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Abstract

The diagnosis of vascular diseases can be achieved with a suitably determined circum-
ferential stress at arterial walls. The stress distribution over arterial walls in blood vessels
is affected by residual stresses and stresses due to blood pressure. However, residual
stresses are still not reliably determined. For this reason, a suitable incorporation of
these stresses is required in order to establish the wall stress as a reliable diagnostic
indicator. Thus this study aims to model residual stresses by incorporating them into
the wall stress distribution, and to investigate the effect that parameters defining the

study constitutive model have on the stress distribution.

The constitutive model makes use of the Cosserat fibre continuum in order to
account for mechanics of arterial walls. It was developed for cardiac tissues by Skatulla
et al. (2014), but it can also be used for a preliminary investigation on arterial tissues

as these two types of tissues exhibit comparable mechanics.

Residual stresses are incorporated by using three problem definitions, which are
derived from the opening angle method, into a three dimensional two-layer artery con-
sisting of the media and adventitia. The first problem incorporates residual stresses that
are locked within individual load-free layers. The second problem continues the first
problem by incorporating residual stresses acting at the interface surface between arterial
layers, and then determine the artery wall stress distribution under blood pressure. The
third problem determines the wall stress in the stress-free artery under blood pressure.
On the other hand, the effect of parameters defining the constitutive model is investi-

gated by varying the size of parameters in these problems.

However, the second problem is not analysed in this study because it requires an
analysis implementation that could not be achieved within the study timeline. Similarly,
model parameters of problems are not calibrated to available experimental data. There-

fore, this study only provides qualitative results.

The investigation results on the incorporation of residual stresses into the stress
distribution are found to be inconclusive as they provide contradictory results. The char-
acteristic scaling parameters are found to influence the magnitude and gradient of the
stress distribution. However, these results are not conclusive to clearly define the influ-
ence. Thus it is recommended that further research be conducted in order to gain con-

clusive results.

Modelling of residual stresses of blood vessels
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1. Introduction

1.1 Background to study

Today it is possible to best reconstruct patient-specific geometries with the help of med-
ical imaging. In the future numerical simulations could be employed to better understand
mechanically influenced processes for the purpose of improving medical treatment and
assessing the risk potential of degenerated areas. This would require advanced models
with the capability to consider multiple biological phenomena, in particular residual

stresses. These stresses arise in arterial walls and have an effect on the wall stress.

Several investigations have found that vascular diseases can be diagnosed with a
suitably determined circumferential stress at arterial walls. With this finding, the wall
stress could be established as a diagnostic indicator of vascular diseases. On this subject,
Cheng et al. (1993) and Li et al. (2006) reported that the application of a suitable stress
criteria could gauge the risk potential of plaque rupture, which is supposedly initiated
by stress concentration within the arterial wall. However, the establishment of the wall
as a diagnostic indicator would require a reliable and precise description of transmural
stresses. In this regard, Ohayon et al. (2007) found that residual stresses are over-esti-
mated in the fibrous cap when residual stresses are neglected. Therefore, the incorpora-
tion of residual stresses might contribute to a better understanding of possible stress

driven growth and remodelling processes, as reported by Greenwald et al. (1997).

1.2 Research motivation, aims and objectives
1.2.1 Motivation for research

Over the last two decades, the mortality rate of vascular diseases has significantly in-
creased. This led to the importance of optimising treatment techniques, which in turn
has given rise to the mechanical simulation of arterial walls. At this stage the mechanical
simulation of arterial walls is still a developing field. Thus there is a still a need for more
contribution into this field so that arterial walls can be simulated as closely as possible

to the real arteries in order to best incorporate circumferential residual stresses.

Modelling of residual stresses of blood vessels
Chapter 1: Introduction
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1.2.2 Importance of modelling residual stresses on blood vessels

Several material models have been developed to describe the behaviour of arterial walls.
However, most of them present some form of limitation in their applications. In order
to incorporate circumferential residual stresses, a material model that has little to no
limitation is required. Thus it is of importance that adequate models be developed for
the incorporation of residual stresses. This in turn would enable to suitably determine
circumferential stresses at arterial walls, and could result in the wall stress being used

as a reliable diagnostic indicator for vascular diseases.

1.2.3 Aim of research

This study aims at incorporating circumferential residual stresses into the arterial wall
stress distribution under the blood pressure regime. Furthermore, it aims to make use
of a constitutive model based on the Cosserat fibre continuum. Finally, it aims to inves-
tigate the effect of characteristic scaling parameters, which define the constitutive model,

on the wall stress distribution.

1.2.4 Objectives of study

The objectives of this study are:
i) Familiarisation with the in-house structural analysis software SESKA;

ii)  Presentation of background knowledge required for the analysis of arterial walls in

blood vessels and wall stress distribution;
iii) Creation of artery models using the commercial pre-processing software GiD;

iv) Computational analysis of models using the Cosserat fibre constitutive law

implemented within SESKA by Dr Skatulla;

v)  Post-processing of results using GiD in order to gain qualitative results with respect

to the wall stress distribution incorporating residual stresses;

Modelling of residual stresses of blood vessels
Chapter 1: Introduction
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vi) Post-processing of results using GiD in order to determine the effect of

characteristic scaling parameters of the constitutive model over the stress

distribution on arterial walls.

1.3 Scope and limitations of investigation

This study does not attempt to conduct a full analysis of the stress distribution of arte-
rial walls, but rather to gain a preliminary understanding of the incorporation of cir-
cumferential residual stresses into the wall stress. In this regard, only qualitative results
and discussions are provided. Also included within the scope of this study is the inves-
tigation of the constitutive law through the effect of its characteristic scaling parameters

on the wall stress distribution.

Moreover, the study analysis is conducted using a constitutive model based on the
Cosserat fibre continuum. The model is implemented within the existing computational
continuum mechanics framework which is contained in SESKA. With regard to the pre-

and post- processing of models, the commercial software package GiD is used.

1.4 Layout of this document

This study is structured as follows. In Chapter 2, residual stresses of arterial walls are
discussed with focus on the definition, origin and effect over the wall stress distribution.
A review of the mechanics of arterial walls is then provided with respect to the structure
composition and mechanical properties of arterial layers. This is followed by an outline
of one of the procedures that are used to identify material parameters of arterial layers
in experiments and computational models. Subsequently, a method of investigation into
the incorporation of circumferential residual stresses is reported. Finally, concluding re-

marks over the reviewed literature are provided at the end of the chapter.

The continuum mechanical framework used in this work is explained in Chapter
3. A short review of the constitutive model, which is based on the Cosserat fibre con-
tinuum, is given. Thereafter, the study principles of computer analysis are introduced in
Chapter 4. Within this chapter, a short introduction into the variational formulation

is also provided as well as a description of the assembly of system of equations.

Modelling of residual stresses of blood vessels
Chapter 1: Introduction
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Numerical examples based on the literature review and outlined continuum me-
chanics theory are developed in Chapter 5. Here the problem definitions for the incor-
poration of circumferential residual stresses are explained. Thereafter, simulations of
characteristic scaling parameters defining the constitutive model are presented, and their

results discussed.

Chapter 6 provides conclusions and recommendations of the investigation.

Modelling of residual stresses of blood vessels
Chapter 1: Introduction
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2. Literature review

2.1 Introduction

In this chapter, the available literature on circumferential residual stresses and the
material of arterial walls of blood vessels are reviewed. Initially, an introduction to
circumferential residual stresses in arterial walls is developed with the intention to
familiarise the reader with the research topic. This is followed by the description of the
mechanics of arterial walls. Subsequently, the process used to identify material
parameters of arterial walls in experiments and computation models is presented.
Finally, previously conducted investigations are reviewed with the attention being given
to the method of investigation into the modelling and incorporation of circumferential

residual stresses acting in arterial walls.

2.2 Residual stresses in arterial walls blood vessels

Residual stresses refer to self-equilibrating stresses that are locked into a material in the
absence or presence of any external loads. They result from any mechanical process
which can cause deformation. The state of residual stresses depends on both the prior
processes that a material has undergone, and the mechanical properties that relate the

current mechanical environment to deformation (Cheng and Finnie, 2007).

