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Abstract: An abdominal aortic aneurysm is a localized expansion of the abdominal aorta with a
diameter >3 cm or >50% larger than the normal diameter. In this study, the stretch and strength of the
materials in the abdominal aorta in patients with aneurysms were examined based on the results of
tensile tests, and databases of failure stress and stretch were established according to age. Generally,
the tensile test results of the axial and circumferential directions have become a priority in the tests
of aortic materials. However, this study focused on the results of the axial direction. In addition,
finite element analysis, where the Holzapfel model and the test results were applied, was performed.
As a result, the behavior characteristics of the abdominal aortic materials were precisely simulated.
The formula and material constants used in the Holzapfel model were studied and proposed in order
to simulate the failure stress and stretch according to age as well as simulation.

Keywords: abdominal aorta aneurysm; anisotropic hyper-elastic model; material nonlinear behavior;
finite element analysis

1. Introduction

The aorta is the main artery in the human body, originating from the left ventricle of the heart and
extending down to the abdomen, where it splits into two smaller arteries. It distributes oxygenated
blood to all parts of the body through systemic circulation. However, aortic aneurysms—characterized
by reduced stiffness of the arterial wall—may develop, which results in the expansion of the lumen
due to several factors, such as smoking, alcohol consumption, hypertension, genetic influences,
and atherosclerosis. Aneurysms have different names according to their position, and their geometry
is also different depending on the location. In particular, an abdominal aortic aneurysm is a localized
enlargement of the abdominal aorta with a diameter >3.0 cm or 50% larger than the normal diameter.
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These abdominal aortic aneurysms occur most commonly in individuals aged 50 years for men and
60 to 70 years for women, as well as those with family history [1]. Additional risk factors include
smoking, high blood pressure, other heart or blood vessel diseases, and genetic conditions, including
Marfan syndrome and Ehlers-Danlos syndrome, which increase risk [2]. According to the guidelines
of the European Society for Vascular Surgery, it can be seen that important risk factors for abdominal
aortic aneurysms are advanced age, male gender, and smoking. Smoking is a particularly strong risk
factor, and smoking-related risks are much higher than for either coronary artery disease or stroke.
In addition, it can be seen that the average growth rate of abdominal aortic aneurysms is from 30 mm
to 55 mm, and the ranges are from 2 mm to 3 mm per year [2]. In these abdominal aortic aneurysms,
ruptures are very lethal and the mortality rate is from 85% to 90%. In particular, the aneurysms are
normally asymptomatic until a rupture. Hence, the aneurysms should be identified and treated before
any ruptures occur, and surgery is usually recommended for abdominal aortic aneurysms with a
diameter of >5.5 cm in men or >5.0 cm in women in order to prevent aortic ruptures [1].

However, there are some problems in the surgical judgement criteria for abdominal aortic
aneurysms. In particular, many clinicians are having difficulty in examining the cause and making
accurate judgements of aortic aneurysms, partly because aortic ruptures more commonly occur even
if the diameter is <5.0 cm. Hence, studies on the risk factors of abdominal aortic aneurysms have
been conducted in recent decades, and some studies reported the significant associations of these
factors with the number of patients with abdominal aortic aneurysms. Nevertheless, studies that
quantitatively analyze the location, propagation rate, and rupture risk of abdominal aortic aneurysms
are rarely able to be found.

Therefore, the mechanical analysis in identifying the precise material behavior and degradation of
abdominal aortic properties according to the major factors should be performed in order to solve these
problems. Experimental and computational analyses of the extracted tissues from carcasses, cadavers,
and patients have been conducted to identify the precise material behaviors and properties based on
various factors, such as vascular location [3-7], layer [8-11], diameter [12], and smoking preference [5]
in leading overseas research institutions for many decades [13-17].

