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ABSTRACT

This project addresses characterization of the material properties of aortic tissue.
Understanding of these properties is important for a variety of studies including tissue
engineering, effects of aging and diseases, stents engineering, and traumatic aorta
rupture. The goal of the presented research was to characterize the stress-strain
relationship of aorta in dynamic oscillatory biaxial loading. A setup was developed that
supplied pressure loading from the physiological to sub-failure levels (between 7 and 76
kPa) to porcine aorta at frequencies ranging from 0.50Hz to 5.00Hz. Samples tested were
constrained at both ends while the deformation and the pressure were recorded.
Volumetric strain versus pressure was used to characterize the structural behavior of the
material which showed frequency dependency and hysteresis indicating viscoelastic
response. An offset method was developed to account for drifting behavior exhibited by
some of the samples. The structural behavior of aorta was modeled using a quasi-linear
viscoelastic (QLV) creep theory. The QLV model included a logarithmic steady state
elastic function v = 0.663+0.040 + 0.241+0.011In(P) for pressure in kPa, and a Prony
series creep function (Jo = 0.472+0.021, J, = 0.109+0.060, J3 = 0.419+0.056). Modeling
results were then used to determine the relationships between the circumferential and
longitudinal stresses and strains of the material. The results exhibited that the stress in
the transverse direction was about 1.5 times larger than in the axial direction. However,
in the axial direction material was stiffer and the deformation was 30% less. The
relaxation function of the material was determined by linearizing the non-linear

component of the QLV model and applying to it the linear viscoelastic theory.



Furthermore, literature comparison revealed that aorta’s creep function, as well as its

elastic modulus, is within the range of what has been reported in the literature.

In conclusion, an experimental model was developed that can be used to predict
the behavior of porcine aorta under physiological and sub-failure conditions at quasi-

static and dynamic loading.
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CHAPTER 1 - INTRODUCTION
1.1 Definition of the Problem

Description of the mechanical behavior of biological tissues has been a challenge
for research investigators for over a century. For aorta, one of the earliest works was
completed by Reinfleisch in 1893 who was one of the first people to document traumatic
aortic rupture [1]. Since then, aorta was studied for various reasons. Peterson, Greenfield,
and Patel, in the early 60s, were looking at material properties of aorta in order to better
understand its biological behavior [2-4]. As tissue biomechanics became better
understood, the material properties of aorta were examined to study not just the blood
flow, but also effects of aging and diseases [5]. In 1972 the area of injury of aortic tissue
began to gain attention, an interest that lasts until today, as investigators began to identify
the mechanisms of rupture of aortic tissue in vehicular accidents as well as characterizing
the material properties of aorta at injurious levels [6-9]. More recently, stent and vessel
wall interaction has also been added as the area of interest that requires a clear

understanding of the material properties of aorta [10].



Avrteries and veins are non-homogenous, non-linear viscoelastic, and can undergo
large deformation with finite strain [11]. Even though studies have been concluded that
defined vessel behavior, various simplifications were used in those processes. For
example, earlier studies characterized the vessel under physiological conditions by
simplifying the vessel to a linear viscoelastic and homogeneous material [3, 12, 13].
Several studies looked into modeling of the vessels at large deformation, but the models

developed did not include the time dependency typical of the biological vessel [14, 15].

To account for the shortcomings of the current understanding of the behavior of
aorta, the goal of this study was to characterize the material property of the vessel, taking
into consideration its ability to undergo large deformation and its time dependant
characteristic. The results of this research will be applicable to the studies of vessel

rheology, automotive safety, tissue engineering, and stent and vessel wall interactions.

1.2 Objective and Hypothesis

With the background considered, the objective of this study was to characterize
the material properties of aorta in dynamic biaxial oscillatory loading at finite strains. The
hypothesis of this study was that a quasi-linear viscoelastic model can capture the aortic

behavior at large deformations as well as its characteristic time dependency.

1.3 Specific Aims

The following specific aims were put forth for this project:



1. Measure the deformation of aorta in response to sub-failure oscillatory
pressure loading. A novel experimental pressure setup was designed that
allowed to pressure load aorta from 7kPa and 76kPa at frequencies from

0.50Hz to 5.00Hz

2. Characterize the structural properties of aorta using the results of Aim 1.
The relationship between volumetric strain and pressure was modeled with

a quasi-linear viscoelastic relationship.

3. Characterize the material properties of aorta using the results of Aims 1
and 2. The material properties that relate the circumferential and

longitudinal measures of hyperelastic stress to strain were derived.

Figure 1.1 shows the work flow of this study. Steps of the workflow will be

described in more detail in the method section.
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CHAPTER 2 - BACKGROUND
2.1 Anatomy of the Aorta

Aorta is the main artery of the body, supplying the oxygenated blood from the
heart to the upper and lower limbs. It consists of three major sections, ascending,
descending and aortic arch. Aortic isthmus is located between the descending aorta and

the aortic arch (Figure 2.1).

Inside the body, the vessel is mainly fixed in two ways. The descending aorta is
rigidly tethered to the spine with the intercostal arteries branching off of the aorta. Aortic
arch is suspended by the coronary arteries that supply the upper limbs and the head with
blood. The connection between the heart and the aorta is made through the ascending
aorta, which is one of the suspension points for the heart itself. It should be noted that the
heart is not rigidly fixed. There are however other suspension points such as pulmonary
artery and vein that connect it to the lungs, as well as the superior and inferior vena cava

that deliver the deoxygenated blood.