Until the early 1980’s arterial walls of load-free blood vessels were assumed to be
stress free. This assumption was disproved experimentally by Vaishnav and Vossoughi
(1983). During their experiment, they observed that the radial cut of circular rings of
bovine and porcine abdominal arteries causes rings to open up into a horseshoe configu-
ration; see Figure 2-1 for a schematic representation. Consequently, this led to the con-
clusion that an artery, which is intact and load-free, is under the action of residual
stresses in the circumferential direction. However, it seems that Bergel (1960) was the

first to observe this phenomenon (Schréder and Brinkhues, 2014).

Modelling of residual stresses of blood vessels
Chapter 2: Literature review
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. .\‘\ \ :} ’-../’-/J‘:
Figure 2-1: Schematic of radial cut through an artery and resulting opening angle
(Brinkhues, 2012)

With the presence of circumferential residual stresses in arterial walls proven, sev-
eral investigations into their origin and properties were conducted. On this subject, Car-
damone et al. (2009) established that residual stresses originate from the non-uniform
growth and remodelling process, which result in incompatibility. This was corroborated
with observations that residual stresses increase during life. In this regard, Fung and Liu
(1989) reported that an increase or a decrease in blood pressure over a short period of
days influences significantly residual stresses. Furthermore, it was found that the distri-
bution of residual stresses can also be altered as a result of hypertrophy that may cause
further growth of adult in-vivo arteries. Additionally, it was found that there are other
circumstances that influence residual stresses. About this influence, Zeller and Skalak
(1998) showed that the muscle tone impacts changes in residual stresses. It was also
found that osmotic interactions on the micro-level induce residual stresses. These are

interactions between tissue layers and between the tissue and blood (Schroder and Brink-
hues, 2014).

Circumferential residual stresses are found to be compressive in the inner wall and
tensile in the outer wall of a load-free artery (Pierre et al., 2012). As a consequence, they
have a significant effect on the stress gradient of the artery. In fact, Chuong and Fung
(1986) and Fung (1991) found that residual stresses cause a significant reduction in the
magnitude of stresses and stress gradient of an artery under blood pressure. With respect
to the wall strain distribution, Takamizawa and Hayashi (1987) developed the uniform
strain hypothesis. The latter states that residual stresses cause an almost uniform cir-
cumferential strain distribution under blood pressure. Furthermore, experimental obser-
vations of Nollert et al. (1992) showed that the reduction in the stress gradient at the
inner side of the arterial wall may reduce the risk of atherogenesis, which is the formation

of abnormal fatty or lipid masses in arterial walls.

Modelling of residual stresses of blood vessels
Chapter 2: Literature review
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2.3 Mechanics of arterial walls of blood vessels
2.3.1 Structure of arterial walls

Arterial walls of blood vessels can be divided in three distinct cylindrical sections as
illustrated in Figure 2-2. These sections have distinct structural functions in terms of
the blood vessel physiology and mechanical properties. They are the intima, the media
and the adventitia (Canfield and Dobrin, 2007).

The intima is the innermost layer. It comprises primarily a thin monolayer of en-
dothelial cells lining the arterial wall, a thin basal membrane and a subendothelial layer.
The endothelial cells have little influence on the mechanics of blood vessels, but play an
important role in hemodynamics and transport phenomena. As a consequence to their
anatomic location, they are subjected to large variations in stress and strain. The vari-
ations are due to pulsatile changes in blood pressure and flow (Canfield and Dobrin,
2007). The subendothelial layer consists mainly of thinly dispersed smooth muscle cells

and bundles of collagen fibrils (Gasser et al., 2006).

The media is the middle layer and represents the major portion of the arterial wall.
It provides most of the mechanical strength necessary to sustain the structural integrity
of the wall. In its composition, it consists of a complex three-dimensional network of
smooth muscle cells, elastin and bundles of collagen fibrils (Clark and Glagov, 1979).
The collagen fibres are found within bands of smooth muscle and may participate in the
transfer of forces between the smooth muscle cells and elastic lamellae. The elastic la-
mellae are composed principally of the fibrous protein elastin. The number of elastic
lamellae depends on the wall thickness and the anatomical location (Wolinsky and Gla-
gov, 1969). In the case of the canine carotid, the elastic lamellae account for a major
component of the static structural response of the blood vessel (Dobrin and Canfield,
1984). This response is modulated by the smooth muscle cells, which have the ability to
actively change the mechanical characteristics of the arterial wall (Dobrin and Rovick,
1969).

Modelling of residual stresses of blood vessels
Chapter 2: Literature review
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Figure 2-2: Histomechanical idealisation of a healthy artery (Gasser et al., 2006)

The adventitia is the outermost layer surrounded by loose and disorganized fibrous
connective tissue, which may have less influence on the mechanics of blood vessels. The
primary constituents of the adventitia are thick bundles of collagen fibrils arranged in
helical structures. The thickness of the adventitia depends strongly on the physiological
function of the blood vessel and its topographical site (Canfield and Dobrin, 2007).

2.3.2 Mechanical properties of arterial walls

The understanding of the mechanical response of arterial walls is essential for the devel-
opment of a reliable constitutive model. In this regard, this section describes the me-
chanical characteristics of arterial walls that have been proven through several investi-

gations, some dating as far back as a century ago with Roy (1880-1882).

Modelling of residual stresses of blood vessels
Chapter 2: Literature review
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2.3.2.1 Basic arterial properties

The general mechanical characteristics of arterial walls remain the same along the arte-
rial tree, albeit that there are significant variations in mechanical properties of arteries
in accordance with histology. The material wall and its layers are anisotropic in virtue
of the highly organised structural arrangement (Gasser et al., 2006). In this regard, the
non-collagenous matrix exhibits an isotropic behaviour, while collagen fibres exhibit an

anisotropic behaviour (Holzapfel et al., 2000)

The artery has the property of a solid-fluid mixture and can be mechanically clas-
sified as a ‘mixture composite’. The solid part comprises primarily a composite of elastin,
collagen and smooth muscle cells (Humphrey, 2002). Because the stress-induced move-
ment of fluid in and out of the wall is generally neglected for many problems of interest,
the arterial wall can be, and is most commonly, assumed to be a homogenised solid. This
assumption is sufficiently accurate for most experimental and theoretical studies of the
wall stress distribution (Gasser et al., 2006). Under these conditions, arteries behave as
nearly incompressible solids at physiological loads, as reported by Carew et al. (1968)
and Chuong and Fung (1984). Moreover, healthy arteries are composite structures which
are highly deformable (Roy, 1880-82) and exhibit a nonlinear stress-strain response (Abé
et al., 1996).

2.3.2.2 Stress-free and load-free configurations

The mechanical environment of the arterial wall is generally changing due to several
factors such as growth, atrophy, remodelling, repair, ageing, disease, etc. The arterial
wall continually adapts to its mechanical environment, and thus undergoes several irre-
versible processes. Because all these processes take place in the spatial configuration of
the arterial wall, the existence of a compatible stress-free (reference) configuration is
unlikely (Gasser et al., 2006). As a consequence, the load-free configuration of an artery

is residually stressed, as firstly reported by Vaishnav and Vossoughi (1983).

The cut of an intact load-free arterial ring causes the ring to respond by opening
up in a horseshoe shape. The opening aims at minimising the stored strain energy and
releasing circumferential residual stresses (Gasser et al., 2006). These stresses are differ-
ent for individual arterial layers (intima, media and adventitia) in the load-free config-

uration (Greenwald et al., 1997). With regard to the reliable prediction of the stress

Modelling of residual stresses of blood vessels
Chapter 2: Literature review
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state in the loaded arterial wall, it is of crucial importance to first identify the circum-
ferential residual stresses in an intact load-free arterial ring ((Chuong and Fung, 1983)
; (Holzapfel et al., 2000)).

2.4 Parameter identification of arterial layers

This sections outlines one of the procedures that was used to identify material parame-
ters of arterial layers in the literature. Herein a short description of the procedure is

provided for an experimental and a computational investigations.

For the experimental data, a specimen was obtained from a human aorta of a 40
years old male. The arterial wall of the specimen was separated into the three arterial
layers, i.e., intima, media and adventitia. Then tissue samples were cut out in the cir-
cumferential and axial directions in order to obtain two specimens. Subsequently they
were preconditioned and underwent uniaxial tension tests. The results of the experi-
mental data of the media and adventitia can be found in Holzapfel et al. (2004) and
Holzapfel and Gasser (2007), respectively. Because the intima has little influence on the

mechanics of blood vessels, it was not considered for parameter identification.