In particular, Pierce et al. [3] have quantitatively studied the impact of tissue variations on the
passive mechanical response of aneurysms in the supra-physiological loading range via mechanical
testing and constitutive modeling. They conducted uniaxial extension tests on circumferentially and
axially oriented strips from five thoracic and eight abdominal aortic fusiform aneurysms. As a result,
they found the differences on the material behavior between the diseased thoracic and abdominal
tissues and between healthy and diseased tissues. In addition, databases on the material parameters
were presented using the Holzapfel model, a constitutive model that simulates the vessel, and an
evaluation method of the damaged tissues, as well as the material nonlinear behavior were proposed.
Forsell et al. [4] also assessed the risk of abdominal aortic aneurysm ruptures by using the tensile
test and finite element methods, which analyzed the circumferentially and axially oriented strips
from sixteen abdominal aortic aneurysms. They also proposed the elasto-plastic damage model to
predict the failure stress and strain in the arterial wall. Raghavan et al. [5,6] performed tensile tests for
unruptured and ruptured abdominal aortic aneurysms, and examined wall thickness ranges according
to aneurysm diameters. Moreover, they reviewed the failure stress, strain, and tension based on the
location of the aneurysm, orientation of fiber, patient’s age and smoking preference, and presented
the average stress and strain data and relationship between stress and strain in healthy and diseased
tissues. Pancheri et al. [7] provided new insights on the relationships between patients’ natural
histories, histopathologies, and mechanical behavior that may be useful in identifying the rupture
risk evaluation method. Tong et al. [8] examined the biaxial extension behavior of the intraluminal
thrombus and thrombus-covered wall in abdominal aortic aneurysms according to the patient’s age,
and compared this with the proposed material models. They measured the behaviors of the ruptured
luminal, medial, and abluminal layers in the circumferential and longitudinal directions. Gasser et
al. [9] proposed an in vitro experimental approach that provided layer-specific failure data of the
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intraluminal thrombus tissue under static and pulsatile mechanical loads. In addition, they presented
various intraluminal thrombus ultimate strength and stiffness across the radial direction using data
from the luminal, medial, and abluminal specimens.

Despite the performance of these various studies, some limitations, such as the age range,
numerical model for material nonlinear-damage modeling, and criterion for rupture in abdominal
aortic aneurysms are still observed. The material properties of the fiber direction in the abdominal
aorta tend to decrease as age increases, and the tissues have material nonlinearities according to
age [18]. Hence, in experimental and computational studies of the abdominal aorta, advanced studies
that assess the variation of material properties according to age and develop a numerical model for
material nonlinear-damage modeling should be conducted.

Therefore, this study examined the information, tensile tests, and numerical theories for abdominal
aortic aneurysms, and the material behaviors of the tissues in patients with abdominal aortic aneurysms
were simulated using the ABAQUS finite element program. In the simulation step, the Holzapfel
model [19,20] was used to analyze the material model. In addition, in order to determine the reliability
of the simulation technique, the numerical simulations under uniaxial tensile loading for the axial
and circumferential directions were compared with experimental results. The stress of the tissue was
examined according to age from the numerical simulation and the experimental results. Consequently,
the material constants of the failure stress and stretch of the tissues in patients with abdominal aortic
aneurysms were proposed according to age. Furthermore, the relationship between material constants
and age was examined, and the formula used to determine the relationship was also proposed.
These results could be used to examine the wall stress of aortas in patients with abdominal aortic
aneurysms, and the results are also expected to be used in the simulations that were conducted to
predict rupture risks in abdominal aortic aneurysms.

2. Methodology

In this study, the failure stress and stretch according to age in the experimental results were
examined, and the relationship between the results was investigated. The numerical model
proposed by Holzapfel et al. [19-21] was used for the computational analysis method to simulate the
experimental method.

