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Preface

In my evolving career as young mathematician I have faced many different aspects of
applied mathematics, including applications in electrical engineering, thermomechanics
and abstract theories on evolution equations. Following this pattern, I should now
treat a completely different topic and indeed the present thesis deals with a topic
from an evolving science called biophysics. To be more precise I am dealing with the
topic of modeling the mechanical and electrical activation of the human heart.

With this topic, in my opinion, I have finally touched a group of topics which combines
the most interesting aspects of all previous work and adds the extra ingredient of
human physiology. I hope that I can stick to this topic for a longer time and be able
to contribute to this fascinating field.

I want to thank Prof. Olaf Steinbach for encouraging me to treat this topic. Fur-
thermore I want to thank Prof. Gerhard Holzapfel and Prof. Gernot Plank for their
input where my knowledge of electrobiomechanics was limited. The first chapters
of my thesis would not look the way they do as it were not for those two. I also
want to dearly thank my dear friend and colleague Arno Kimeswenger for the daily
discussions and his input and opinion. I think we both helped each other a lot to
bring our theses to a good end. Yet more I want to thank Dipl.-Ing. Harald Schmidt
for proofreading my thesis.

Last but not least I want to heartily thank my parents for their overall support during
my studies. This work is dedicated to them.
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Notation

Throughout this thesis we will use the following notation:
e Scalar quantities will be denoted by a letter in normal font, e.g.: ¢.
e Vector valued quantities will be denoted by a bold letter in normal font, e.g.: w.
o Matrices will be denoted by a normal letter in sans serif font, e.g.: A.

o Tensor valued quantities will be denoted by a bold letter in sans serif font, e.g.:
T.

This notation will apply henceforth until otherwise stated.
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Introduction

The human heart has played an important role for understanding the body since
antiquity. In the fourth century B. C., the Greek philosopher Aristotle identified
the heart as the most important organ of the body, the first to form according to
his observations of chick embryos, see [56]. He characterized it as the seat of many
human abilities, such as intelligence, motion and sensation. Therefore, in Aristotle’s
view, it was a very hot organ and all other vital organs! in the human body exist
merely to cool the heart.

During the last millennium, the pursuit of knowledge of the human heart has gained
more importance, not only by a desire to understand the mechanical and electrochem-
ical processes, but also by the increasing clinical importance. According to the World
Health Organization (WHO) heart diseases are one of the top ten causes of death in
western society (see [84]). Thus, improving the understanding of the function of the
human heart may lead to new techniques for the diagnosis and treatment of heart
problems.

Over the last decades, the amount of information about the mechanisms of the human
heart has rapidly increased. Now we are in the position to observe cellular and even
sub-cellular processes. Nevertheless there remain several unanswered questions, for
example why does defibrillation really work, and what is happening in the heart at
that time.

The most prominent and standard tool in cardiology is the electrocardiogram, abbr.
ECG. It dates back to Wilhem Einthoven, see [16]. However, in the ECG one deals
with the human heart as a black-box and tries to reconstruct some dipole distribution.
This is known as the inverse problem of electrocardiography, see [36] [76]. This problem
is essentially ill-posed and does not provide satisfying results. Furthermore one has
no possibility to study complex arrhythmias in the human heart, by just using an
ECG. So nowadays we try to model the human heart more detailed with sub-cellular
to macroscopic models as well as their interaction and coupling. This reflects and is
based upon the increasing physiological knowledge about the human heart. These
days it is known that changes in the macroscopic scale of the heart, for example high
blood pressure, acts down to the sub-cellular and the genetic level but also vice versa.
This is a quite new research field know as epigenetics. For more information about
epigenetics one should refer to [54].

The newly developed models give the possibility for in silico simulations and enable

le.g.: brain and lungs
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Introduction

studies of heart diseases without harming a human patient. However, very few
attention has been payed to a strict mathematical formulation and to a numerical
analysis. In this thesis we shall try to give a brief overview of the existing mathematical
models for describing the coupled effects of electro-chemical and mechanical processes
in the human heart. We will arrive at essentially non-linear coupled systems of partial
differential equations and also ordinary differential equations.