In Schroder and Brinkhues (2014), model parameters for the experimental data
were developed based on the mechanics of arterial layers. They accounted for the aniso-
tropic behaviour of the media and adventitia by making use of an additive composition
and energy function, and the incompressible behaviour by making use of the Lagrangian
method. Thereafter, they treated the artery as a fibre-reinforced material with fibres
corresponding to the collagenous component embedded in the non-collagenous matrix
material. The embedded families of fibres were assumed to account for the anisotropic
response. In this elastic model, material parameters described the isotropic mechanical
response of the non-collagenous matrix, while two specified parameters were associated
to the anisotropic response of collagen fibres. Additionally, these parameters include the

angle between the two fibre directions and circumferential direction.

Modelling of residual stresses of blood vessels
Chapter 2: Literature review
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2.5 Method of investigation

This section expands on factors influencing the size of the opening angle resulting from
the radial cut of a load-free artery. Moreover, it provides an overview of various methods
developed for the computation of circumferential residual stresses in an artery. After-

wards, the computational method that is used within this study is presented.

2.5.1 The opening angle

Various investigations have focused on understanding factors that affect the size of the
opening angle obtained after the radial cut of an artery; see Figure 2-1 above for the
illustration of an opening angle. In this regard, Huang and Yen (1998) found that the
angle tends to increase with the general size of the artery. Additionally, the artery was
found to continue to open up to 20 minutes after an excised segment was radially cut in
Han and Fung (1991). In the investigation of Azeloglu et al. (2008), it is reported how
inhomogeneous proteoglycan distributions over the vessel wall influence the opening an-
gle. It was found that the size of the angle increases with increasing osmotic swelling
pressure caused by lower salt concentrations of the bathing environment. Furthermore,
the opening angle is subject to wide fluctuations along the vascular tree (Fung and Liu,
1989). However, it was found to be independent of the temperature in Han and Fung
(1991).

The change in the size of the opening angle is also linked to hypertension and
hypertrophy. In this regard, Liu and Fung (1989) found that a change in blood pressure
influences residual strains, which consequently causes a significant change in the opening
angle. Moreover, the investigation of Vossoughi et al. (1993) on bovine aortas revealed
that sliced configurations are not fully stress free and that additional circumferential
cuts cause different opening angles for individual arterial layers. This led them to con-
clude that the size of the opening angle increases in inner layers and decrease in outer
layers. This conclusion indicates that some residual stresses still remain after the radial
cut of an artery. This was confirmed by the investigations of Schulze-Bauer et al. (2002)

on human aortas and Matsumoto et al. (2004) on porcine thoracic aortas.

Moreover, the investigation on rat aortas by Greenwald et al. (1997) resulted in

similar conclusions concerning the different sizes of opening angle for individual arterial

Modelling of residual stresses of blood vessels
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layers. Additionally, they revealed that elastase-treated (elimination of elastin) speci-
mens offer smaller opening angles, while collagenase-treated (elimination of collagen)
and frozen (destruction of smooth muscle cells) specimens behave like the untreated
control specimens. On the other hand, Saini et al. (1995) conducted the first studies on
human thoracic and abdominal aortas. They discussed the effect of age, sex, the position
along the artery and atherosclerosis on the opening of sliced arterial rings. They found
that the value of the opening angle increases with increasing distance from the heart
(female: 150°- 200°, male: 200°-250°). Additionally, they also observed larger opening
angles in aged and atherosclerotic diseased vessels and in those obtained from male

samples.

2.5.2 Scheme for the incorporation of residual stresses

Several methods have been developed over the years in order to incorporate circumfer-
ential residual stresses. One of the methods is the use of constitutive models. The latter
are extensively used in the computation of residual stresses today, but it was Chuong
and Fung (1986) who seem to be the first to use a constitutive model to compute residual
stresses. The model described the geometry of an open artery, whose closed initial con-
figuration was regarded as a thick-walled cylindrical tube with constant thickness. To
compute residual stresses they used a method which is referred to as the opening-angle
method. Therewith they computed circumferential residual stresses acting in a two-di-
mensional load-free and closed artery, and they reported that residual stresses enforce

compression on the inner side and tension on the outer side of the arterial wall.

Many publications similarly use the opening angle to achieve an analytical solution
for residual strains of initially open ideal tubes, which are closed by an initial bending
(Schroder and Brinkhues, 2014). A mathematical model was derived by Rachev (1997)
for the stress-dependent remodelling of a two-layer arterial tube. This model catered for
the assumption that stress and strain values are equal under hypertensive and normo-
tensive conditions by remodelling the zero-stress configuration through the thickening
of layers. In this model, it was observed that residual stresses are present in the opened-
up configuration of a hypertensive artery. By way of a one-layer model, Chaudhry et al.
(1997) showed that there is a significant reduction of the circumferential stress and stress

gradient at the inner wall. Moreover, the opening angle method was applied to a two-
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layer tube and different material models were investigated in Holzapfel et al. (2002a).
The objectives of this work were to analyse the initial deformation tensor for multi-
layered tubes and the effect of residual stresses over the overall stress distribution in the

physiological regime.

In Holzapfel and Gasser (2007), the high-pressure response is investigated. The
opening-angle method was also applied to more realistic arterial geometries by Pena et
al. (2006) who conducted corresponding finite-element simulations. Alastrué et al. (2007)
used the opening angle method with a special form of the multiplicative decomposition
of the deformation gradient to account for residual stresses. This approach was further
investigated with the inclusion of growth in Alastrué et al. (2008) and the implementa-
tion in a micro-sphere model in Alastrué et al. (2009). Similarly, Menzel (2007) dealt
with growth-induced residual stresses. Cardamone et al. (2009) combined the opening-
angle method and a constrained mixture mode of vascular growth and remodelling,
where the mixture components were the individual constituents of the artery, i.e. elastin,
collagen and smooth muscle. One of the aims of the aforementioned investigations was
to find the origin of residual stresses. For the modelling of growth and remodelling in
the framework of constrained mixture, see Alford et al. (2008) and Valentin and Humph-

rey (2009).

The different behaviour of the three arterial layers with different opening angles
for each layer was investigated by Holzapfel and Ogden (2010). They provided an ex-
tension to the opening-angle method by accounting for bending and stretching in both
the circumferential and axial directions with the aim of reflecting the three-dimensional
residual stretch and stress state. This modelled was further extended by Bustamante
and Holzapfel who accounted for the difference of opening angles along the tube owing

to the axial and radial position.

In Stahlhand et al. (2004), the residual-strain state was derived using experimental
data. This was achieved by deriving a minimisation problem to provide an approximate
identification of material parameters including residual strains. The parameters for re-
sidual strains were assumed using the opening angle method. On the other hand, Olsson
et al. (2006) used this parameter identification algorithm to determine an initial local
deformation tensor, which is able to describe the residual strain. This model was ex-

tended by introducing the evolution of growth in Olsson and Klarbring (2008). In Chen

Modelling of residual stresses of blood vessels
Chapter 2: Literature review



UNIVERSITY OF CAPE TOWN

and Eberth (2012), a special class of constitutive functions was introduced without in-

corporating residual stresses in order to obtain uniform circumferential stresses.

Contrary to the methods mentioned above, a numerical method was used by Bal-
zani et al. (2006). They closed an open artery by means of a displacement-driven finite-
element procedure in order to establish a residual strain state. Famaey et al. (2013) also
used this procedure to account for a residual stress distribution in the circumferential
direction. Additionally, they used longitudinal stretching to apply longitudinal residual
stresses. This numerical method is adequate when the geometry of the opened artery is

known, but it is numerically extensive.

In Polzer et al (2013), a different method using the isotropic volumetric growth
concept is proposed in order to reflect residual stresses. This method minimises stress
gradients by applying a certain amount of growth. In contrast, Schréder and Brinkhues
(2014) and Schroder and Hoegen (2015) developed a novel method for the incorporation
of residual stresses in patient specific three-dimensional arterial models. This method
does not use the opening angle as the starting point, but focuses directly on the current

stress state within the arterial wall.

In this study, the method that is used for the incorporation of residual stresses is
the opening angle method developed by Holzapfel and Gasser (2006). It is a three-di-
mensional method that consists of a two-step loading procedure. Here a two-layer artery
consisting of the media and adventitia is considered. The first step involves the simula-
tion of a load-free and stress-free configuration of the open artery. The second step
concerns the simulation of the physiologically loaded and residually stressed configura-

tion of the closd artery. The two steps are briefly discribed below.