2.1. Experiment Details

This study reviewed the experimental results of the tensile tests carried out by Pierce et al. [3]
and Forsell et al. [4] under a temperature condition of 37°C. Pierce et al. [3] conducted uniaxial
tensile tests on circumferentially and axially oriented strips from eight abdominal aortic aneurysms
(63.9 years £11.4). They glued sandpaper to the ends of the samples in order to prevent slippage,
and the specimens were obtained as rectangular strips (4 x 15 mm, width x length). In addition,
they conducted uniaxial testing under quasi-static conditions with a displacement rate of 5 mm/min
in order to avoid dynamic or viscoelastic effects. As a result, they examined the relationships between
stress and stretch of tissue and investigated the material damage parameters. Forsell et al. [4] also
performed the uniaxial tensile tests on longitudinally oriented strips from 14 abdominal aortic
aneurysms (68.9 years £6.7). They prepared the bone-shaped test specimens that measured 8 x
36 mm (width x length) with 4 mm (width in the middle) in order to reduce the failure rate of the
experiment. In addition, the specimens were also clamped at each end using the grips attached to the
crossheads of the tensile test equipment and the stress—stretch curve for the tissues presented from the
experimental results. In their study, the stretch, instead of strain, of the arterial tissue was examined in
the experimental results under the tensile loading, because it is very difficult to measure the strain of
arterial tissue using the video- or laser-extensometer in the specimens of small dimensions.

Consequently, the failure stress and stretch measurements obtained from the experimental results
of individuals aged 58-78 years were presented in the megapascal scale, as shown in Figure 1.
Samples clearly have failure stress values of approximately 0.11-0.79 MPa, and failure stretch values
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of approximately 1.08-1.60. Moreover, the trend line obtained based on the relationship between age
and failure stress and stretch data were added in Figure 1, and the failure stress and stretch values
based on this trend line were calculated to determine the material constants used in the numerical
model during the computational simulation. In this study, the material behavior of the aorta in the
abdominal aortic aneurysm was investigated in patients aged 58-78 years, because it most commonly
occurs in those aged >50 years [1].

As a result, the failure stress and stretch in the aortic tissue appears to have an important effect on
decreasing the tensile strength, as the age increased, and the trend in the database could be recognized.
In addition, the minimum and maximum values of the trend were determined, and the criteria of
the damage characteristics of aortic tissue in patients with abdominal aortic aneurysms could be
established based on these trend lines. The material parameters in the numerical model that applies
the computational simulation were calculated based on these experimental results.
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Figure 1. Failure (a) stress and (b) stretch distribution, according to age.
2.2. Numerical Model

Theories on anisotropic hyper-elastic material of the arterial layers were developed by many
research teams and have been applied in the field of computational biomechanics [19-24]. In particular,
the Fung [22] and Holzapfel [19,20] models have been widely used in various simulations of the
arterial wall. In the Fung model [22], the underlying assumption is based on a strain formulation that
the preferred material directions are initially aligned with an orthogonal coordinate system in the
reference configuration. These directions may become non-orthogonal only after the deformation. In
the Holzapfel model [19,20], unlike the strain-based formulation, the invariant-based formulation of
fiber directions need not be orthogonal during the initial configuration. Therefore, a constitutive law
on the description of mechanical responses in the arterial tissues has been proposed, and the arterial
walls were considered as a thin-walled circular cylindrical tube consisting of layers.

In the present study, the Holzapfel model [19,20] was applied to the numerical simulation, and the
material constants according to age were calculated. Moreover, the formulae for material constants
including the age were proposed.

Hyper-elastic materials. In hyper-elastic materials, the relationship between stress and strain
are determined on the basis of the strain energy density function (), which is defined according to a
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deformation gradient or strain tensor. The derivative of the strain energy density function of a strain
component provides its corresponding stress component [24]:

9y
Sij = = 1
where S is the second Piola-Kirchhoff stress tensor and ¢ is the Lagrangian strain tensor, which is

defined as follows: 1
eij = 5(Cij— %) @

In Equation (2), Cis the right Cauchy-Green deformation tensor (C = F'F), and F is the deformation
gradient that can be presented in terms of the displacement vector u (F = Vu + I). Local geometry
deformation of a material element is explained on the basis of the deformation gradient, and the strain
energy function is commonly defined as a function of the deformation gradient. Actually, the function
is expressed as the right Cauchy-Green deformation tensor. Therefore, the relationship of the second
Piola-Kirchhoff with the Cauchy stress tensor is expressed as follows [24]:

