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Graphical abstract

Abstract

The aim of the present study was to define biomechanical parameters of the healthy human abdominal aorta, usable to develop materials for the 
aortic phantom production. Such phantoms used in the training of endovascular treatment must describe the same morphology and mechanical be-
havior properties as the patient’s aorta. To accurately identify these biomechanical parameters, ex vivo experiments in uniaxial tensile and dynamic 
simple shear tests were performed on six human healthy abdominal aortas (6 males, between 12 and 69 years old). A solid generalized Maxwell 
model including Yeoh expression for the elastic part was used to describe the hyper-viscoelastic behavior of the aorta. The results obtained from 
uniaxial tensile tests show an exponential-like increase in stiffness, which can be described by three hyperelastic parameters (C1, C2 and C3). From 
dynamic shear experiments, the viscous part of the global biomechanical behavior was expressed in a specific angular-frequency range (1 to 315 
rad/s). Three Maxwell elements (β1, β2, and β3) put on three constant times (τ1 = 0.003 s, τ2 = 0.03 s, and τ3 = 0.3 s) respectively, were neces-
sary to describe it. As this relatively high number of viscoelastic parameters may be difficult to control in the development of materials, we suggest 
defining the viscous behavior with the global viscosity η0 that combines the viscoelastic contributions of each Maxwell element. In conclusion, 
four biomechanical parameters: C1, C2, C3 and η0, must be considered for the development of materials used in the aortic phantom production.
© 2016 AGBM. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

Arterial biomechanics has been intensively studied, and sub-
stantial progress has been achieved in understanding basic arte-
rial structure and its influence on mechanical behavior [1]. It is 
now widely accepted that the arterial tissue undergoes large de-
formations and that its behavior is highly nonlinear, dissipative, 
and anisotropic [2]. The knowledge of patient-specific biome-
chanical properties is of paramount importance, because they 
influence the response of the artery to therapeutic interventions. 
The increase of endovascular therapies over the past decade has 
led to a wide use of medical devices such as aortic phantoms 
[3,4]. Numerous studies have attempted to produce aorta phan-
toms, which have the same morphology and mimic the non-
linear viscoelastic (hyper-viscoelastic) behavior of the actual 
aortic tree [5,6]. Rigorously speaking, a patient-specific aor-
tic phantom would be composed of healthy and diseased areas. 
Unfortunately, complicated procedures and difficulty to obtain 
human artery specimens have led to a paucity of experimental 
data concerning the hyper-viscoelastic behavior of healthy aor-
tas. Consequently, aortic phantoms are mostly developed with 
materials able to mimic the diseased-artery mechanical behav-
ior [3,7].

The biomechanical behavior of healthy aortas can be de-
scribed from in vivo or ex vivo experiments. With regards to in 
vivo experiments, it is difficult to identify the hyper-viscoelastic 
behavior due to the complexity of the technique [8] and the 
limits of medical imaging. In this case, it is virtually impos-
sible to quote a study including reliable data that could be used 
in aortic phantom development. Some authors resort to ex vivo
experiments in order to accurately study the biomechanical be-
havior of the aorta. Nevertheless, the majority of them focus 
only on the relationship between elastic properties and aortic 
region [9–11], age [12,13], or disease characteristics [14–16]. 
They omit the dissipative part which is an important compo-
nent of the global biomechanical behavior.

The identification of constitutive models able to describe the 
aorta behavior, and of their parameters, allowed biomedical en-
gineers to develop materials exhibiting mechanical behaviors 
tending toward this of healthy or diseased aortic tissues [5,7]. 
Nonetheless, in constitutive equations based on a detailed phys-
ical description of the tissues [17,18], the number of parameters 
generally becomes very large so that they may be difficult to 
determine. Therefore, the material macrostructure of the aorta 
phantom is often different [19] compared to the actual aorta 
[20]. More simply, the use of a phenomenological model [21]
with a smaller number of parameters makes it possible to vali-
date materials formulations.

The aims of this study are to contribute quantitative data 
on the hyper-viscoelastic behavior of healthy abdominal aortas 
(AA) based on uniaxial tests and dynamic shear methods, and 
to propose a phenomenological constitutive equation suitable 
to describe this behavior, while keeping a relative simplicity. 
For each artery tested, we provide parameter values of a se-
lected phenomenological model, namely generalized Maxwell 
solid model that can be used by biomedical engineers and de-

Table 1
Data for the human abdominal aorta samples tested.

Age BMI (Body Mass Index) Sample name Cause of death

12 20 a12b20 Unknown
39 18 a39b18 Unknown
50 36 a50b36 Unknown
57 28 a57b28 Road traffic accident
68 18 a68b18 Cardiac arrest
69 25 a69b25 Cardiac arrest

vice manufacturers to investigate better treatment methods and 
develop artery-specific devices.

2. Materials and methods

2.1. Tissue specimens

This study was approved by the Hospital and University 
Ethics Committees of Lyon (France). Healthy abdominal aor-
tas were collected from 6 deceased human subjects (6 males, 
between 12 and 69 years old) at the time of their autopsy at the 
Institute of Forensic Medicine. Subject population data, namely 
age and body-mass index (BMI = m/h2, where m is the body 
mass in kilograms, whereas h is the body height in meters), as 
well as the corresponding sample names are presented in Ta-
ble 1. The name of each sample is built as follows: aXXbYY, 
where XX is the age, and YY is the BMI, e.g., a12b20 cor-
responds to a 12-year-old subject with BMI equal to 20. Speci-
mens were removed between iliac arteries and the lower mesen-
teric artery. All tissues were stored in 0.9% NaCl physiological 
saline solution at 4 ◦C. Then, all the mechanical measurements 
were performed in isothermal conditions at ambient tempera-
ture. Testing was done within 36 hours of death to preserve 
freshness.

2.2. Constitutive model

In the present work, a phenomenological model was cho-
sen to limit the number of adjustable parameters, while keep-
ing the best possible description of the behavior. Therefore, 
a hyper-viscoelastic model, namely the generalized Maxwell 
solid model, was selected. This model can be represented by 
a parallel assembly of a solid branch composed of an isolated 
spring and a number m of viscoelastic liquid branches, each 
of them composed of a spring and a dashpot in series. In this 
model, the function ψ that describes the free-energy variation 
of a transformation in isochoric and isothermal conditions is 
given by [22]:

ψ(C) = ψ∞
iso(C) +

m∑
α=1

ψα(C) (1)

where ψ∞
iso(C) is the strain-energy function characterizing the 

equilibrium state of the solid represented by the isolated spring, 
C the right Cauchy–Green strain tensor and m the number of 
relaxation times (which are defined by the ratio between the 
corresponding dashpot viscosity and spring modulus). This left-
side term of equation (1) can be experimentally assessed by 
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