simi-
lar to profiles denoting models I, III and IV on Figures 3 and
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4), however the specific orientation of fibers can change
this trend as seen on Figure 4. Under the luminal blood
pressure the circumferential stress in the wall is increased
as we move outward. In this model, the fiber gradually
change orientation toward circumferential direction and
as a result on model II, region 5 (fibers in 15 degrees with cir-
cumference) is much stiffer than the inner region 1 (fibers
in 75 degrees with circumference) and the profile is ascend-
ing. Therefore, focusing on the fiber orientation within the
models of the arterial wall is mandatory for better predic-
tion of the biological events in the wall such as remodeling
and growth.

The maximum and minimum values of the stress are
also reasonable. On model I (Figure 3), the innermost re-
gion has fibers aligned at 15 degrees with circumferential
direction, hence innermost region of model I is the stiffest
among the models and since it is directly exposed to the
blood pressure, high stiffness will produce the maximum
stress. Also the region 1 on model II (Figure 4) has fibers
aligned with an angle of 75 degrees with circumferential
axis and hence their stiffness will be less compared to the
other models and observing the minimum stress for this
region is in agreement with the high impact of fiber orien-
tation on stress profile.

In many of the arterial wall models, the tissue is re-
garded as a single layer with an overall “preferred direc-
tion” [11, 16, 17] (this parameter represents the average ori-
entation of fibers in an specific region of the artery). These
models are useful for describing some aspects of arterial
wall mechanics, however they are unable to predict and
postulate mechanical environment of SMCs across the ar-
terial wall. In the present study, model I and model II have
the same overall preferred direction (which is obtained by
averaging the fiber direction for each model) but the re-
sulting stress profile is pretty different and somehow con-
tradictory since the former has a descending stress profile
and the latter illustrate an ascending stress profile.

4.1. Conclusion

The FE model of the arterial media is simulated and the
resulting circumferential stress profile is obtained. This
stress profile, acts as a mechanical stimulus that directly
invokes biological process such as growth and remodeling.
Our findings indicate that circumferential stress profile is
highly susceptible to fiber direction and altered fiber direc-
tion can even change the descending/ascending nature of
the stress profile. Hence, current models of the soft biolog-
ical tissues that mostly assume the tissue as a single and
homogenous layer of connective tissue, neglect some prin-
cipal characteristics of the arterial wall and cannot repro-
duce the circumferential stress profile across the arterial

tissue. Since the tissue elasticity mostly reflects the phys-
iopathological state of the cardiovascular system, and the
respective mechanical behavior is very sensitive to the ori-
entation of fibers across the arterial wall, further investi-
gation and proposition of lamellar models seem necessary
for the biomechanical evaluation of growth, remodeling
and aging.
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