S = JF loF T ®3)

where | = det F. Therefore, the Cauchy stress tensor is defined according to the following
Equations (1)-(3):

o= 2]_1F3%FT (4)

In isotropic materials, the strain energy density function is dependent on the right Cauchy-Green
deformation tensor based on its invariants. The invariants of the right Cauchy-Green deformation
tensor are as follows:

I, = trCl, = % [(trc)2 - trcz] I; = detC )

Therefore, the strain energy density function is dependent on the invariants [20], and the Cauchy
stress equation is expanded as follows:

o=2]" (FalpallFT+FalpaleT+Fa¢aI3FT) (6)

a1, oC 9k, 9C L5 9C

By obtaining the derivatives of the invariants with respect to the right Cauchy-Green deformation
tensor [24] and knowing that B = FFT, Equation (6) can be expressed as follows:

o= 21 [¢1B + (1113 — BZ) + 134;31] @)

where ¢ = 9y /9d1;. In an incompressible isotropic material, I3 = det F = 1, and the Cauchy stress tensor
is modified as follows [24]:

o= —pl+ ZFg%FT (8)

where p is a scalar identified as hydrostatic pressure. Therefore, the Cauchy stress tensor of an
incompressible material associated with B is expressed as follows:

¢ = —pl+21B+ 24> (1B — B?) )

Anisotropic hyper-elastic materials. In the organization of human soft tissues, the existence
of collagen fibers [25] causes the material to have one or more preferred directions (M). In this
case, the strain energy density is a function of both the right Cauchy-Green deformation tensor and
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the preferred direction. Two more dependent pseudo-invariants for these materials are defined as
follows [19]:
I, = M(CM) Is = M(C2M) (10)

where, for example, CM expresses the action of the second-order tensor C on the vector M.

In an incompressible material reinforced by one family of fibers, the strain energy density function
is dependent on I, I, 14, and Is. In this particular case, the Cauchy stress has two additional terms
that indicate the effects of anisotropy. Therefore, the Cauchy stress tensor could be represented as
follows [20]:

¢ = —pl+241B +2¢; (1B — B?) +2¢4m @ m + 2¢s[m @ Bm + Bm & m| (11)

where ® denotes the dyadic product of two vectors and m = FM is the deformed form of the vector
M in the present configuration. In some tissues, such as arterial walls, two families of fibers with
different directions can be found within the tissue. Therefore, M’ can be considered as the unit vector
in the direction of the second family of fibers. In addition, three more invariants were considered as
follows [20]:

I, =M (CM) L =M (CZM’) Iy = [M (CM)} (MM') (12)
In this case, the Cauchy stress is represented as follows [20]:

o = —pI+ 2B+ 2y (B — B?) + 2¢pym ® m + 2¢p5[m ® Bm + Bm ® m] )
+2ipgm’ @ m’ + 247 [m' ®@Bm' +Bm ® ml} + 248 (M ® M') (m @m 4+m ® m)
In this study, the Holzapfel model for anisotropic materials was used as the simulation method,
and the strain energy function in the Holzapfel model is expressed as follows [20]:

v = Colh —3) + -{exp fa(r; - 1)?] ~1} (14

where Cyg, k1, ko, and « are material constants, and I; is described as follows:
sz = KI] + (1 — 3K)I4 (15)

In the Holzapfel model, the direction of each family of fibers is assumed to be dispersed in a mean
direction. The dispersion is indicated based on « (0 < x < 1/3) [20], and the Cauchy stress tensor
could be calculated from Equations (13)—(15).