Chapter [I] gives a short overview of the physiological functionality, essentially the
cardiac cycle, as reference for our purposes. In Chapter [2| we will model the electric
activation of the human heart which will lead us to the well-known Bi-Domain model
of L. Tung presented in [79]. In Chapter [3| we will describe the purely mechanic model
of the human heart. For this purposes we shall present a material law developed by
G. Holzapfel in [32]. In Chapter 4| we will try to couple the independent models of
the electric and mechanic activation of the human heart by incorporating the most
recent literature. Finally in Chapter [5| we will account for the analysis and solvability
of each model separately. The analysis of the fully coupled problem is postponed to
further work.

While Chapter [I] describes the human heart as a whole, the subsequent chapters
focus on the ventricles, a distinct part of the human heart playing a key-role in its
functioning: the ventricles are indispensable to life, whereas the atria, which form
the other part of the human heart are not. Furthermore these two parts are, except
for one passage which will also be described in Chapter [} completely electrically
insulated. Hence, from a physiological insight it is sufficient to focus on the ventricular
electromechanics for which almost all literature is about.

14



1 Physiological Background

This introductory chapter is inspired by and excerpted from [36, [7T] and [32].

The most studied organ in human physiology appears to be the heart, although its
function seems quite simple: it pumps blood through our body by contracting and
expanding about 2.5 billion times during a normal lifetime of a human being. As a
fact, heart failure, either electrical or mechanical, is one of the most common causes
of death in the Western world, see [84].

The human heart is a muscular organ, weighing about 250 to 350 grams with a
size comparable to a fist, which, as denoted above, pumps the blood through the
blood vessels, delivering nutrients and removing waste from each organ, by repeated,
rhythmic contractions. This process, where the oxygen rich blood is delivered to
the organs is called the systemic circulation. Furthermore the human heart drives
deoxygenated blood through our lungs for re-oxygenation (the so called pulmonary
circulation). Figure[l.1] shows a schematic view of the heart. The coordination of the

Superior
Vena Cava

Pulmonary
Artery

Pulmonary
Vein

Mitral

Pulmonary _\
Valve ™

Tricuspid ="
Valve

Inferior Vena Cava

Figure 1.1 — Schematic view of the human heart.!

mechanical activity of the human heart is closely related to the signal transportation
in it. Its mathematical modeling will be the main topic of this thesis. In order
to develop the models we need to understand the basic underlying physiological

'taken from |http ://en.wikipedia. org/wiki/Right_ventriclel
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1 Physiological Background

principles. That is the goal of this chapter. As a start we will establish some basic
mechanic facts about the heart.

1.1 Facts & Figures

The location of the human heart is anterior to the vertebral column, i.e. the spine,
and posterior to the sternum, i.e. the chest. As one can see in Figure [} the human
heart consists of four chambers: the right and left atria, which receive the blood
from the body acting as a large-volume low-pressure reservoir, and the left and right
ventricles, which actually do the predominant pumping of the blood through our
body.

The mantle of the human heart consists of three layers. The outermost is referred to
as epicardium, which mainly consists of collagen fibers and serves as a protective layer.
The middle one is called the myocardium, consisting of muscle cells, called myocytes,
which do the actual contraction of the heart?, and innermost the endocardium, like
the epicardium consisting of mainly collagen which serves as an interface between the
heart wall and the human blood.

The thickness of the epicardium, about 100 pgm, and of the endocardium, about
100 pm, is much less than the one of the myocardium. Although it is not uniform
but it is always many magnitudes thicker than the epi and endocardium. Epi- and
endocardium being considered as mere protective respectively interfacing layers it
is justified to restrict our attention and model to the myocardium itself. Following
Holzapfel in [32] we adopt the assumption, that the myocardium can be described
as a continuum composed of laminar sheets? of parallel myocytes arranged in fibers.
Figure [I.2] shows the basic structure of the left ventricle. It was extracted from
[32]. As one can see the fiber direction of these muscles rotates, in a mathematical
positive sense, throughout the wall thickness from 50° to 70° near the epicardium
to —50° to —70° near the endocardium. The organization of the myocardial layers
is characterized best by a right-handed orthonormal set of basis vectors (f, so,0),
denoted fiber direction, sheet direction and sheet normal direction respectively. This
will be discussed in more detail in Sections and According to [32] we shall
use the local index set {f,s,n} for referring to fiber, sheet and normal direction. The
idea behind this will be explained in Section Furthermore we will use the pairs
fs, fn and sn when talking about the fiber-sheet, fiber-normal and sheet-normal
planes respectively. For a detailed overview on the structure of the myocardium

2 Although it is of great physiological interest we will skip the description on how cells can actually
contract, as this would lead us to far away from the main topic, we will assume that they just do
contract. The interested reader may refer to [36, Chap. 15] or [71] p. 60ff].

3There is an discussion about the justifiability of this assumption, see [22].

“This figure is taken from [32 p. 3448 Fig. 1.].
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1.1 Facts & Figures

lal  left ventricle
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Figure 1.2 — Schematic view of the muscle structure in the human heart?.

(a) shows an schematic view of the left ventricle where a small block of myocardial
tissue has been cut out.

(b) shows the structure of the muscle from the endocardium to the epicardium.

(¢) shows five special longitudinal-circumferential layers at varying thickness of
the myocardium, from 10 to 90 per cent of the wall thickness.

(d) shows the make-up of myocytes, with embedded collagen fibers and the local
right-handed orthonormal fiber coordinate system with the fiber axis f, sheet
axis sg and sheet-normal axis ng.

Finally in (e) one sees a cube of layered tissue with local coordinates (X1, X5, X3)
which is used to develop the mechanical models in [32].
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1 Physiological Background

refer to [I7, 32 B9HAT], [70] as a starting point. The detailed pure mechanical model
of the myocardium is presented in Chapter

The mechanic response of the human heart relies on a very complex electro-chemical
signal conduction system which will be discussed in the next section.

1.2 Signal Conduction & Overview of the Cardiac Cycle

For a more detailed description about the signal conduction of the human heart the
reader is referred to [43] [71].

Cardiac tissue is called a functional syncytium of myocytes. This means that cells
are separated morphologically but connected through so-called gap junctions. Gap
junctions enable the cells to exchange different ions and molecules (like e.g. Na™ or
ATP?) with each other. This transfer between cells is one of the reasons why the
heart muscle can contract so fast. For more details on gap junctions refer to [71], p.
16ff].

Myocytes have two very important abilities, namely they are excitable and contractile.
The first means, that they can transport electric potentials and these potentials
cause the cells to actually contract. The excitability of the myocytes is fundamental
for understanding the functionality of the human heart and will be addressed in
Section @ However, to ensure correctness of the complex process of pumping
blood through our body, there is an intense communication and synchronization
between the cells, which is controlled by the signal conduction system of the heart as
depicted in Figure[I.3] The electrical activity of the human heart starts in a bunch
of cells known as the sinoatrial node, short SA node, which is found just below the
superior vena cava of the right atrium. The cells in the SA node are very special cells,
as they work as autonomous oscillators, meaning that they can alter their electric
potential without effects from outside. This change of electric potential (known as
action potential) is then mitigated through the heart, starting by the atria. The
atria and the ventricles are sperated by a wall which consists of non-excitable cells.
Thus the action potential cannot pass directly this barrier. However there exists
one pathway through this barrier: another bunch of specialized cells, known as the
atrioventricular node, or short AV node, located at the bottom of the atria. An

SATP stands for adenosine triphosphate and is one of the most important source of energy in the
human body. Therefore one also calls ATP the “currency” in our body, see [38].

SWe will not discuss the details of how muscle cells actually contract, as this will lead us to far
away, we will rather assume that they just do contract. For a detailed physiological overview the
interested reader may refer to [71, p. 60ff] and also |20}, 26] [33] and for a detailed mathematical
modeling overview one should refer to [36, Chap. 15].

"taken from http://en.wikipedia.org/wiki/Electrical_conduction_system_of_the_heart
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1.3 Summary

Bachmann's
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Atrioventricular
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Left posterior -
bundle

Right bundle

Figure 1.3 — Schematic view of the signal conduction system of the human heart.”

important property of the AV node is, that its conductivity is much smaller than in
usual heart cells, so these action potentials travel quite slow through this cells. This
happens not without ulterior motive. If the signal would pass the AV node as fast as
it travels through other cells, the ventricles would start to contract before the atria
have ejected all of the stored blood into the ventricles. After the signal has passed the
AV node it branches out through a specialized collection of cells known as the bundle
of His, which is composed of Purkinje fibers. This Purkinje fiber network spreads out
in a tree-like way into the left and right bundle branches all over the inside of the
ventricles. The Purkinje fibers are connected to the ventricular muscle cells through
junctions. When an action potential reaches a muscle cell from a Purkinje fiber it
causes it to contract, and so the whole ventricle starts to contract. The end of the
propagation of the action potential lies in the epicardial surface. After the signal has
reached this point, the whole contraction is reversed and starts again from the SA
node. Due to the mentioned insulation of the ventricles and the atria and also due to
the fact that the ventricles are of greater physiological interest, as aforementioned
in the Introduction, the modeling is limited to the ventricular activity of the human
heart.

1.3 Summary

This was a very brief, and by no means complete, overview of the cardiac cycle
in a human heart. It should be evident from the above paragraph, that there is a
multitude of features of the myocardium to study. First of all one needs to know how
the electric potentials of cells can be altered and how the "communication" of cells
works, the latter leading to the so-called ionic currents. Bearing in mind the goal, of
describing the myocardium as a whole (supposed it can be modeled as a continuum),
it is also of great interest how we can describe the propagation of action potentials in
the whole human heart without focusing on the cellular structure. This will lead to

19



1 Physiological Background

the well-known Bi-Domain model. Apart from the electric propagation in the human
heart we also want to take a glance at the mechanic contraction of the heart. As
said before, we will not describe the contractile properties of myocytes here, as this
leads too far away. We will stick to a pure formulation of the mechanical models from
a continuum mechanical point of view. However, the mechanical and the electrical
activities are not self-contained. They depend on each other, thus we need to account
for that too, which will lead to coupled multi-field problems.

20



2 Modeling the Electric Activation of the
Myocardium

In this chapter we will focus on the electric activation of the human heart. As
mentioned in Chapter [I] the electric activation of the human heart is a very complex
procedure and relies on various different aspects. This chapter is by no means complete
and many of the physiological and physical topics will just be touched on. A very
good and detailed physiological overview of the electric activation in the human heart
is found in [71]. We will develop the mathematical modeling in this chapter which
results are largely taken from [36]. To be able to understand the processes of the
electrical activation we need to start at the cellular level. Nevertheless, it occured
many times in history of science that a simple approach used to describe the electrical
activity of the human heart, was very succeccsive. This was the electrocardiogram,
abbrv. FCG, dating back to 1877. This shall serve us as a motivation for the time
being.

2.1 Modelling the Human Heart as a Dipole

This part is derived from [36, Chap. 12]. One of the oldest attempts to model the
myocardial activity dates back to 1877, when the first electrocardiogram was recorded
by Einthoven!. It has been known since than that the action potential — this is the
potential difference across the cardiac cell membrane and it is the actual signal in
the human heart which is transported — of the human heart generates an electrical
potential field that could be measured on the body surface. In a first approach, the
human body was modeled as a volume conductor. This means, when there is a current
source somewhere in the body, currents will spread out throughout the body. With
those currents flowing, one can measure the potential differences between any two
points of the body’s surface, given a voltmeter which is sensitive enough. Potential
differences are observed whenever the current sources are sufficiently strong. There
are three of such occurrences. When the action potential is spreading across the
atria, there is a measurable signal, called the P wave. When the action potential is
propagating through the wall of the ventricles, there is the largest of all deflections,
called the QRS complex. A schematic view of a single ECG recording is depicted in
Figure 2.1} Finally, the recovery of ventricular tissue is seen on the ECG as the T

'For a more detailed view on the historical background refer to [8, [16].
2Taken from http://en.wikipedia.org/wiki/Sinus_rhythm,
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2 Modeling the Electric Activation of the Myocardium

QRS
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s ST
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S

Figure 2.1 — Schematic view of the sinus rhythm of the heart?.

QT Interval

wave. The recovery of the atria is too weak to be detected on the ECG. Similarly,
SA nodal firing, AV nodal conduction, and Purkinje network propagation are not
detected on the normal body surface ECG because they do not involve sufficient
tissue mass or generate enough extracellular currents. In hospitals, ECG recordings
are made routinely using oscilloscopes. We will not turn our attention to the details
of the ECG. For a more detailed view about the technical belongings refer to [36]. We
will now turn our attention to the mathematical background of the ECG the volume
conductor model.

Governing Equations. In the volume conductor model, we view the human heart as
a three-dimensional conducting medium  with a given dipole-like charge p3. The
governing equations for a volume conductor are the Mazwell Equations which read,

QB(QZ, t) + curl E(x,t

- (2,) = 0, (2.1)
div B(z,t) =0, (2.2)
%D(w,t) —curl H(x,t) = —j(,t), (2.3)
div D(z,t) = p(x, 1), (2.4)

with H(x,t) being the magnetic field, B(x,t) denoting the magnetic flux, D(x,t)
describing the electric displacement, E(x,t) indicating the electric field and j(x,t)
terming a given current density. These equations describe the relation between the
electric and the magnetic fields in conducting media. By taking the divergence of

3This idea goes back to the Einthoven, see [76].
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2.1 Modelling the Human Heart as a Dipole

(2.3) we obtain the continuity equation

0 .
ap(m,t) +divj(x,t) = 0. (2.5)
For giving a full description of the relation between electric and magnetic fields
in conducting media, one needs to establish constitutive equations, which read for
D(x,t) and B(x,t)

D(x,t) = e(x)E(x,t), (2.6)
B(x,t) = p(x)H (x,t), (2.7)

with e(x) being the electric permittivity, p(x) being the magnetic permeability.
Furthermore in conducting media Ohm’s law applies, which states that

j(x,t) = M(x)E(x,t), (2.8)

with M(z)? being the electric conductivity. As one can see, the constitutive quantities
€, i, M are assumed to be not time-dependent, which may not be the most general case.
For a detailed description of electromagnetism we refer to [35]. It should be mentioned
that, especially for human tissue, all those quantities are in fact tensor-valued functions
and will be discussed in more detail in Section 2.4l

From biophysics it is known that the electrical activation of the heart is a very fast
process, while the variations in the electric and magnetic fields are rather small, see
[63], thus we can neglect %B in (2.1) and obtain

curl E(xz,t) = 0. (2.9)
From that it follows, that there exists a scalar potential u(x) such that
E(x) = —grad u(x).
Hence, equation is fulfilled. Inserting this potential into Ohm’s law we obtain
j(x) = —M(x) grad u(x).

In accordance to [36, Section 14] we denote —%p(x,t) by f, being the lumped sum
of all current sources in the heart 2. Then, the continuity equation (2.5)) becomes

—div (M(x) grad u(zx)) = f(x,1t). (2.10)

This is a quasi-static Poisson equation. To complete this partial differential equation
we still need to incorporate boundary conditions. A very obvious assumption is, that
there is no current flux outwards of the heart. This means

j-n=0 on I' = 99,

1t is common to use o for the conductivity, however this special letter is reserved for the Cauchy
stress tensor which will be introduced in Chapter El
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2 Modeling the Electric Activation of the Myocardium

where n denotes the outer unit normal vector of Q. Using this and Ohm’s law ({2.8)),
we end up with the Neumann boundary condition

(Mgradu) -n =0 onI.

We may note a few points at this stage. For the boundary value problem to be
solvable we need to enforce the condition

Q/fdmzo

as follows easily by applying Gauss’ theorem to the integral of equation ([2.10f). Next,
from calculus we know, that the scalar potential v is unique up to a constant. Thus
one usually introduces a scaling condition in the form

/u(m) de =0

Q

to fix the constant term of u, see [75] for details.

2.2 Cardiac Cells, Action Potentials and lonic Currents

The volume conductor model, although very simple, is still the basis for the electro-
cardiography in modern medicine. However, to get a more profound understanding of
the electric activation of the human heart, and because of the evolving knowledge
about epigenetics, as mentioned in the introduction, we need to take account of
some physiological details. First of all we need to understand how cardiac cells can
transport electric signals.

2.2.1 The Cell Membrane

From an electrical point of view, the most important part of a cell is its membrane.
Therefore we will not discuss details about the structure of a human cell. The
interested reader may refer to [(1]. For our end it is sufficient to know, that a
human cell consists of a cell membrane and the interior. The inside of the cell, the
intracellular space is a very complex structure, Both the intracellular and extracellular
space consist of, among many other things, a dilute aqueous solution of dissolved
salts, primarily NaCl and KCl, which dissociate into Na™, K+ and Cl~ ions. Outside
the cell in the extracellular space we also find ions in a different concentration. Thus
there is an electric imbalance and so cells possess an electric potential, whose idle
state is referred to as resting potential.

24



2.2 Cardiac Cells, Action Potentials and lonic Currents

The cell membrane acts as a boundary separating the interior of the cell from its
exterior. More important, it is selectively permeable, meaning that it allows some
materials, among also ions, to pass into and out the cell. It is composed of a double
layer, or bi-layer, of phospho-lipid — where lipid is specified by a category of water-
insoluble, energy rich macromolecules, like fats, waxes, and oils — molecules about
7.5 nm thick. Figure [2.2] shows a schematic view of a cell membrane.

Protein channel EXteriOI'

(transport protein)
Globular protein Glycoprotein

“\\i ‘ n’)‘“ nnn.om n“ Phospholipid bilayer
Wl 200 (g
: L h;i:r::u'zﬁ‘*

Cholesterol Integral protein
(Globular protein)

. Surface protein
Glycolipid

Peripherial protein Filaments of / Alpha-Helix protein Hydrophobic tails
cytoskeleton (Integral protein)
Interior

Figure 2.2 — Schematic view of the cell membrane®. For the thesis, the most important part
of the cell membrane are the channel proteins which have been marked red.

The cell membrane itself is a very complicated structure and we might dedicate a
whole thesis to this, but we will focus on a specific part of the cell membrane: the
channel proteins, marked red in Figure These are protein-lined pores which
actual regulate the passage of ions through the cell membrane, thus maintaining
concentration differences between the interior and the exterior of a cell.

There are two possibilities to transport molecules through the cell membrane. The
first one is the so-called passive transport, by which we mean a passive process which
is solely driven by concentration gradients® . The second possibility to transport
molecules through the cell membrane is by a so-called active transport. An active
transportation process involves the transportation of ions against their concentration
gradient and thus is an energy consuming action. The whole maintenance of the
concentration differences are set up by the active mechanisms of the cell. Also much
of the metabolism of our body works due to such transports. In literature it is also
quite common to refer to those active processes as pumps.

The most important of those pumps is the Nat—K™ ATPase, see [71], which uses the
energy stored in ATP molecules to pump Na™ out of the cell and KT in. There are

®Taken from http://en.wikipedia.org/wiki/Cell_membrane.
5The diffusion of water in and outside the cell, the Osmosis, falls in that category but is not of
interest for our models.
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2 Modeling the Electric Activation of the Myocardium

much more of these pumps, many of them use Calcium Ca?*. However, we will not
discuss either of these processes here in detail as this would go beyond the scope of
this thesis, the interested reader may refer to [71] for the physiological details and
[36] for the modeling details. We will stick to the fact, that the active transport
together with the passive transport are essential for the health of a cell itself and for
the regulation of the concentration differences.

2.2.2 Electric Circuit Model of the Cell Membrane

Since the cell membrane separates charges, it can be viewed as a capacitor, see [35]
for details. The capacitance of any insulator is defined as the ratio of the charge
across the capacitor to the voltage potential necessary to hold that charge, and it is
denoted by

Crp = 2. (2.11)

From standard electrostatics, e.g. Coulomb’s law, see [35], we can derive the fact
that for two parallel conducting plates separated by an insulator of thickness d, the
capacitance is found to be

where k is the dielectric constant for the insulator and ¢¢ is the permittivity of free

space. The capacitance of the cell membrane is typically 1.0 uF/ cm?. Taking that
__ 1079
€0 = 36x
8.5.

F/m we calculate the dielectric constant of the cell membrane to be about

We can think of the cell membrane as an electric circuit, as shown in Figure [2.3

Outside

lion T 2/ Cm—— Tcm dV/dt

Inside

Figure 2.3 — A very simple circuit model of the cell membrane”. Please note that in this

reference the trans-membrane potential is denoted by V' rather than wgy,.
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It is assumed that the membrane acts like a capacitor in parallel with a, not necessarily
ohmic, resistor. We know that the current is %Q, thus from it follows that the
current flowing over the capacitor is given by Cm%utm, provided that C,, is constant.
Finally we use Kirchoff’s law and obtain

C’mgutm + lion = 0. (2.12)

dt
Equation is a very fundamental statement and will be often used throughout
this thesis. The function [y, called the ionic current, describes the current flowing
through the resistor depicted in Figure [2:3] Further, we assume some external current
sources to be applied either on the inside, which we then call s;, or on the outside of

a cell which then are named s.. So we obtain the following two equations which will
be used in Chapter [B}

d

CYmdiutm + Lion = Se, (213)
t
d

Cmautm + Lion = — ;. (214)

2.2.3 Functional Dependence of [y,

As written above the differences in ionic concentrations between the inside and
outside of a cell create a potential difference along the cell membrane, called the
trans-membrane potential uyy,. This trans-membrane potential in particular drives a
current flux between the interior and the exterior of a cell which we denoted above as
ionic current [j,,. We will not discuss the physical details of the ionic currents. The
interested reader may refer to [36, Chapt. 2, 3 and 5]. The most important aspect for
modeling is that the ionic current has a functional dependence on the action potential
Utm, 1-€. Lion = lion(utm). The difficulties arise, when one tries to figure out how
this dependence may look like. In [36] we find two possibilities how to describe the
functional dependence of the ionic current, a quasi-linear one reading

Tion (Utm) = Z GJions (utm - uions)v

ions

where ions stands for a list of ions of interest (like Na™, K™ and so on). The values
Jions Tepresent not necessarily constant conductivities. For each ion, wujo,s denotes the
Nernst potential, see [36, Chapt. 3] for details. This model is quite popular, as one
can divide the dependence of the ionic current up to different ionic currents for each
ion and then lump all together to a so-called leakage current. The second possibility
is to use a similar decomposition of the ionic current into a current for each ion using

"Taken from [36], p.87, Figure 2.13].
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2 Modeling the Electric Activation of the Myocardium

the Goldman-Hodgkin-Katz current equation reading

S = IS Utm
RT 1 —exp (— e )

where S stands for the type of ion, z is the valence of the ion S, ¢; and ¢, are the
respective concentrations in the intra and extra cellular regions, R is the universal gas
constant, 1" is the absolute temperature, Pg is the permeability of the cell membrane
to the specific ion S and F' is Faraday’s constant. In the next section we will see how
we can describe the evolution of the ionic current.

2.2.4 Excitability of Myocytes

In Section we have seen how the trans-membrane potential uy, causes ionic
currents i, to flow through the membrane. Regulation of this membrane potential by
control of the ionic channels is one of the most important cellular functions. Myocytes,
especially, use this membrane potential, as discussed in Chapter [I] as a signal to
control the contraction of the myocardium. Thus, the contraction is dependent on
the generation of electric signals. As aforementioned, heart cells belong to a class of
very special cells: they are excitable. This means, that if we apply a current which is
sufficiently strong, the membrane potential performs a pronounced oscillation before
eventually returning to the resting potential value. Figure 2.4 shows a schematic view
of an action potential typical for ventricular heart cells. We need to mention at this

+40
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Figure 2.4 — Typical curve of an ventricular cell action potential®.

8Taken from http://library.thinkquest.org/C003758/Function/The%20Cardiac%20Actiony
20Potential.htm.
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2.2 Cardiac Cells, Action Potentials and lonic Currents

point that the shape of the action potentials differs from cell to cell in the heart. This
means, the models for the SA node will not be adequate for describing the potential
of the AV node and the other cell types in the myocardium respectively.

In Chapter [T we referred to this change of potential as action potential. The most
obvious advantage of excitability is that an excitable cell either responds in full to
a stimulus or not at all, and thus a stimulus of sufficient amplitude may be reliably
distinguished from background noise. In this way, noise is filtered out, and a signal is
reliably transmitted.

The studies on the generation and propagation of those signals have been made for
nearly a hundred years. Although the generation and propagation of signals have
been extensively studied by physiologists for at least the past hundred years, the
most important landmark in these studies is the work of Alan Hodgkin and Andrew
Huxley, see [30], who developed the first quantitative model for the propagation of an
electrical signal along a squid giant axon. Their model was originally used to explain
the action potential in the long giant axon of a squid nerve cell, but the ideas have
since been extended and applied to a wide variety of excitable cells.

In the spirit of Hodgkin and Huxley many models have been developed. All those
models do share a common structure, see [46]. They are called Hodgkin-Huxley-type
models, since they are all based, mathematically, on the original model from Hodgkin
and Huxley [30]. In [46] we find a very good summary of the various models for ionic
currents. The models are based on viewing the cell membrane as an electrical circuit
and applying Kirchoff’s law to it. This means that the membrane current model
consists of a capacitive current term and a variety of ionic current terms appropriate
for a specific type of cell. The general form of the spatially-independent model with
n ionic currents is

d n
Cmautm = - Zgzafbg(utm - V;) + ]app(t)a (215)
=1
d as®(utm) — a; .
R ,L-:—Z 5 :1,2,..., 5 216
at” