Estimation of Stress-Strain Relationships in Vascular Walls using Multi-Layer
Hyperelastic Modelling Approach
Michel E Mickael1, Abbas Heydari2, Roger Crouch1, Sherri Johnstone1
1

School of Engineering and Computing Sciences, Durham University, UK, 2 School of Biological
and Biomedical Sciences, Durham University, UK
stretch and circumferential stretch) across the wall is
constant. Using this simplified approach, the average
stress-strain behaviour can be determined. We refer to
this approach as the standard averaged model.
Alternatively, one could begin with the assumption of a
uniform strain field across the wall of the vessel, but now
employ a constitutive model (appropriate for the wall
material) to determine the stresses. The material constants
satisfy structural equilibrium (that is, the sum of the
stress-area products equals the applied forces). This is the
approach presented here.

Abstract
Determining the stiffness (or compliance) of
biological vascular vessels is of importance when
investigating pathological conditions, the design of stents,
vascular grafts, distal anastomotic connectors in
coronary artery bypass surgery, and understanding of
biological pressure sensors. This communication is
concerned with determining appropriate values of the
material constants associated with a layered anisotropic
hyperelastic constitutive model to estimate the mean
stress for arterial and venous walls. Results show that the
values of the material constants, determined from a
constrained
optimization
approach,
satisfying
equilibrium, give rise to mean stress-strain states which
are consistent with responses obtained from the standard
averaged model.

1.

2.

The arterial and venous wall consists of three
concentric cylindrical layers; innermost layer; intima,
middle layer; media and outermost layer; adventitia. The
layers behave as transversely isotropic homogeneous
nearly incompressible hyperelastic materials in which a
strain-energy function, W, is assumed to exist [2]. The
arterial wall extends passively, but the smooth muscle
controls the active tension of the vessel. Forming a model
for thin wall arterial response, Holzapfel et al [3]
presented a two term strain-energy function that used
experimentally obtained elastin and collagen responses to
model passive extension. The effect of smooth muscle
cells was neglected as it is thought that these do not
contribute to the passive stiffness. Only elastin and
collagen were considered as the constituents that act
during the extension of the arterial wall. However, that
model did not consider the responses for the individual
layers constituting the arterial wall. von Maltzahn et al [4]
measured experimentally the elastic properties of the
media and adventitia. It did not include the role of the
intima, which has been proven to be of significant
importance [2]. In [5] Demiray and Vito used a two layer
model, neglecting the role of the intima. The media was
considered orthotropic, while the adventitia was
considered isotropic. The relationship between the two
layers and the whole structural stress was not presented.
In [2] Holzapfel et al presented layer specific strainenergy equations assuming arterial layers. No mean

Introduction

Understanding the stress-strain relationship for
cardiovascular vessels could have a major impact on
studying diseases such as arteriosclerosis and
atherosclerosis. It could also help in designing vascular
grafts. The authors are particularly interested in applying
such information to investigate baroreceptors. These are
pressure sensors that report blood pressure to the CNS.
The process of their operation is divided into two main
phases[1]. Firstly, blood pressure applied to the vascular
wall is transferred into a strain which then controls the
opening probability of many mechanosensitive ion
channels. These are embedded into the vascular wall [1].
Their exact positions are disputed. Studying stiffness
contributions from different layers of the arterial and
venous walls, as well as the mean stress for the wall,
would help in understanding the function and the process
or the arterial wall, there have been various attempts to
model the stress-strain profile using different
assumptions. For example, one may use thin-walled
cylinder theory to determine the average axial and
circumferential stresses given the axial force and internal
pressure. In this model, it is assumed that the strain (axial
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[2]. This indicates that, in terms of load-carrying capacity,
vascular vessels are collagen dominated.
Figure 4 shows that the vein is softer than the all
arteries investigated both axially and circumferentially.
Both the standard and hyperelastic models indicate that
the maximum extension ratio for the vena cava is much
bigger than that of the arteries (Figure 4). Venous
parameters are lower than the arterial ones. These models
ould be used to design parameters of synthetic stretch
receptors and vascular grafts [6] and studying vascular
diseases.

directions. Axial stretches are 1.66, 1.2, 1.1, 1.29, and
1.91 respectively.
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Figure 4: Comparison of mean stresses for abdominal
aorta (star) [8], mammary (diamond), coronary (circle),
and rat tail artery (triangle) [6] vena cava (square), in both
axial (dashed line) and circumferential (continuous line)
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