Step 1: Load-free and stress-free artery

This step starts with the consideration of individual open configurations of the media
and aventitia, as illustrated in Figure 2-3. These configurations are regarded as load-free
and stress-free. In order to determine residual stresses acting within the two arterial
layers, an initial and pure bending deformation is applied to the open layers at the open
surfaces. The deformation is achieved through a displacement driven simulation and
results in two closed configurations of arterial layers. The closed configurations are still

load-free but residually stressed. Because the residual stresses obtained from the closure
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do not account for residual stresses acting at the interface surface between arterial layers,
nodes at the interface surface are linked together. This results in one closed two-layer
artery, which is residually stressed and has a homogeneous stress and strain states in
both the circumferential and radial directions. This state is then used as the reference

configuration for the next step.

Adventitia

Figure 2-3: Finite element mesh of two independent reference configurations of
the media and the adventitia (Holzapfel and Gasser, 2006)

Step 2: Physiological loading

In this step, the two-layer artery obtained in the first step is physiologically loaded with
blood pressure. At the end of this step, a circumferential stress distribution through the
deformed wall is obtained. Figure 2-4 illustrates the stress distribution obtained from
the application of a blood pressure of 13.33 kPa, which assumed to be the mean arterial
pressure. This illustration shows that circumferential residual stresses reduce the wall
stress gradient and cause an almost uniform stress distribution when they are incorpo-
rated in the stress distribution. Moreover, the stress is greater in the media than in the

adventitia.
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Figure 2-4: Circumferential stress distribution through the deformed wall thickness of

the media and adventitia (Holzapfel and Gasser, 2006)

2.6 Concluding remarks

Through the literature review, it was reported that a load-free artery is residually
stressed and that circumferential residual stresses are compressive at the inner wall and
tensile at the outer wall of arterial layers. It was also reported that residual stresses
cause an almost uniform circumferential strain distribution under blood pressure, as
stated in the uniform strain hypothesis. Furthermore, it was found that the opening
angle varies and is different for individual arterial layers as it tends to increase in inner

layers and decrease in outer layers.

Arterial walls consist of three layers, i.e. the intima, media and adventitia, but the
intima has little influence on the mechanics of arterials walls. Moreover, arterial tissues
mainly consist of an isotropic non-collagenous matrix and anisotropic collagen fibres that
provide most of the stiffness. Furthermore, the material of arterial walls can be regarded
as an incompressible solid. Additionally, the procedure used to define material parame-

ters was provided in this section.

Several methods of incorporation of residual stresses were briefly mentioned, but it
is the opening angle method of Holzapfel and Gasser (2007) that was clearly described
in order to be used within this study. It is a three dimensional method making use of a

two-layer artery consisting of the media and adventitia.
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3. Continuum mechanics theory

3.1 Introduction

Continuum mechanics is a mathematical discipline that deals with the analysis of the
mechanical behaviour and kinematics of materials modelled as continuous mass rather
than discrete particles. It is concerned with the analysis of bodies that are made up of
elements of matter which behave identically to their bodies. Additionally, it analyses
such bodies making use of discretisation techniques, tools of algebra, and tools of calculus

of vectors and tensors.

The fundamental assumption of continuum mechanics is that the material is con-
tinuous and completely fills the space it occupies. The validity of the assumption resides
on the fact that engineering analysis commonly deals with bodies which are far larger
than the matter from which the body is composed. This implies that if the body is
analysed as a whole, or an element within the body is analysed under identical loading
and boundary conditions, both analyses will yield identical results. This valid as it is
assumed that the underlying molecular structure of the material analysed is generalised

by the overlying material properties.

This section begins with a general description of the balance laws of continuum

mechanics. Subsequently, this study constitutive model is briefly discussed.

3.2 Balance laws of continuum mechanics

A general description of the laws underlying the method to model finite strain behaviour
is required. When subjected to any form of loading (such as force or temperature), the
behaviour of a body may be described by the following laws fundamental to continuum
mechanics (Mase, 1999):

i) The law of conservation of mass ensures that no mass is lost or gained when

the body changes from the undeformed to the deformed configuration;
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ii) The law of linear and angular momentum conservation is related to
Newton’s second law which defines the rate of change of linear and angular

momentum over time, resulting in force and momentum; and

iii) The law of energy conservation is related to the principle law of energy which
states that energy can neither be created nor destroyed but can only change forms.

In this regard, the study constitutive model focuses on the strain energy.

3.3 The constitutive model

The constitutive model of a material aims to reflect the basic mechanical properties that
result from the material internal constitution. This study constitutive model is based on
the Cosserat fibre continuum and was developed by Skatulla et al. (2014) for cardiac
tissues. Because cardiac and arterial tissues exhibit comparable mechanical behaviour,
this model can be used for preliminary studies on arterial walls. In this section, the

Cosserat fibre continuum approach is briefly discussed.

3.3.1 Cosserat fibre continuum approach

Cardiac tissues, like arterial tissues, can be described as the sum of a combination of
myocytes and an extracellular matrix (ECM). The ECM plays a significant role in the
mechanics of these tissues as reported by Fomovsky et al. (2010). It has various compo-
nents, most notably collagen which are responsible for the structural support and con-
tributes to the mechanical stiffness of the problem. Other components include elastin,
fibroblasts, plasma cells, endothelial cells and smooth muscle cells. For the development
of this constitutive model, Skatulla et al. (2014) considered the components of cardiac

tissues under two main categories as depicted in Figure 3-1:

i) The fibrous structure: composed of a bundle of myocytes bound by collagen fibres,

which are anisotropic;

ii)  The complementary connective tissue: made up from remaining components of the

ECM, which are considered isotropic.
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This constitutive model describes the characteristics of myocardium by using one-
dimensional Cosserat continua. This allows for the inclusion of fibre motion relative to
the matrix representing the non-local material response due to twisting and bending of
a fibre bundle. Thus characteristic scaling parameters associated with the micro-struc-
ture become material parameters of the formulation. In this study, the characteristic
scaling parameters are represented by parameters ¢; and c, that are linked by the rela-
tion ¢; = 2¢4. Moreover, the constitutive law of this model presents a natural advantage

over classical formulations as it can explicitly account for torsion and bending.

shect-normal "fu ‘r‘rn_ Vn

L
— V} ..1:;

o)
Vi Vi

Additive extra-cellular matrix with Cosserat fibre

fibre axis

Figure 3-1: Contribution of the three dimensional ECM and fibre bundle (Sack,
2014)

It is quite established in the literature review that myocardial tissues, like arterial
tissues, exhibit highly nonlinear properties as a result of the complex fibre-collagen ar-
rangement and composition inherent to the material. Additionally, a hyperplastic mate-
rial behaviour is assumed for this type of tissues. To account for this material behaviour,
this model makes use of a nonlinear strain energy function which includes contributions

linked to the Cosserat-fibre continuum and complementary terms referring to the ECM.

In this model, the strain energy is decomposed in accordance with the contributions
of the fibrous structural components and complementary connective tissue. The fibrous
structure, which consists of bundle of myocytes bound by collagen fibres, is modelled
using a one-dimensional Cosserat continua. In the Cosserat continuum, every material

point P is assigned a rotational field of displacements, enriching the continuum with
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additional degrees of freedom. Additionally, a rotation tensor R € SO(3), which is inde-
pendent of the deformation gradient F, is used to describe these degrees of freedom. In
this way, two strain measures, a stretch-like strain tensor U and a change of curvature

strain tensor K, can be formulated as follows:

U=R'F (3-1)
1 T
K=—S€: (RTF,) ® V; (3-2)
where the index i = f,t,n and V, Vi, Vy,, illustrated in Figure 3-1, span an orthonormal

basis describing fibre, sheet-tangent and sheet-normal directions, respectively.

A Fung-type orthotropic strain energy function ¥ (U, K), which incorporates fibrous

and complementary matrix components, is then defined as follows:

Y(U,K) = %A (e2109+€™) — 1) + Aoy U In() = ] + 1) (3-3)

where A, Acomp and B denote stress scaling coefficients; J is the Jacobian given by J =
det(F), and the exponent Q is a function of the two strains weighted by material param-

eters assuming symmetry in the cross-fibre directions and defined by

I I
QM (UM™) = by (U + U2, + by (U% + UR, + UZ + UZ) (3-5)

where UM = U\ U® is the part of U complementary to US). Here Q) refers to strain
energy contributions associated with the fibre bundle modelled by the Cosserat rod and
QU to those linked to the ECM. The material parameters a;, referring to the tensile
modulus, and b;, to the shear modulus, govern the material anisotropy for the fibre and

matrix, respectively.