2.3. Simulation Details

The estimated failure stress and strain from the trend line determined in Section 2.1 were used to
analyze the material constants. In this study, the ABAQUS finite element analysis program was used to
compare the experimental results in the tensile test of the soft tissue. First, the material constants in the
numerical model were calculated on the basis of the stress—stretch curve according to the orientation
of tissues, in order to assure the reliability of the computational simulation technique. The material
constants of the stress and stretch according to age were calculated using the previous computational
simulation technique.

The geometry of the tensile specimen was set as rectangular strips (4 x 15 x 2.12 mm, width x
length x thickness) based on the dimensions of the experiment in Section 2.1, as shown in Figure 2.
The orientations of the collagen fiber in the layers were set as 18.8, 37.8, and 58.9 degrees (Intima,
Media, Adventitia), as shown in Figure 3 [21] and Figure 4. The measured specimens were embedded
maintaining planar geometry and sectioned sequentially at 3 um in a tangential orientation, and the
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fiber orientations in the plane were observed on the histological images. In addition, the orientations
for 60 collagen fibers were measured in the intima, adventitia, and oblate nuclei of smooth muscle
cells in the media. Therefore, Holzapfel [21] proposed the determined mean fiber angles and standard
deviations numerically by assuming a normal distribution and symmetrical arrangement in accordance
with the circumferential direction.

y-direction

' . Straight line motion

X-, y-, Z-direction
: Fixed condition

(@) (b)

Figure 2. (a) Boundary and (b) loading conditions of the tensile test specimen during the simulation.

Intima Media Adventitia

'& TR CEEL]
| FRNTLRE & o Y

Axial

Circumferential

Figure 3. Images of an intimal, medial, and adventitial strip with circumferential orientation [21].

In the boundary and loading conditions, the fixed and straight-line motion conditions were
applied in the experimental conditions, as shown in Figure 2. The fixed and straight-line motion
conditions were applied at both ends of the specimen. Moreover, in the material properties,
the Holzapfel model of the anisotropic hyper-elastic material was used for the simulation, and the
element used was type C3D8RH, a general-purpose linear brick element with reduced integration,
hourglass control, and hybrid with constant pressure [26]. In this simulation, the numerical analysis of
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the tensile tests for adventitial strips that cut along the circumferential directions of the artery, as well
as the strip cut, was considered, as shown in Figure 4.

(b)

Figure 4. (a) Orientations of the fiber and (b) mesh in the tensile test specimen during the simulation.

3. Results and Discussion

3.1. Tensile Strength of Arterial Tissues According to Fiber Orientation

To demonstrate the reliability of the results in numerical analysis, simulation results have to
be validated by comparing them with the experimental results. Therefore, in this simulation study,
the material constants in the Holzapfel model [20] were firstly established based on the stress—stretch
curve of the tissues in patients with abdominal aortic aneurysms. In particular, the stress—stretch curve
of the tensile tests according to the fiber orientation was estimated from Pierce et al.’s experimental
results [3] where the representative stress—stretch experimental data and equation fits for the tensile test
data were provided. In addition, numerical simulations were conducted through a uniaxial extension
simulation of circumferentially and axially oriented strips, as shown in Figure 5.

The arterial tissue has different tensile stress and stretch according to the direction, because they
are composed of three layers that have different fiber directions according to the layer. Therefore,
the samples on the circumferentially oriented strip had an average tensile strength value of 0.34
MPa, which is 14.3% higher than the average value of the samples on the axially oriented strip.
On the contrary, in the stretch results, the samples on the axially oriented strip had an average
tensile stretch value of 1.23, which is 3.0% higher than the average value of the samples on the
circumferentially oriented strip. Therefore, it appears that the arterial tissue has different tensile
characteristics according to the fiber orientation. Figure 5 shows the verification for the material
parameters based on the directions of fiber in the parametric simulation. Consequently, it can be seen
that the correlation coefficients, r, were 0.9977 and 0.9986 in the comparison between the experimental
and simulated results on the circumferentially oriented strip. In addition, the R-squared, as well as the
correlation coefficients were examined, and they had R-squared values of 0.9954 and 0.9971 on the
axially oriented strip.
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Figure 5. Stress—stretch curve of the arterial tissue determined during tensile tests and simulation.

3.2. Tensile Strength of the Arterial Tissue According to Age

In this study, the trend lines of the average, maximum, minimum values were calculated on the
basis of the experimental results, and the simulation results under tensile loading for axial direction
were compared with the experimental results according to age, as shown in Figure 6. Regarding the
correlation between the trend lines of the maximum and minimum values and simulation based on
the experimental results, a maximum error rate of 0.0065 and 0.0129 and an average error rate of 0.0021
and 0.0031, respectively, were clearly observed. In addition, according to the line graph, the range
of the failure stress at the age of 58 years is 0.274-0.704 MPa, and the range of the failure stretch is
1.216-1.556. The range of the failure stress at the age of 78 years is 0.07-0.5 MPa, which is 29.0-74.5%
lower than the failure stress at the age of 58 years, and the range for the failure stretch is 1.018-1.358,
which is 12.7-16.3% lower than the failure stretch.
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Figure 6. Experimental and simulation results, trend lines for (a) failure stress and (b) stretch.
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The material parameters, that were estimated from the simulation results under the axial
tensile loading, were applied to the simulations according to age under the tensile loading for the
circumferential direction, and the given line graph compares the tensile strength based on the arterial
tissue samples of two different types of tensile loading directions in megapascal scale at ages 58-78
years, as shown in Figure 7. The range of the failure stress at the age of 58 years is clearly 0.182-0.839
MPa on the circumferentially oriented strip, which is 19.9-73.6% lower than the failure stress at the
age of 78 years. Notably, in the results of samples in patients aged >76 years, the failure stress on
circumferentially oriented strip rapidly decreased from 0.182 MPa to 0.304 MPa, although the arterial
tissue has strong behavioral characteristics on the circumferentially oriented strip.
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Figure 7. Simulation results under tensile loading for (a) axial and (b) circumferential directions.
3.3. Parametric Study for Material Parameters

In this parametric study, the material constants, C1g, k1, and kp, which are directly related to the
young’s modulus, stress, and strain of the material, respectively, were investigated. Figure 8 shows the
variation of the material parameters according to age in the simulation results for the maximum and
minimum trend line range. Consequently, the material constants on the maximum and minimum trend
lines continuously increased overall as the age of the specimen increased. According to the line graph,
the values of the material constant, Cyg, increased sharply from 0.055 to 0.01 and from 0.353 to 0.02 on
maximum and minimum trend lines, respectively, as age increased from 58 to 89 years. In addition,
the values of the material constant, k1, were nonlinearly related with age and increased from 6.5 to 580
on the minimum trend line, whereas the values of the material constant linearly increased from 0.87 to
1.84 on the maximum trend line. Finally, the values for the material constant, k;, are also nonlinearly
related with age and increased from 6.0 to 17.9 on the minimum trend line, whereas they are linearly
related with age and increased from 63 to 355 on the maximum trend line. In addition, the material
constants in the minimum trend line were higher than in the maximum trend line. This may have been
due to the large deformation that occurs in the lower failure stress and stretch values, which sharply
decreased as the age increased.



Appl. Sci. 2019, 9,101 11 of 14

0.06 ——T——T—T—T—T—T—T——2° 04 —p——T— T T 600
- @—0—@ C,, (Max) 4 Remem Cio (N!'") |
005 (- M—— K, (Max) . =LK, (Min)
L A K, (Max) W ey K, (Min) |
0.04 ] /
—~ 12X — i N !N
g s & * | 5
< 003 4 o =2 o2 /T —3000
° € ¢ P4 3
O - er o L // lI/ -1 xr
0.02 | ///
01} - c —{150
- 4 “d— },
0.01 Wy Yo
] vig A~ 1
L~ Ve 0 0.9,9: K= !
5 0 o.h-l-\"r'l-FT PR I T N 0
60 64 68 72 76 80 60 64 68 72 76 80
Age (Year) Age (Year)
(a) (b)

Figure 8. Variation of the material parameters according to age in the trend line range ((a) maximum
and (b) minimum).

Moreover, the formulas in this study which can estimate the values of material constant associated
with age (N) shown in Figure 9, could be proposed as follows:

Cromax = ®1,max X eXP(&2,max X N)Cromin = &1,min X exXp(&2,min X N) (16)
kl,max = ,Bl,max X N — ,BZ,maxkl,min = ﬁl,min X eXP(,BZ,min X N) (17)
kZ,mux = Y1,max X eXp(72,max X N)kZ,min = Y1,min X N — Y2,min (18)

Figure 9 and Table 1 show the coefficients in Equations (16)—(18), and the comparison between
material constants and formulae according to age. The R-squared is the proportion of variance in the
dependent variable that can be distinguished from the independent variable. As a result, the R-squared
ranges from 0.9152 to 0.9979 in the correlation between the values of the material constant and formulae.
Therefore, the coefficients according to age can be calculated and predicted, and the simulation can be
conducted in patients aged >78 years.

Table 1. Coefficients and R-squared in the correlation between values of material constants
and formulae.

Material Constant a1, B, m «2, B2, 12 R?

C10,max 84618E-05  0.0818  0.9895
C10,min 54244E-06  0.1348 09152
K1 max 0.0485 20140  0.9863
K1 i 7.9912E-05 02278  0.9760
k2 max 0.2200 0.0567  0.9979

k2 min 152 844.9 0.9868
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Figure 9. Comparison between material constants ((a) C1g, (b) k1, and (c) k) and formulae according

to age.

4. Conclusions

This study investigated the uniaxial tensile tests and numerical theories of the samples extracted
from the abdominal aorta in order to determine the material constants according to age in the numerical
model. In addition, the numerical simulations were conducted under tensile loading for the axial and
circumferential directions to observe the stress—stretch curve of the specimens, and the results were
compared with experimental results to determine the reliability of the simulation method. From the
numerical simulation and the experimental results, the stress of the specimen was examined according
to age as well as the stress—stretch curve related to loading direction. Furthermore, the material
parameters were determined according to age, and the formulae used in the material constants
according to age were suggested. The results have the following general features:

B According to the tensile test results with respect to direction, the samples on the circumferentially
oriented strip was noted to have an average tensile strength value of 0.34 MPa, which is 14.3%
higher than that on the axially oriented strip. In addition, from the stretch results, it can be
seen that the sample on the axially oriented strip had more flexibility than the sample on the
circumferentially oriented strip. Therefore, the arterial tissue can be confirmed to have different
tensile stress and stretch depending on the fiber orientation.

B Moreover, in this study, the failure stress and stretch from the uniaxial tensile test were examined
according to age, and the trend lines of the average, maximum, and minimum values were
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calculated based on the experimental results. The numerical simulations according to age were
conducted based on the results for the trend lines. As a result, a maximum error rate of 0.0065
and 0.0129 and an average error rate of 0.0021 and 0.0031 were observed in the comparison study
between the trend lines and the simulations.

B In the parametric study, the material constants for age were estimated on the basis of the
maximum and minimum trend lines. Regarding the correlation between material constants
and age, they continuously increased overall as the age of the specimen increased. In particular,
it can be seen that the values of the material constants, Cyg, k1 min, and kz max, were nonlinearly
related with age.

B From these results, the formulae that associated the value of the material constant with age
were proposed, and the proportion variance in the dependent variable that can be distinguished
from the independent variable was examined. Consequently, it could be seen that the R-squared
ranged from 0.9152 to 0.9979 in the correlation between the values of the material constant and
the formulae.

The results obtained in the present study are expected to be used in the design for the medical
device in order to enhance further understanding of the soft tissue behaviors. In addition, based on the
results obtained in this study, we propose that the solid mechanics of the soft tissue must be considered
when choosing the medical device design.
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