Aortic Arch

Ascending Aorta

Peri-Isthmus

Descending Aorta

Figure 2.1: Anatomy of aorta [16]



The wall of aorta consists of three layers. The intima is the innermost layer and
consists of endothelial cells. Function of these cells includes forming an anticoagulant
barrier between the vessel wall and blood, as well as critical metabolic and synthetic
functions. Intima, therefore, is responsible for circulation and regulation of homeostasis,
vasomotor tone, and immune and inflammatory responses [17]. The tunica media is
mostly made up of smooth muscle cells, as well as varied number of elastic sheets,
bundles of collagenous fibrils, and a network of elastic fibrils. Smooth muscle cells of
this layer are controlled by the autonomous system of the body and are responsible for
the maintenance of the blood pressure by vasoconstriction and vasodilatation [18]. The
outer layer, called tunica adventitia, contains collagen fibers, fibroblasts, macrophages,
blood vessels (vasa vasorum), and nerves. Its main responsibility is to prevent excess
dilation. It is believed that elastin, considered as a main contributor to normal pulsatile
behavior of arteries, bears load primarily at low stresses and strains, while at high strains

the collagen fibers dominate the mechanical behavior of the artery [19].

It should be noted that blood vessels, just as any other organs inside the body,
continuously change with time. One of the biggest effects of aging is thickening of the
intima and stiffening of the arterial walls. Furthermore, many people suffer from
atherosclerosis, which is the build-up of fatty deposits called plaque on the inside wall of
the arteries, covered by a hard shell or scar. These changes cause the vessels to become

less elastic and more prone to rupture [20, 21].



2.2 Literature Review

2.2.1 Aortic Material Properties

One of the biggest difficulties in characterizing a blood vessel such as aorta, or
any other physiological vessel, is its complicated behavior. The actual material is non-
homogeneous, anisotropic, nonlinear viscoelastic capable of exhibiting finite strains.
Furthermore, the material properties of the tissue change with age, various health
conditions, as well preconditioning technique [11]. To consider every element required to
adequately classify aorta would create an inefficiently large and complicated formulation.

Furthermore, a very large sample size would be required in order to validate the model.

Initial studies were completed on the vessels at physiological conditions [3, 12,
13, 22]. One of the main advantages of implementing this condition was the fact that
material is nearly elastic at these pressure levels. Some phase shifts have been observed,
but were considered as insignificant [2, 23]. The material was then treated as a thin
elastic cylinder, allowing for an easy definition of the elastic modulus. Though this
method was criticized by the investigators themselves, it allowed for useful

approximation and comparison of different studies [2, 4, 12].

About 30 years ago, investigators began to investigate the behavior of the vessels
at injurious levels. One of the more recognizable studies, done by Mohan and Melvin
(1982), considered the behavior of the human aorta at failure levels in longitudinal and
transverse directions. The loading rate was varied as well, to see how the material would
behave at high strains. Several conclusions were derived from this study. Most

importantly it showed that aorta behaves differently at dynamic rates rather than at



quasistatic. The investigators showed that even though the ultimate extension ratios of the
material was the same for quasistatic and dynamic loading, ultimate stresses were larger
by a factor of ~1.8 in the latter. Furthermore, even though there weren’t any significant
differences between ultimate stresses in the longitudinal and transverse directions at
quasistatic test, during dynamic testing ultimate stresses in transverse samples were
greater by a factor of ~1.5 [8]. Later investigations confirmed some of Mohan’s findings

as well [6, 7, 24].

Testing on human tissue did bring up the issues of sample variation. Material
properties of human tissue samples generally exhibited large dissimilarities [7, 8, 24].
This was mainly due to the age and health of the samples [24]. For characterization of the
tissue, it was possible to find a way around these variations either by comparing samples
from one specimen amongst themselves [8], or normalizing based on the failure point
[24]. These studies indicate that for testing human aorta, a large sample size needed with

a detailed description of the age and health of the subjects.

There are several types of constitutive equations that have been used so far in
order to predict the behavior of blood vessels. The ones most related to this research are
pseudoelastic and viscoelastic. This literature review will only briefly discuss these
models. An extensive review on different constitutive models of blood vessels was

written by Vito and Dixon (2002) [25].

Fung et al (1979) was the first to introduce pseudoelasticity, which treats the
material as one hyperelastic material in loading and as another material in unloading.

However, most of the data is limited to the preconditioned loading cycles [22]. There are

8



generally three types of strain energy density functions (SEDF) used for the hyperelastic
models of arteries namely, exponential [14], polynomial [26], and logarithmic [27].
Exponential function was shown to provide a better fit over the polynomial for certain
arteries, as well as more stable material parameters [14], while logarithmic model

provided limited ability to describe anisotropic behavior [25].

The basic linear viscoelastic models (e.g.., Maxwell, VVoight, and Kelvin model)
cannot be used to model the nonlinear behavior observed in most biological soft tissue
[11]. Because of this limitation, various modifications to the viscoelastic theory have
been proposed. Quasilinear Viscoelasticity (QLV), introduced by Fung (1975), assumes
that the viscoelastic component of the model can be separated into time and strain
dependent components [22]. This model has been used in modeling of tissue such as
brain [28] and esophageal tissue [29], but there is scarce information regarding blood
vessel modeling. One known study was conducted by Langewouters et al. (1984, 1985)
who characterized a reduced creep function for human aortas through a dynamic and

static step loading [13, 30].

At the physiological levels, however, there have been recent developments in
linear viscoelastic modeling. Armentano et al (1995) used a 2" order differential
equation to model the behavior of canine aorta in conscious animals. They created
separate terms accounting for the elastic response of elastin, collagen, and smooth muscle

fibers, and viscous and inertial aortic wall behaviors [31].

In another theoretical study, aorta was modeled as a two layered viscoelastic tube.

The two layers considered were media and adventitia, which were considered to be

9



responsible for the behavior exhibited by the vessels. The model also included the effects
of the position of the smooth muscle cells and collagen fibers. Since to that point the
exact position of the cells and the fibers was undetermined, the authors also developed a

technique to measure orientation from live samples [32].

One of the major hurdles in characterization of blood vessels is the presence of
residual stresses. As reported by Vito et al. (2003), the first investigator to discover
circumferential residual stresses and strains was Bergel in 1960, who noted that a
longitudinal cut in an arterial section resulted in “unrolling” of the artery. Since then,
longitudinal residual stresses, and the different residual stresses exhibited by the different
layers, have been identified [11, 33]. Residual stresses play an important role in the
vessel modeling, and even though investigators have considered non-pressurized blood
vessels at the atmospheric pressure as the stress-free configuration [14, 24, 31], it has
been shown that including the residual stresses into the arterial models results in better
distribution of stress across the arterial wall with significantly decreased stress levels at

the intima [27, 34].

10



CHAPTER 3 - MATERIALS AND METHODS

3.1 Materials

3.1.1 Sample Preparation

For the experiments, six samples from six month-old pigs were acquired from a
local slaughter house (Hatfield Quality Meats, Hatfield, PA). Porcine aorta was chosen
because of its availability and uniformity in material properties. Porcine aorta has been
widely used in the cardiovascular related research as a substitute for human aorta and
their mechanical properties are believed to be similar [35]. However, there no rigourous

study that compared the material properties of porcine and human aorta.

To have all of the samples tested under the same conditions, aortas were ordered
attached to the heart. Once received from the slaughter house, the samples were kept in
saline solution at 5 °C until the beginning of the experiment. Throughout the test, aorta

was hydrated in the same solution but at room temperature (22 °C).

Table 3.1: Samples Summary

in vivo wall thickness | sect. dia sect. length

Sample ID | Test Date | length (mm) | (mm) (mm) (mm)
81809 081809 165.10 1.52 14.71 19.05
90409 090409 216.21 1.39 18.37 46.03
91109 091109 207.96 1.35 15.78 42.86
92509 092509 218.00 1.54 15.49 44.45
100209 100209 201.46 1.47 13.71 47.63
101609 101609 231.06 1.69 15.21 47.63
AVG 206.63 1.49 15.55 41.27
SD 22.68 0.12 1.56 11.04

11



Preparation work for each sample went through the same following procedure.
The descending aorta was cut at 152 mm from the beginning of the ascending aorta.
Then, the excessive fatty tissue was removed and intercostal arteries were tied off at the
base to prevent leakage (Figure 3.1 and 3.2). The dimensions of the samples are given in

Table 3.1.

Aortic Arch

Descending Aorta

Distal Aorta

Intercostal Arteries

Figure 3.2: Sample after preparation with intercostal arteries exposed.
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3.1.2 Experiment Design

The challenges faced in the instrumentation of aorta were using small sensors that
would not alter the properties of the sample as well as attaching the sensor to the tissue
that undergoes large deformations. To measure sample deformation due to pressurization,
an array of 6 ultrasonic piezoelectric sensors (Sonometrics Corp., Canada, 2R-34C-40-
NB) were attached to the aorta. Each sensor (about 2 mm diameter) can send and receive
an ultrasonic pulse from all the other sensors (Figure 3.1). However, only one crystal at a
time can be a transmitter and the rate at which sensors cycle through is determined by the
cycle time (from 28 us to 2044 ps). Based on the speed of sound in the medium and the
time of travel, Sonometrics software determines the distance between the two sensors

with an accuracy of 24 um.

Transmitting
Crystal

?‘J "-.I b M,

1 f A d \
L (@)))
|\ VAKX N
\ \__. I"\_“- ‘\\ .\."‘-._:-_._, o i !

. \\‘ '\‘\ o - £
e S -
e "\.‘\ TR = r 4
\\\ i T L
Receiving
Crystal

Figure 3.3: Sonometric sensors

The sensors were sutured to the aorta outer wall in pairs, on either side of the

wall. The first pair was placed at approximately 30 mm from the proximal edge. The
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second and third pairs of sensors were sutured at approximately 20 mm and 30 mm from
the preceding pair respectively. This position of the sensors allowed tracking the axial
and transverse deformations of the vessel. These measurements were then used to
calculate the volumetric strain in the proximal end of the sample. Figure 3.2 below

depicts the positioning of the Sonometric sensors.

30 20 30

/
Aorta Sample’ Sonometric Crystal

Figure 3.4: Sensor position diagram

d
«—>
constructive
_» | interference
a1 , o light with
¢-—--_h‘_ |-~ wavelength A
EREEE LT pT v il ]
— 0
E 2

Figure 3.5: Fabry-Perot interferometer

To determine the pressure inside the vessel, two fiber optic pressure sensors

(FISO Technologies Inc., Canada, FOP-MIV) were used with accuracy of 0.10 kPa. They
14



work based on the Fabry-Perot interferometer and use fiber optic cables to send light to
the sensing element (Figure 3.3). Each sensor contains two reflective surfaces, one of
which moves sensing the change in pressure causing the reflected light to change
direction. A relationship can be established between the change in pressure and the

direction of light.

The sensors were inserted through the intercostal arteries inside the vessel to
monitor the pressure in the region tracked by the displacement sensors (Figure 3.4). To

hold the sensors inside the vessel, a suture was tied around the artery and the vessel.

Test Chamber
Descending Aorta Pressure Sensors
Wf B
g
E "._"‘ l'
,":‘:F:
e il .-

Displacement Sensors

Figure 3.6: Sensors position during experiment

The sample was then attached to two rigid plastic tubes, one of which was sealed
and the other was used as the connection to the pressurization device. The sample was
then placed inside the test chamber and coupled to the supply tank. The samples were
pre-stretched by 20% to mimic the physiological stretch level [36] and saline was purged

through the system and poured into the test chamber submerging the aorta (Figure 3.5).
15



The pressure was supplied through an air regulator (Control Air Inc, USA, 550X)
with 0 psig to 30 psig (0 kPA to 206.8 kPa) range and 2.07 kPa accuracy controlled by
current input. The pressure was applied in the form of 0.50Hz to 5.00Hz sinusoidal waves
with total range between 7 kPa and 76 kPa. 7 kPa (52 mmHg) was chosen to represent
the physiological pressure while 76 kPa is close to the rupture pressure (100 +/- 27.6 kPa)
[24]. The intention of this study was to characterize the material properties of aorta up to

but not including the failure pressure.

Camera

Supply Tank

Test Chamber

Figure 3.7: Experimental setup

The LabView program and a National Instruments onboard data acquisition card
were used to control the current input and to record the output from the pressure sensors
at 1000 samples/s. The Sonometrics hardware and software were used to record the
deformation of the vessel at 400 samples/s. To insure that the two programs recorded at

the same time, a trigger was used to synchronize the data collection. The entire

16



experiment was visually monitored using a high speed camera (Vision Research, USA)

recording at 2200 fps.

3.2 Methods

The first analysis completed was characterization of the structural behavior of the
samples. Structural behavior of the vessel describes its mechanical response as a whole
structure (cylinder). The variables considered for this study were internal pressure and the
volumetric strain. Next the material behavior is derived as the relationship between the
second Piola-Kirchhoff stress and the Lagrangian strain in circumferential and
longitudinal directions.

3.2.1 Calculating Stresses and Strains

For stress and strain calculations aorta was assumed to be a thin cylinder (no
radial stress) under internal pressure P. The longitudinal and circumferential Cauchy

stresses oy; and oy can be written as:

Oy =5 (3.1)

2P r?

Op =——
” (rzz_rlz)

(3.2)

Where riand r; are the deformed inner and outer radii respectively. The circumferential
and longitudinal stretch ratios 149 and A, were calculated from Sonometric measurements

and their ratio was designated as r.:

17



r=200_/_"2 (3.3)

where capital letters represent the unreformed states. The volumetric strain was defined

at the unit change in volume which can be written as: Ve

V. = % = 2, 1 (3.4)

&

The relationship between P and V. is considered to be the structural response in this
study. This relationship is between two scalar parameters and summarizes the

experimental results in a single relationship.

If the assumption that the radial stress is negligible is accepted, the material can
be considered as a two dimensional medium in biaxial stress. The longitudinal and

circumferential second Piola-Kirchhoff stresses can be calculated as:

_Ou _ W 35
“ Jdzz ©OE, (3.5)
o oW
S =29 _
” ﬂ*e@ aEe& (3.6)

Where W is the strain energy function that relates the strain energy of the material to the
strain tensor (W(E)). E;, Egp are the longitudinal and circumferential Lagrangian (Green)

strains that can be written as:

Ezz = %(ﬂ’zz _1) (37)

18



Egp = %(/ﬁe -1) (3.8)

The relationship between S and E tensors is considered to be the material

behavior in this study and it is assumed to be an anisotropic hyperelastic relationship.

3.2.2 Stress and Strains in Oscillatory Deformation

When a body is suddenly strained and the strain is maintained constant afterward,
and the corresponding stresses induced in the body decrease with time, this phenomenon
is called stress relaxation. If the same body is suddenly stressed and the stress is
maintained constant afterward, and the body continues to deform, this behavior is called
creep. If the body is subjected to cyclic loading, and the unloading part of the strain
versus stress curve is different from the loading part, this condition that associated with
energy loss in the material is called hysteresis. A material that exhibits all three

characteristics is called viscoelastic [11].

The constitutive relation of a linear viscoelastic material when stress o is

determined from the current value and the past history of strain &; can be written as:
t
oe, (1)
oy (1) = [Gy (t—7) —g ot (3.9)
S 4

In which Gjj(t) is called the relaxation tensor that consists of decaying functions of time.
Another form of the stress and strain relationship of the viscoelastic material can be
obtained by reversing the roles in Equation 3.9 so that strain is determined from the

current value and the past history of stress [37]:

19



glj (t) = J“] ijkl (t - ) ao-kl (T)

(3.10)

In Equation 3.10 Jjj(t) is called the creep tensor that consists of increasing functions of

time.

In linear viscoelasticity, 3.9 and 3.10 are not independent of each other. For an
oscillatory input with frequency o these equations can be written as 3.11 and 3.12
respectively where bar indicates the Fourier Transform [37]:

It follows from 3.11 and 3.12 that

(a)i)gijkl = ((i) ‘]_ijkl )™ (3.13)

From 3.13, theoretically when the relaxation tensor is known, the creep tensor can be

calculated using the Inverse Fourier Transform.

3.2.3 A Quasi-linear Viscoelastic Model for the Structural Response

Quasi-linear viscoelasticity (QLV) was first proposed by Y.C. Fung, who noted
that for finite deformation, the nonlinear stress-strain characteristic of the biological
material must be considered. His theory suggests that the relaxation function, which is a

function of both volumetric strain and time for a nonlinearly viscoelastic material, can be
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separated into two components, a function of time and a function of volumetric strain.
Then, using Boltzmann's superposition principle the pressure measure as a function of the

strain history can be written as [11]:

M@T (3.13)
ot

P(t) = jG(t—r)

Where
e P s the pressure response
e G(t-7) is the reduced relaxation function
e P®is the elastic response
G is a normalized function of time with respect to G(0) [38].

In this study, the QLV theory was applied to the structural properties by using a
creep formulation. A creep formulation was used because the primary parameter in the

experiments was pressure. 3.14 gives the QLV structural model used:

W@T (3.14)

t
V.(0)=]3(t-7)
. T
Where
e V. is the volumetric strain response

e J(t-7) is the reduced creep function (normalized based on J()

e V,”is the steady state volumetric strain response
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The form of the steady state volumetric strain response was chosen based on the
shape of the volumetric strain versus pressure curves. Through trial and error a
logarithmic function (3.15) was chosen because it resulted in higher R? values compared

to exponential and polynomial relationships.
V>(P)=C,+C,In(P) (3.15)

A Prony series approximation given in 3.16 was chosen for the creep function.
This series is a common model used to describe creep and relaxation behavior and is

primarily used for its ability to describe multiple time constants.

Jt)y=J,+ ZZ: J.(1—exp(-p1)) (3.16)

Ji represent the magnitude of the creep, while f; the creep rates of the material at
different time scales. Since the oscillations varied between 0.50Hz and 5.00Hz, two creep

rates in the order of magnitude of 0.1 and 1 were chosen.

To find the model parameters given in 3.15 and 3.16 a least square optimization
technique was used utilizing the Excel Solver package (Microsoft). The best fit
minimizes the sum of squared error (3.17) between the observed values of volumetric
strain and the values provided by the QLV model using a forward Newton approach.

SSE = Z[ngz —Vg°2] (3.17)

time
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CHAPTER 4 - RESULTS

4.1 Structural Properties

4.1.1 Initial Review

Following the process diagrammed in Figure 1.1 the relationship between
volumetric strain and pressure was first analyzed. The first characteristic seen from the
results was the hysteresis in the loading and unloading diagrams of volumetric strain
versus pressure. As expected, during loading the material was less compliant than it was
during unloading (Figure 4.1). This is a common characteristic of the viscoelastic

materials [11].

1.9
1.7 | Unloading

15
13
1.1
0.9
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Volumetric Strain

0 20 40 60 80
Pressure (kPa)

Figure 4.1: Representative volumetric strain vs pressure curve, sample 092509 at

0.60Hz

This Figure also shows that the material exhibited nonlinear behavior with respect
to pressure. That is, as the pressure in the sample increased, the material became stiffer
(Figure 4.1). It is interesting to note that stiffness increases and becomes almost constant

after the pressure exceeds the normal systolic pressure (120 mmHg, 20 kPa). This can be
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attributed to the collagen fibers in media and mostly in adventitia which straighten and

prevent excess dilation [19].
4.1.2 Frequency Dependency

To study the frequency dependency of the material behavior, Fast Fourier
Transform (FFT) was used to extract amplitude and phase information for pressure and
volumetric strain. The linear modulus was defined as the ratio of the amplitudes of
pressure to volumetric strain at the oscillating frequency. The results showed an increase
in linear modulus and phase shift as frequency increased (Figures 4.2 and 4.3). In both
cases, the largest rate of change occurs between 0.70Hz and 2.00Hz, and after 2.00 Hz

the rate of change reduces significantly.
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Figure 4.2: Frequency versus linear modulus
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Figure 4.3: Frequency versus phase shift

4.2 Sample Variation

As was expected from the literature review, the results exhibited some variability.
This variability was observed in the results of each sample in the form of drifting and also
between samples.

4.2.1 Drifting

The samples hysteresis curves at various frequencies exhibited two distinct
behaviors. In three samples the strain levels increased as the frequency of oscillation
increased. This phenomenon was called “drifting”. The other three samples oscillated

around the same strain levels.

From prior studies, it is known that biological tissues after preconditioning reach
a repeatable mechanical behavior [22]. A possible reason for this drift is insufficient
preconditioning [8]. This reason was further supported by the observation that the last
cycle of one trial generally dictated the beginning cycle of the following trial, as well as
by the fact that drifting was less at higher frequencies. Since the model utilized in this
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study could not account for the drift and in order to keep all the samples for modeling, a

decision was made to offset the volumetric strain data to account for this behavior.

In order to accomplish the offset, a pressure value was determined that was
present in all of the frequencies in all the samples (7 psig, 48.25 kPa). Then, the
corresponding strain was identified on the loading and unloading paths of volumetric
strain versus pressure in every test. The midpoint between the two strain values was then
chosen as the reference strain for the offset (Figure 4.4). Since the drifting was less at

higher frequency, the reference strain of 5.00Hz was used as the base.
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Pressure (kPa)

Volumetric Strain

Figure 4.4: Locating offset strain, sample 092509 at 1.00Hz

It was confirmed that in non-drifting samples the reference volumetric strain
value stayed the same. The coefficient of variance and confidence interval of the average
reference strain for non-drifting samples are shown in Tables 4.1. Since the reference
strains had a coefficient of variation less than 1%, and a small confidence interval, they

were assumed to be statistically equal.
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Table 4.1: Reference strain of the non-drifting samples

average SDEV cov +Cl
092509 1.620 0.016 0.010 0.016
091109 1.579 0.012 0.007 0.012
081909 1.533 0.013 0.009 0.017

To be consistent, this offset method was applied to all of the samples. Figures 4.5
and 4.6 show the results for a sample that exhibited drifting. Figures 4.7 and 4.8 show the
results for a non-drifting sample. It can be seen that even before and after the offset the

non-drifting sample stayed the same.
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Figure 4.5: Drifting samples before offset, sample 101609
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Figure 4.8: Non-drifting sample after offset, sample 092509

4.2.2 Variation between Samples
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Figure 4.9: Variation between the samples, 0.05Hz

Once the offset was applied to all of the samples, the strain levels were then
compared (Figure 4.9). It was noted that sample 101609 exhibited much higher levels of
strain than the other samples for all the frequencies. No obvious damage or degradation
was observed in this sample during testing as well as during the review of the

experimental logs and video files. It was decided not to include this sample when
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deriving the final model. Its effects in the final results will be given in the discussion

section of the report.

4.3 Constraints

The following constraints were noted during the testing. First, the regulator valve
that was used for pressure input was not capable of achieving the entire pressure range
after 1.00Hz. However, since the material showed a consistent viscoelastic behavior, the

data above 1.00Hz was included in the modeling.

The second limitation was the vessel buckling that was observed after initial
pressurization. It appears that once the pressure inside the vessel went above the systolic
pressure, it expanded significantly more than physiological dimensions. As a result, the
combination of the fixed ends and large deformations caused buckling (Figure 4.10). This
phenomenon has been predicted by other investigators and is currently being studied
[39]. Nonetheless, judging from the review of the videos, it appeared that the portion of
the vessel where the Sonometric sensors were mounted, marked by the oval in Figure
4.10, was not affected by the buckling. Therefore, the data from these sensors was

assumed to be unaffected.
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Figure 4.10: Buckling of the sample

4.4 Viscoelastic Modeling

Three frequencies were chosen as the primary frequencies in modeling. The data
at other frequencies were used for model validation. 0.50Hz frequency was chosen
because it was the lowest frequency applied. 0.90Hz was picked as the mid-range with
consideration that during testing one of the samples ruptured at 1.00Hz. At higher
frequencies, the data became noisy and as a result 4.00Hz frequency was used as the

upper limit instead of 5.00Hz.

To confirm that the proposed QLY model was able to characterize the response of
the vessels at all frequencies, the primary frequencies were first modeled separately.
Then, one model was fit to all three primary frequencies to obtain the parameters that
could be used for all frequencies. These parameters were then verified at two other

frequencies namely, 0.70Hz and 3.00Hz
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4.4.1 Reduced Creep Function
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Figure 4.11: Separate 0.50Hz fit, sample 100209, creep model
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Figure 4.12: Separate 0.90Hz fit, sample 100209, creep model
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Figure 4.13: Separate 4.00Hz fit, sample 100209, creep model

When fitting to individual frequencies, the model was able to provide a good fit
for each sample (Figures 4.11, 4.12, 4.13). For the combined optimization, the
optimization software had a tendency to favor the lower frequency response. In order to
establish a better equilibrium, a weight factor was added to the highest frequency data.
Sample results are shown below in Figures 4.14, 4.15, and 4.16. Comparing the quality of
the model with the above results, as expected, there was an accuracy loss for all of the
frequencies, most notably at 4.00Hz. This pattern persisted across all of the samples.

Nevertheless, the combined model is considered to be a good fit with R? > 0.84.
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Figure 4.14: 0.50Hz combined fit, sample 100209, creep model
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Figure 4.15: 0.90Hz combined fit, sample 100209, creep model
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Figure 4.16: 4.00Hz combined fit, sample 100209, creep model

To understand the variation of the coefficients of the QLV model, the steady state

and reduced creep equations were extracted. Statistical average functions were then

derived using the least-square optimization for both steady-state and reduced creep

functions, and confidence intervals were calculated for all of the parameters (Table 4.4)

(Figure 4.17 and 4.18). R?-SS stands for the adjusted R? value of the steady state model,

and R?-Cr stands for the adjusted R? value of the reduced creep model.
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Figure 4.17: Averaging steady state function of combined fit
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Figure 4.18: Averaging creep function of combined fit

Table 4.2: Creep QLV, model parameters Cl and R?

0.50 Hz = CI 0.90 Hz £ CI 4.00 Hz = CI Comb. Model £Cl
[ 0.659 + 0.032|0.681 + 0.038 | 0.267 + 0.020 | 0.663 + 0.040
C, (kPal) [0.254 + 0.009 | 0.244 + 0.011 | 0.345 + 0.006 | 0.241 + 0.011
Jo 0.536 + 0.016 | 0.466 * 0.045 | 0.326 + 0.003 | 0.472 + 0.021
J 0.179 + 0.047 | 0.092 + 0.132 | 0.000 + 0.009 | 0.109 + 0.060
Js 0.285 + 0.044 | 0442 + 0.123 | 0.674 + 0.008 | 0.419 + 0.056
R2-SS 831 762 998 739
R%-Cr 887 578 958 866

After examining the confidence intervals it was noted that J,, the reduced creep
amplitude corresponding to the 0.1 time constant, has the weakest presence in all of the
models. This was the only coefficient whose confidence interval went across 0 unlike the

rest of the coefficients that always stayed in the positive range (Figure 4.17).
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4.5 Stress Determination

4.5.1 Ratio of Axial to Circumferential Strains

Due to drifting of some of the samples, stresses were calculated from the
volumetric strain of the final model (after implementing the offset). Prior to these
calculations, the assumption that the ratio of axial to circumferential strains remained
constant in all frequencies had to be tested. The mean of the ratio at each frequency was
calculated, and a coefficient of variation was determined for each of the samples (Table
4.6). Since the coefficient of variation was below 1%, this ratio was considered to be

statistically constant for each sample.
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Table 4.3: Ratio of axial to circumferential Strains

AVG SDEV cov
101609 1.251 0.002 0.002
100209 1.337 0.002 0.002
092509 1.092 0.004 0.003
091109 1.337 0.001 0.001
090409 1.287 0.015 0.011
081909 1.005 0.006 0.006

4.5.2 Stress Calculation Results

As mentioned above, stresses were calculated from the combined model.
Considering that no similar studies have been completed for dynamic loading of blood
vessels, stress was calculated only using the steady state equation. Without the time
component, the steady state equation models the material response to a quasi-static
loading. Quasi-static loading studies have been conducted by several investigators and

their interpretation of the behavior of the material can be compared to the current work.

The r. ratio used for the calculations was the overall average of the ratios given
in Table 4.4 (r.=1.20). This ratio with the combination of the equations 3.1-3.4, and 3.7-
3.8, resulted in the stress-strain relationships (with upper and lower bounds) shown in
Figures 4.20 and 4.21. From the calculations, it was determined that the range of

circumferential Kirchhoff stress and Lagrangian strain were higher than the axial ones.
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4.6 Inversion of the Creep Formulation

Since most finite element modeling techniques require a viscoelastic formulation

of the relaxation type, it was deemed necessary to estimate one for this study as well.
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Considering the difficulty associated with determining the relaxation function directly

from the nonlinear viscoelastic model, the nonlinear component of the function was

separated into three linear equations. To do so, the slope of the actual function was first

identified. From the slope, three pressure points were chosen at location where visually

the changes in slope were located. Then, using the least squares optimization technique,

three linear functions were fit to the volumetric strain versus pressure steady state curve

at the same time (Figure 4.31, Table 4.8). This technique provided satisfactory fit with

the adjusted R? value of .998.
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Figure 4.22: Linearization of the steady state function

Table 4.4: Constants of the tri-linear function

Range Slope .

(kPg) (kpg-l) intercept
0-15 0.026 0.947
15-30 0.011 1.163
30-70 0.005 1.350

Each component of the new linear reduced creep QLV model was then

transformed to the frequency domain using the Fourier Transform. Separate
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optimizations were then applied to each of the components of the resultant linear creep
QLV to fit it to the inverse of the linear relaxation QLV model. To come up with one
single reduced relaxation function, the resultant functions were then averaged using the
least square optimization technique (Figure 4.23). Parameters of the averaging relaxation

equation are listed in Table 4.5, where E;, E;, and E; are the slopes of the elastic function.

Table 4.5: Parameters of the relaxation function

Go 0.531
Gy 0.088
Gs 0.381
E: (kPa) 72.699
E, (kPa) 172.439
Es (kPa) 379.334

=@=Fourier Transform

0.0001 0.001 0.01 0.1 1 10 100
time (sec)

Figure 4.23: Reduced relaxation function
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CHAPTER 5 - DISCUSSION

In this study it was shown that the structural behavior of aorta in the pressure
range of 7kPa to 76kPa and the frequency range of 0.50Hz to 5.00Hz can be modeled
using a quasilinear viscoelastic creep model. When the steady state component of the
QLV creep model is linearized, a reduced relaxation function was derived using Fourier

transform.

An offsetting technique for oscillatory pressure tests was developed to account for
possible insufficient preconditioning of the material. To determine the material properties
of the vessel after the offset was applied, the ratio of axial to circumferential strains was
used. This ratio was shown to be independent of the rate and the magnitude of the

loading.

5.1 Literature Comparison

As was mentioned before, it was difficult to locate a compatible comparison for
this study. Even though oscillatory pressure tests have been conducted in the past, the
boundary conditions and the loading magnitudes were different [2, 3, 23]. Nonetheless, at
the lowest frequency of 0.50Hz, where the material behavior of the vessel is close to
being nonlinear elastic, the incremental modulus of the material is within the range of
what has been reported in the literature (Table 5.1). The major difference seen between
Bergel (1961) and Langewouter (1985) versus Fung (1975) and the current study is most

likely a result of the conditions of the subjects used in the study. Fung and the current

42



study used fresh samples, while Bergel’s subject were previously tested and Langewouter
used cadavers of various ages. As a result, it is understandable that the specimens of the

two latter studies exhibited stiffer behavior [12, 13, 40].

Table 5.1: Static material properties of aorta

Einc
Author type animal | QTY | P (Pa) | (dyn/cm~2) SD cov
Bergel thoracic dog 12 | 13300 64000000.00 | 10000000.00 | 0.16
Fronek abdominal | rabbit 6 | 13300 47200000.00 | 6500000.00 | 0.14
Langewouter | thoracic human 13 | 13300 60534451.41 | n/a n/a
Current thoracic pig 5| 13300 43581240.17 | 10452545.53 | 0.24

Table 5.2: Test condition for comparison of the creep function

Author type subject type |Temp (°C)
Langewouter Thoracic human 37
Learoyed & Taylor| Thoracic human 20
Goedhard Thoracic porcine 37
Current Thoracic porcine 22

Data for comparison of the time dependency of the QLV model of the vessel was
scarce, however some conclusions were drawn from the work of Langewouter et al,
(1985). The results from the work of Goedhard (1971) and Learoyed and Taylor (1966),
as reported by Langewouter, were used for comparison as well (Table 5.2) [30].
Viscoelasticity of biological tissue is temperature dependant and its viscosity decreases at
higher temperature [30]. Comparison of these studies confirmed this temperature
dependency (Figure 5.1). The comparison also confirmed the assumption that porcine and
human blood vessels have similar material properties, and porcine aorta can be used as a

substitute in modeling human aorta. This conclusion was based on the fact that the creep
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functions derived for human aorta at two different temperatures closely correspond to the

creep functions derived for the porcine aorta at the same temperatures.

== ](t) Combined Mod
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Figure 5.1: Creep function comparison

To see if the stresses experienced by the material were within the range reported
by the literature, circumferential and axial Kirchoff stresses in Figures 4.20 and 4.21 were
compared to the work of Fung [14]. This comparison revealed that in the circumferential
direction, porcine aorta is more compliant than the rabbit aorta. This difference can be
due to size, as large vessels are more compliant than the small vessels [4]. In the axial
direction, however, rabbit vessels exhibit much higher strain. This can be attributed to the
different pre-stretch conditions applied to both samples. While the porcine thoracic aorta
pre-stretch was 1.2, the rabbit vessels pre-stretch by Fung was between 1.4 and 1.6 [14].
However, the strain range experienced by both samples is similar with porcine samples.
Using the same logic considered for the circumferential direction, this difference can be

attributed to the larger size of the porcine sample.
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5.2 Consideration of the Discontinued Sample

Table 5.3: Creep QLV including eliminated data set, model parameters Cl and R?

0.50 Hz ClI 0.90 Hz £ CI 4,00 Hz + CI Comb. Model Cl
C, 0709 + 0.101 | 0.634 # 0.105 | 0.305 + 0.101 | 0.744 * 0.098
C,(kPa®) | 0269 + 0029 | 0287 + 0030 | 0367 * 0029 | 0.245 + 0.028
Jo 0510 + 0017 | 0.476 + 0.042 | 0.329 + 0.003 | 0.446 =+ 0.021
J 0.187 + 0.050 | 0.155 # 0.123 | 0.000 + 0.008 | 0.090 * 0.060
J3 0302 + 0.047 | 0368 + 0.115 | 0.671 * 0.008 | 0.463 * 0.056
R2-SS 0.3568 0.3678 0.5102 0.3272
R%-Cr 0.8839 0.5925 0.9983 0.8782

As was discussed in the results section of this thesis, sample number 101609 was

experiencing much higher deformation comparing to the other samples. To consider its

effects on the averaging function, the final model was recalculated considering this

sample data (Figure 5.2 and 5.3). As expected, since the steady state component of this

sample was exhibiting deformation at strains higher than the other 5 samples, the average

elastic function shifted upward (5% to 8% more deformation) comparing to the

previously derived model (Figure 4.17). Accuracy of this function was affected as well.

95% confidence interval of the parameters increased by one order of magnitude, while

the adjusted R? value averaged at 0.40 (Table 5.3). The time dependant component,

however, kept its shape and accuracy. This is a reasonable behavior considering that the

time dependency of this sample is independent of the level of deformation and as a result,

its time dependant behavior stayed compatible to the others.

45



£
(¢}
31.5- -...llllll
L
s 1 -
g e 101609 ® 100209
355 A 92509 X 91109
S - X 90409  + 81809
e odel
O T T T 1
0 20 40 60 80

Pressure (kPa)

Figure 5.2: Averaging steady state function of combined fit, including eliminated

data set
12
X
AAA X arc
[ LLLLLL) X b
X o e 101609 = 10209
XX EXKK b A 92509 X 91109
02 x 90409 ® 81809
e M Od €
r T T T C T 1
0.0001 0.001 0.01 0.1 1 10 100
time (sec)

Figure 5.3: Averaging creep function of combined fit, including eliminated data set

5.3 Limitations

Drifting exhibited by some samples in this study requires further investigation and

an increase in the samples size. While the offset technique developed was able to provide
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a temporary solutions, if significantly large number of samples exhibit this behavior,

further investigation is required to see how this behavior can be characterized.

Buckling should also be studied to understand how it effects the stress distribution
in a pressure loaded sample. The tendency of the sample to buckle may be a contributor
to the rupture of aorta in car accidents where pressure reached inside the aorta have
shown to be significantly larger than the typical systolic pressure [24]. Inability of the
pressure regulator to perform at high frequency is a major limitation for investigation of
the material characteristic of aorta in vehicular crashes as well. If a method can be
developed that allows for the full range of deformation at high oscillation, the testing
frequency should be extended to account the loading rates experienced at such conditions

(10Hz [24]).

The thin cylinder assumption plays a limiting role in predicting stresses as well.
Considering aorta as a thick cylinder will provide a better approximation of the stresses
experienced by it. Including the residual stresses into the model will improve its quality
as well. Presence of the residual stresses should decrease the axial and circumferential

stresses as well as exhibit even stress distribution across aorta wall.

5.4 Future Work

It is recommended to increase the sample size to address the drifting behavior.
Furthermore, the assumption that the section used for this study was not affected by the

buckling of the sample needs to be confirmed. A new test set up has already been
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introduced that allow for unrestricted longitudinal movement of the sample eliminating

the buckling during the pressurization.

The characteristics of the material at higher strains should be confirmed as well.
Since there is no valve known to the investigator of this study that is currently available
on the market that can achieve the pressure range at a frequency required by this work, it

is recommended to consider a crank-shaft setup used by Bergel (1961) [12].

The use of this model can also be extended into various fields including studies of
effects of aging and diseases on aorta, comparing properties of aorta in tissue
engineering, as well as to approximate the stresses experienced by the vessel in vehicular

accidents below the threshold of severe vascular injury.

5.5 Conclusion

In this study a model was developed that was capable of characterizing the
material properties of aorta at dynamic loading and finite strains. First, the behavior was
modeled on structural level. From the results of structural modeling, material properties
of aorta were derived. The hypothesis that the quasi-linear viscoelastic model can capture
the aortic behavior at large deformations as well as its characteristic time dependency
was accepted. This model can be used in variety of applications that require

pressurization from physiological to sub-failure pressures.
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