In order to account for the transversely isotropic material behaviour, geometrical

properties of the Cosserat rod were introduced. These properties are the circular cross-

. 12 . . .
sectional area Ar = HT and the second moments of areas linked to torsion and bending
1 * . . . _r
I = 7;—2 and I, = 72—4, respectively, which are functions of the characteristic length [.

Furthermore, the cross-sectional area Ay of the fibre homogenises the strain energy rep-

resenting the fibre continuum. From this perspective, the characteristic length is only
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associated with the higher-order strain energy contributions in the change of curvature

strain tensor K. Therefore, it controls the non-local influence towards a material point.

Finally, a corresponding variational principle was formulated as
f{n :8U+m: 8K}V — W, =0 (3-6)
B

0y . 0
where n = 22 is the force stress tensor, m = M the couple stress tensor, and W,,, the

au oK
external virtual work incorporating the heterogeneous response of all considered fibrous

constituents.

3.4 Concluding remarks

This section summarised the constitutive model that is used within this study. The
model is based on the Cosserat fibre continuum and was initially developed for cardiac
tissues by Skatulla et al. (2014). Because cardiac and arterial tissues exhibit comparable
mechanics, the model was found sufficiently adequate to reflect mechanical properties of
arterial walls for a preliminary investigation. The defining feature of the model are char-
acteristic scaling parameters which control the influence of higher-order strains arising

from the relative motion of the micro-structural constituents.

However, it would be practically impossible to analytically analyse arterial walls
using the presented constitutive model. Therefore, it is required that computational

methods be employed for efficient and accurate analysis.
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4. Computational analysis principles

4.1 Introduction

In Chapter 3, the Cosserat fibre continuum principles required in order to implement
the constitutive model were briefly addressed. It was concluded that a computational
analysis is required to apply the model to arterial walls. Thus, this section first provides
a description of relevant considerations required when conducting computational analy-
sis of arterial walls. Subsequently, the computational modelling techniques that are em-

ployed in this study are discussed, with methods of analysis being presented.

4.2 Nonlinear analysis

The type of analysis depends on the problem at hand. This study employs a nonlinear

analysis because a finite strain and nonlinear material are used in the constitutive model.

4.3 Modelling method

Numerical modelling is a tool that is often used for engineering design and analysis (Rock
et al., 2008). It solves physical problems making use of appropriate simplification of the
reality. The simplification process requires that key variables be identified or introduced
and relations between such variables be established. After the establishment of such
variables and relations, it is common to construct a set of differential equations to be
solved, thus allowing engineers to predict the outcomes of complex models and scenarios

without conducting physical testing (Hopkins, 2014).

4.3.1 Finite Element Method

The increase in the complexity of structural designs caused by the continuous
development of new structural materials has resulted in the need for careful and

advanced analysis. Analytical techniques are still important today but numerical
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methods have become an essential tool in the design process. The Finite Element Method
(FEM) has been a fundamental procedure for the analysis of arterial walls. FEM is a
technique applied to computational analysis in order to solve partial differential
equations. An application of solving such equations is to predict the deformation and
stress fields within solid bodies subjected to external forces such as concentrated and
distributed loads. Moreover, FEM is the most widely used and appropriate method

available to account for large changes in shape and non-linear material behaviour
(Hopkins, 2014).

Three steps are usually used in FEM (Roylance, 2001): pre-processing, analysis and
post-processing. During the pre-processing step, the creation of the material model takes
place. The geometry of the model is discretised into so-called mesh elements with the
assistance of various computer software programs. A finite element mesh is required in
order to carry out a finite element analysis (Bower, 2009). With the finite element mesh,
the geometry of the solid to be modelled can be specified and the displacement field
within the solid can be described. Even with the use of meshfree methods described later
in this section, a mesh is also required in order to discretise the geometry of the structure
to be analysed. The mesh is created and defined by a set of nodes together with a set of
finite elements, which as a whole represent the model to be analysed. In this regard,
Bower (2009) describes a node as a discrete point within the solid body. The boundaries
of elements within the body are represented by nodes. Moreover, this method applies
the support and loading conditions to nodes. With the input geometry and boundary

conditions, a dataset to be analysed is created.

The analysis of the model can be conducted following the pre-processing step. The
dataset from the pre-processing step is used as input into the analysis. The input is then
used to construct a set of linear or non-linear algebraic equations and solve them based
on the fundamental equations of physics governing the problem (Hopkins, 2014). The

general system of equations is given by:
Ku=F (4-1)
where the K is the stiffness matrix dependent on the type of problem to be analysed, u

is the displacement matrix of nodes, and F is the force matrix applied at nodes or upon

elements bound by nodes in the case of line, traction, pressure and volume loads. Here,
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it is possible to either solve for a matrix of unknown forces, or a matrix of unknown

displacements (Roylance, 2001).

The post-processing step starts once the system of equations has been solved using
numerical methods. Here the obtained results are interpreted. It is common that results
are visualized using a post-processing software, which creates, for example, a coloured
contour image of the initial or deformed body illustrating stress, strain, displacement,

rotation and temperature (Roylance, 2001).

4.3.2 Element-Free Galerkin Method

The Element-Free Galerkin Method (EFGM) is a method used to solve equations. It
solves set of differential equations by converting the governing set of equations to the
weak form, known as the principle of virtual work, making use of moving least-squares

interpolants (Belytschko et al., 1994).

EFGM was developed with the aim of reducing the computational time required
for mesh generation. When utilising this method, the models to be analysed are free of
any mesh, and only an array of nodes in the domain of consideration is required. More-
over, it presents the advantage that it does not seem to exhibit volumetric and shear
locking (Belytschko et al., 1994). Thus EFGM is essential to this study in order to
conduct analysis of three dimensional arterial walls, while avoiding volumetric and shear

locking.

4.4 Implementation aspects

The implementation of the constitutive law was carried out by Dr Sebastian Skatulla,
who is the supervisor of this study. The constitutive law was implemented within the
SESKA framework. SESKA is a C++ code built upon by Dr Skatulla. The main software

objective is to solve continuum mechanics problems utilising EFGM.

In this work, the analysis is carried out within SESKA. The geometry definition
and 3D solution visualisation are handled using the pre- and post- processing commercial

software package GiD. Most of the processes in SESKA are parallelised using a high
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performance computer cluster (Hex cluster), in order solve large problem on high per-

formance computers.

4.5 The variational formulation

This study EFGM is based on a variational formulation of the governing equations, also
known as the principle of virtual work or the weak form (Sack, 2014). In continuum
mechanics, the variational formulation states that the external potential W,,; is equal
to the internal potential W;,;. The external potential refers to the work done by external
forces acting on a non-linear boundary value problem in the domain B. Thus the prin-

ciple of virtual work is expressed as

0P =Wint — Wy =0 (4‘2)

where 0y is the variational formulation.

The internal potential is defined as

1
B B

where § denotes the second Piola-Kirchhoff stress tensor, E is the Green strain tensor,
C is the right Cauchy-Green deformation tensor and the double dot operator : denotes

the scalar product of tensors.

E is defined as

E—lFTF 1—1C 1 4-4
=S(FF-1)=3(C-1 (4-4)

Thus the final variational formulation is defined as

1
o = f 55+ 8CAV — Wey, = 0 (4-5)
B
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4.6 Assembly of system of equations

The objective of assembling a system of equations is to obtain a discrete set of equations
that can be solved for an unknown field, in particular displacement. Using Eq. (4-1), the

following equation is obtained for linear problems

KAu — [fex — fint] =0 (4'6)

with K denoting the stiffness or tangent matrix, Au the unknown displacement field
increment, fqy: and fi,¢ the external and internal loading and reaction vectors respec-

tively.

Because this work deals with a nonlinear problem, an iterative procedure is required
to solve for the unknown displacement field. In this regard, the Newton-Raphson method

is utilised to find the unknown displacement field.

4.7 Concluding remarks

This chapter has dealt with the principles of computational analysis that are used in
this study. Following this chapter, the attention is now paid to the computation of

arterial walls using the computational software packages mentioned in this chapter:

SESKA and GiD.
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5. Numerical examples

5.1 Introduction

This chapter develops on problem definitions that are considered for the incorporation
of circumferential residual stresses into the stress distribution of arterial walls under
blood pressure. Therewith, a two-layer artery consisting of the media and adventitia is
used. The intima is not considered as it has little influence on the mechanics of an artery,
as reported in Section 2.3.1. Moreover, the influence of characteristic scaling parameters
on the stress distribution is investigated through examples. Furthermore, this chapter
provides the problem set-up and analysis of computational models, and presents corre-

sponding results and discussions.

5.2 Problem definitions

Three problem definitions (Problem 1, 2 and 3) are developed for the incorporation of
residual stresses in the circumferential stress distribution. They are derived from the
opening angle method outlined in Section 2.5.2. In this method, an open artery is initially
closed in order to obtain residual stresses acting on arterial walls in the load-free config-
uration. Thereafter, the stressed and load-free artery is put under blood pressure regime
for the purpose of obtaining a circumferential stress distribution incorporating residual

stresses.

However, this study only provides models of Problem 1 and Problem 3 for the
purpose of investigation in the examples provided in Section 5.3. In this regard, Problem
2 is not modelled because of analysis limitations within SESKA, as later explained in

Section 5.2.3.
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5.2.1 Problem 1: Opened-up to closed configuration

This problem determines circumferential residual stresses that are acting within individ-
ual layers of the artery (media and adventitia). Herein the layers are modelled inde-
pendently due to the fact that the size of the opening angle differs for individual arterial
layers. With the aim to obtain residual stresses, the opened-up configuration of arterial
layers are closed. These layers are closed by applying a displacement driven procedure
over their cut surfaces. After closing the open arterial layers, the two closed configura-

tions are regarded as residually stressed.

The geometrical data used for the size of opened-up arterial layers is obtained from
Schroder and Hoegen (2015). It corresponds to an open sector of a circular cylindrical
tube with opening angle a, wall thickness h, inner radius r; and axial length L, as illus-
trated in Figure 5-1. Additionally, the angle B¢, which represents the angle between the

two families of collagen fibres, is obtained from Holzapfel and Gasser (2007).

The material parameters of the two arterial layers are summarised in Table 5-1.
They are of the Fung-type in accordance with the the constitutive model, but are not
calibrated to experimental data. Furthermore, the values of parameters c¢; and c, are
not provided in the table. This is because they represent the characteristic scaling pa-
rameters, of which the effect on the circumferential stress distribution is investigated in
this study. Moreover, it is noteworthy that the relation between these parameters is ¢; =

2c,, as reported in Section 3.3.1.

No loading condition is applied in this problem because the opened-up configura-
tion of arterial layers is regarded as load-free and stress-free. On the other hand, geo-
metrical Dirichlet boundary conditions are applied to the models. The application of
these boundary conditions aims to obtain a displacement driven simulation closing the

opened-up arterial layers and to ensure that the layers are sufficiently supported.

The assignment of Dirichlet boundary conditions over the open-up layers is shown
in the problem setup-up depicted in Figure 5-1. These conditions are assigned over the
two cut surfaces of each opened-up layer in order to close the artery in a rotational
movement. This movement makes use of a rotation axis and rotation centre so that the
two cut surfaces meet at half-distance when closing the layer. For both the media and
adventitia, the rotation axis is the z-axis (0 0 1) and the rotation centre is the origin

point (0.0 0.0 0.0). Additionally, a condition is assigned to the line across the middle of
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the outer circumferential surface in order to provide the necessary support for analysis

by ensuring that no displacement occurs in the z-direction along the line.

¥

Media Adventitia
L=10mm L=1.0mm
h=05mm h=05mm
r; = 1.5mm r; =15mm
a = 160.0° a = 160.0°
By = 43.468° By = 43.468°
t = time

Figure 5-1: Problem set-up of the open configuration of arterial layers

Table 5-1: Non-calibrated material parameters for the media and adventitia

Bulk
Layers a;/ | ay/ | bi/ | by/ b3/ | bs/ | bs/ | bs/ | €1/ | €4/
modulus/kPa
Media 2.0¢ 3.0¢’! 1.0 5.0 1.0¢e"! 1.0e?! 3.7 2.0 2.0 - -
Adventitia 2.0e! 3.0¢’! 1.0 5.5 1.0¢"! 1.0e?! 3.7 | 2.0 2.0 — -

The problem set-up is discretised for analysis, as illustrated in Figure 5-1. The

discretisation results in 1250 mesh elements for the media and 1494 mesh elements for

the adventitia, as detailed in Table 5-2.

Table 5-2: Mesh generated for Problem 1
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Number of mesh elements
Element type Media Adventitia
Linear 184 175
Triangular 410 429
Tetrahedral 456 656

Nodes 200 234

5.2.2 Problem 2: Closed configuration of the artery with residual
stresses

This problem starts after the completion of the first problem. The latter only determines
residual stresses acting within the two arterial layers, but ignores those acting at the
interface surface between the layers. In this problem, residual stresses at the interface
surface are determined, and the stress distribution incorporating residual stresses is ob-

tained with the application of blood pressure.

Residual stresses at the interface surface are obtained by linking nodes of the media
and adventitia at their interface surface. The linking of the two layers results in a closed
artery, in which all the all the circumferential residual stresses are accounted for. There-
after, a blood pressure of 13.33 kPa, which is assumed to be the mean arterial pressure,
is applied over the inner surface of the closed artery in order to obtain the circumferential
stress distribution. At the end of this problem, the circumferential stress distribution of

at arterial walls incorporates circumferential residual stresses.

This problem is not modelled in the examples with this study because SESKA does
not have the adequate implementation to simulate the linking process described above.
However, the Dirichlet boundary and loading conditions that may be adequate for Prob-

lem 2 are outlined in Section 5.2.3.

5.2.3 Problem 3: Closed configuration of the artery without re-
sidual stresses

In this problem, the reference configuration is a load-free and stress-free two-layer artery,
and only the blood pressure is applied to this configuration. This results in a circumfer-
ential stress distribution due to blood pressure, but ignoring the effect of residual

stresses.
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The problem model is a two-layer artery, which consists of the media and adven-
titia, and is assumed to be an ideal tube. The geometry of the model is obtained from
Schroder and Hoegen (2015). It is defined by an inner radius r; = 1.0 mm, an outer
radius 7, = 2.0 mm with both layers having a thickness of h = 0.5 mm, and an axial

length L = 1.0 mm, as illustrated in Figure 5-2.

The artery is loaded by means of blood pressure of 13.33 kPa over the inner surface
of the artery, as investigated by Holzapfel and Gasser (2006). The application of the
loading is controlled by Dirichlet conditions such that the artery undergoes a user de-
fined progressing displacement at the surface during each loading step. In this regard, a
displacement increment is applied at each calculation step. However, the increment is
only allowed to vary between 10™* mm and 107! mm per calculation step, depending
upon the number of iterations carried out before convergence of the global Newton-

Raphson iteration of previous calculation steps.

The assignment of Dirichlet boundary conditions over the artery is shown in the
problem setup-up depicted in Figure 5-2. These conditions are applied to the artery
model with the aim of providing the necessary support, while ensuring that the model
deforms symmetrically under loading conditions. Point displacement conditions are ap-
plied at three points located in the axial middle plane of the artery model, as illustrated
in the problem-setup. They provide support to the model by ensuring that the expected
displacements of the points occur during the deformation of the artery under blood
pressure. In this regard, it is expected that the points move along the x-axis, but do not
move in the y-axis and z-axis. Additionally, boundary conditions are applied to two lines
in order to provide the necessary additional support required for the computational
analysis of the model. The position of the two lines is shown in Figure 5-2. The line
displacement boundary conditions ensure that the lines move in the x-axis direction, as

expected, under the deformation caused by the blood pressure.
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Figure 5-2: Problem set-up of the stress-free closed configuration of the artery
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Furthermore, this model is discretized into 4321 mesh elements, with the distribu-

tion of element types detailed in Table 5-3.

Table 5-3: Mesh generated for Problem 3

Number of mesh elements
Element type artery
Linear 294
Triangular 1127
Tetrahedral 2310
Nodes 590
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5.3 Results

This section develops on examples which were used for investigation within this study,
and the investigation results are also discussed. As mentioned above, the examples only
cover Problem 1 and Problem 3. Additionally, the problem definitions were run with
different characteristic scaling parameters c¢; and c,, while keeping the parameters
relation reported in Section 3.3.1. The following values of characteristic scaling

parameters were used:

i) @ =1.0and c: = 0.5 (herein referred to as minimum parameter)
ii) @ =2.0and ¢s = 1.0 (herein referred to as middle parameter)
iii) @ = 4.0 and ¢ = 2.0 (herein referred to as maximum parameter)

The investigation was divided into two parts. The first part focused on investigat-
ing the proposed problem definitions for the incorporation of residual stresses. It provides
contour plots and distribution graphs of the couple and force stresses using the middle-
sized parameter. Here couple stress refers to circumferential stress and force stress to

radial stress.

The second part puts the attention on the effect of characteristic scaling parameters
on the arterial wall stress distributions. Here this effect was captured through graphs of

the distribution of couple and force stresses over deformed arterial walls.

5.3.1 Characteristic scaling parameters: middle parameter

5.3.1.1 Results and discussions of Problem 1

Figure 5-3 and Figure 5-4 illustrate contour plots of the effective couple stress for the
media and adventitia, respectively. They show that the media experiences the greatest
tensile couple stress. Additionally the effective couple stress is tensile in both the media

and adventitia.
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Figure 5-3: Effective couple stress contour plot of the closed media
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Figure 5-4: Effective couple stress contour plot of the closed adventitia
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Contour plots of the effective force stress for the media and adventitia are illus-
trated in Figure 5-5 and Figure 5-6, respectively. They show that the adventitia experi-
ences the greatest tensile effective force stress, while the media alone experiences com-

pressive effective force stress.

effective stress
3.6439
3231
28183
- 240855
1.9928
z 1.58
1.1672
0.75444
0.34167

A" -D.DT‘H@. ﬂ

Figure 5-5: Effective force stress contour plot of the closed media

effective stress
38771
3.4525
3.0278
2.6032
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-‘J\ ¥ 0.05530@.

Figure 5-6: Effective force stress contour plot of the closed adventitia
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For investigation, the stress distribution over the deformed wall is obtained at a
vicinity that is equally influenced by the displacement of both cut surfaces. The position

of this vicinity is illustrated in Figure 5-7.

Line used for
stress distribution

A

Figure 5-7: Radial line used for stress distribution over the deformed wall

Figure 5-8 and Figure 5-9 illustrate the effective couple stress distribution over the
deformed wall of the media and adventitia, respectively. They show that effective couple
stress increases from the inner to the outer surface of the media, while it decreases from
the inner to the outer surface of the adventitia. Similarly to the observation on the
contour plots in Figure 5-3 and Figure 5-4, the effective couple stress is tensile in both

the media and adventitia.
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Figure 5-8: Effective couple stress distribution over the deformed wall of the media
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Figure 5-9: Effective couple stress distribution over the deformed wall of
the adventitia
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Figure 5-10 and Figure 5-11 depict the effective force stress distribution over the
deformed wall of the media and adventitia, respectively. Figure 5-10 shows that the
effective force stress gradient changes directions over the media. In this regard, the stress
increases from the inner surface and then decrease towards the outer surface. However,
the force stress at the outer surface is greater than at the inner surface. On the other
hand, the effective force stress increases from the inner to the outer surface of the ad-

ventitia.

1.8E4-00

1.6E+00

1.4E400

1.2E+00

Effective force stress [MPa]

1.0E400

8.0E-01
0 0.1 0.2 0.3 0.4 0.5

Inner to outer radius [mm]

Figure 5-10: Effective force stress distribution over the deformed wall of the media
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Figure 5-11: Effective force stress distribution over the deformed wall of

the adventitia

5.3.1.2 Results and discussions of Problem 3

The contour plots, illustrated in Figure 5-12 and Figure 5-13, were obtained for the
effective couple and force stresses of the stress-free artery under blood pressure. One can
see that the effective couple stress tend to decrease from the inner surface to the outer
surface of the artery. A similar trend can be observed on the effective force stress as it

tends to decrease from the inner surface to the outer surface of the artery.
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Figure 5-12: Effective couple stress contour plot of the artery
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Figure 5-13: Effective force stress contour plot of the artery
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Figure 5-14 shows the effective couple stress distribution over the deformed wall of
the artery due to blood pressure. One can see that the effective couple stress is tensile
through the artery. Moreover, it decreases from the inner to the outer surface of the
media. On the other hand, it increases from the inner to the outer surface of the adven-
titia. Additionally, one can see that the stress is continuous at the interface between the

media and adventitia.

However, the finding over the adventitia is in contradiction with the investigation
of Holzapfel and Gasser (2006) which showed that the effective couple stress due to
blood pressure is expected to decrease from the inner to the outer surface of the
adventitia. Additionally, a discontinuity is expected between the interface between the

media and adventitia.

1.0E-03

Effective couple stress [MPa)]

2.0E-04 ----o-oee- Media | & ]
—— Adventitia
0.0E+00
0.0 0.2 0.4 0.6 0.8 1.0

Inner to outer radius [mm]

Figure 5-14: Effective couple stress distribution over the deformed wall of the artery

Figure 5-15 depicts the effective force stress distribution over the deformed wall of
the artery. It can be seen that the effective force stress is decreasing from the inner to
the outer surface of both the media and adventitia, with a greater reduction over the

media. Additionally, one can see that effective force stress is tensile at the inner surface
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and compressive at the outer surface of the media, while it is compressive over the

adventitia.
1.6E-02
Media

— L2B02 N\ | —— Adventitia
¥t : : : ‘
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Figure 5-15: Effective force stress distribution over the deformed wall of the artery

5.3.2 Effect of characteristic scaling parameters c; and cs

This section investigates the effect of the size of characteristic scaling parameters on the
distribution of the couple and force stresses over deformed arterial walls. The results
presented in this section are obtained from the simulations of Problems 1 and 3 with the

three sizes of characteristic scaling parameters. as reported at the start of this chapter.

5.3.2.1 Results and discussions of Problem 1

The results of the effect of characteristic scaling parameters on the effective couple stress
distribution over the media are shown in Figure 5-16. One does note that the minimum
parameter has the highest stress at the inner surface, while the maximum parameter has
the lowest stress at the inner surface of the media. Over this layer, the stress of the
middle and maximum parameters increases, with the maximum parameter having a
greater stress increase. However, the minimum parameter decreases instead over the

media. This results in the effective couple stress of the minimum parameter being the
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lowest at the outer surface, while the maximum parameter has the highest stress at the

outer surface.

The results show that the size of the parameter influences the effective couple stress
distribution over the media, but it is not possible to clearly define this influence. More-
over, it is possible that the result of the minimum parameter is an outlier as it does not

follow the trend of the other two parameters.

3.0E-01

—— Minimum parameter

2.5E-01 - ——Middle parameter | 77777777777777

2.0E-01 -- Maximum parameter

1.5E-01

1.0E-01

5.0E-02

Effective couple stress [MPa]

D S S ——

-5.0E-02
0 0.1 0.2 0.3 0.4 0.5

Inner to outer [mm]

Figure 5-16: Effective couple stress distribution over the deformed wall of the media

Figure 5-17 illustrates the effective couple stress distribution over the adventitia.
It shows that an increase in the size of parameters causes an increase of the effective
couple stress over the adventitia. Moreover, the effective couple stress decreases from
the inner to the outer surface of the adventitia for all parameters, but with different
magnitudes. In this regard, the minimum parameter experiences the smallest stress de-
crease, followed by the middle parameter, and the maximum parameter which experi-

ences the greatest stress decrease over the wall.

These results show that the increase in the size of parameters causes a decrease of
the effective couple stress distribution in the adventitia. Additionally, the parameter size
affects the stress decrease over the layer. In this regard, an increase in the size of pa-

rameters increases the stress decrease.
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Figure 5-17: Effective couple stress distribution over the deformed wall of

Figure 5-18 shows the effective force stress distribution over the media. It can be

the adventitia

18

seen that the minimum parameter has the lowest stress at the inner surface, while the

maximum parameter has the highest stress at the inner surface of the media. The stress

of the minimum parameter increases from the inner to the outer surface in a straight

line, whereas there is a change of gradient for the middle and maximum parameters. At

the outer surface, the stress of the minimum parameter remains the lowest, while the

stress of the middle parameter becomes the highest.

Similarly to the results of Figure 5-16, the size of the parameter is found to influ-

ence the effective force stress distribution over the media, but it is not possible to clearly

define this influence.
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Figure 5-18: Effective force stress distribution over the deformed wall of the media

Figure 5-19 illustrates the effective force stress distribution over the adventitia.
This illustration does not show a clear correlation between the size of parameters and
effective force stress distribution. In this regard, one can see that the minimum param-
eter has the lowest force stress, while the middle parameter the highest. However, the
stress gradient does not vary with parameter as it stays constant. Thus it is concluded
that the size of parameter influence the effective force stress distribution, but that the

influence is not clearly defined.
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Figure 5-19: Effective force stress distribution over the deformed wall of

the adventitia

5.3.2.2 Results and discussions of Problem 3

Figure 5-20 shows the effective couple stress distribution of the artery. Similarly to
Figure 5-19, it does not provide a defined correlation between the size of parameters and
effective couple stress distribution. In this regard, one can see that the stress of the
middle parameter is the highest over the artery, while the maximum parameter stress is
the lowest. Thus one can conclude that the parameter size influences the effective couple

stress distribution with the available results, but this influence is not clearly defined.

Modelling of residual stresses of blood vessels
Chapter 5: Numerical examples



UNIVERSITY OF CAPE TOWN =

1.0E-03
——— Minimum parameter
ROF.04 - —— Middle parameter | 777777777777777
Maximum parameter

Effective couple stress [MPa]

0.0E+00
0 0.2 0.4 0.6 0.8 1

Inner to outer radius [mm]

Figure 5-20: Effective couple stress distribution over the deformed wall of the artery

The effective force stress distribution over the artery is illustrated in Figure 5-21.
Similarly to Figure 5-20, the illustration does not provide a defined correlation between
the size of parameters and effective couple stress distribution. In this regard, one can see
that the stress of the middle parameter is the lowest, while the minimum parameter
stress is the highest. Thus it is also concluded that that the size of parameters influence

the effective force stress distribution, but that the influence is not clearly defined.
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Figure 5-21: Effective force stress distribution over the deformed wall of the artery

5.4 Concluding remarks

This section presented the problem definitions that are proposed for the incorporation
of residual stresses and investigation of effect of characteristic scaling parameters over
the distribution of effective couple and force stresses. In this regard, it was reported that
the investigation results are qualitative as model parameters are not calibrated to
experimental data, and that analysis implementations could not be achieved for all

problem definitions within this study timeline.

With regard to the incorporation of circumferential residual stresses, it was found
that these stresses increase from the inner to the outer surface of the media, but decrease
from the inner to the outer surface of the adventitia. Moreover, they were found to be
tensile over both arterial layers. On the other hand, circumferential stresses due to blood
pressure were found to decrease from the inner to the outer surface of the media, while
they increase from the inner to the outer surface of the adventitia. Additionally, they
were also found to be tensile over the artery. The results also showed that there is no
stress discontinuity at the interface surface between the media and adventitia. Further-

more, it can be qualitatively concluded that circumferential residual stresses tend to
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decrease the stress gradient over the media, while they tend to increase it over the
adventitia, with respect to stress gradient directions in individual arterial layers and

artery.

However, some of the results were found to be in contradiction with findings in the
literature review. In this regard, circumferential residual stresses were expected to be
compressive on the inner surface and tensile on the outer surface of both the media and
adventitia. Moreover, circumferential stresses due to blood pressure were expected to
decrease from the inner to the outer surface of the adventita, as illustrated in Figure
2-4. Furthermore, a stress discontinuity was expected at the surface interface between
the media and adventita. Additionaaly, it was expected that circumferential residual

stresses tend to reduce the stress gradient over the adventitia

With regard to the effect of characteristic scaling parameters, it was concluded
that these parameters influence the magnitude and gradient of the distribution of couple
and force stresses. However, the results were found to be inconclusive in order to clearly

define this influence.
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6. Conclusions and recommendations

The focus of this study was to develop a model incorporating circumferential residual
stresses in arterial walls and to investigate the effect of characteristic scaling parameters
of the Cosserat fibre continuum model on the stress distribution. This chapter
summarises the major findings, acknowledge the study shortcomings and outline future

studies for research.

6.1 Summary and general concluding remarks

This document began with an introduction into the study by providing the reader with
background information on the topic. Subsequently, the research motivation and
importance were presented. Thereafter, the aims and objectives of the study were
provided, together with the scope and limitation. This was followed by a literature
review which expanded on properties of residual stresses, mechanics of arterial walls, the
procedure for parameter identification, and the method of incorporation of

circumferential residual stresses in arterial walls.

The material of arterial walls was modelled using the Cosserat fibre continuum.
This constitutive model was initially developed for cardiac tissues, nonetheless it can
also be used for a preliminary investigation on arterial tissues as these two types of tissue
exhibit comparable mechanics. Moreover, the model is defined by characteristic scaling
parameters, of which the influence on the wall stress distribution is investigated in this

study.

The opening-angle method was employed for the incorporation of circumferential
residual stresses. This method requires the consideration of an open artery, which is
assumed to be stress-free. Here the medial and adventitial layers are considered inde-
pendently because they have different opening angles. The open arterial layers are ini-
tially closed in order to obtain circumferential residual stresses acting within individual
arterial layers in the load-free configuration. The stressed and load-free layers are then
linked in order to form a closed artery and account for circumferential residual stresses

acting at the interface surface between layers. Thereafter, the blood pressure is applied

Modelling of residual stresses of blood vessels
Chapter 6: Conclusions and recommendations



UNIVERSITY OF CAPE TOWN
[ iy v G 6-2
in order to obtain a wall stress distribution incorporating circumferential residual

stresses.

For the computational simulation of arterial walls, two computational software
packages were used: SESKA and GiD. SESKA was used for the computational analysis
of models, while GiD was used for the pre- and post- processing of models. However,
SESKA presented some limitations as it could not implement the linking procedure of
individually stressed arterial layers, which is required to account for residual stresses at
the interface surface. As a consequence, this procedure was not carried out in this study.
Hence simulations results only determine circumferential residual stresses acting within
arterial layers and circumferential stresses due to blood pressure in a stress-free artery.
Moreover, model parameters of arterial layers were not calibrated to the available ex-
perimental data because the calibration could not be achieved within this study timeline.

Therefore, only qualitative results were obtained in this investigation.

The investigation on the incorporation of circumferential residual stresses showed
both satisfactory and contradictory results. On the satisfactory results, residual stresses
were found to reduce the stress gradient over the media. Furthermore, circumferential
stresses due to blood pressure were found to decrease from the inner to the outer surface

of the media. Additionally, these stresses were found to be tensile over the artery.

In contrast to the literature review, circumferential residual stresses were found to
increase the stress gradient over the adventitia instead of reducing it. Moreover, they
were expected to be compressive on the inner surface and tensile on the outer surface of
both the media and adventitia, but were found to be tensile over both layers. Further-
more, circumferential stresses due to blood pressure were expected to decrease from the
inner to the outer surface of the adventita, bu they were to be increasing in that
direction. Furthermore, a stress discontinuity was expected at the surface interface
between the media and adventita, but the stress was found to be continuous in the

investigation.

The investigation into the effect of characteristic scaling parameters found that
these parameters do influence the magnitude and gradient of the distribution of effective
couple and force stresses. However, the results were found to be inconclusive for a clear

definition of this influence.
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In conclusion, this study can be used as a preliminary investigation as some results
were found satisfactory. Additionally, the investigation method has been widely used
with satisfactory results in past studies. However, further investigation is required in
order to obtain the results that are satisfactory and conclusive. In this regard, the next

section provides the areas that should be improved in future studies.

6.2 Further studies

Incorporation of circumferential residual stresses

Further investigation is recommended in order to incorporate circumferential residual
stresses with the aim of obtaining satisfactory results. This investigation should include
the linking procedure so that circumferential residual stresses are accounted for at the
interface surface between arterial layers. Moreover, the constitutive model needs to be
adapted to arterial tissues in order to better capture their mechanical behaviour. Addi-
tionally, the calibration of model parameters to experimental data is required in order

to obtain a quantitative and quantitative results.

Effect of characteristic scaling parameters

The investigation within this study on the effect of characteristic scaling parameters
over the wall stress distribution confirmed that these parameters influence the stress
distribution. However, this influence could not be successfully defined due to the limited
investigation data. Thus it is recommended that more sizes of parameters be used in
future studies in order to clearly define the influence of parameters on the stress distri-

bution.
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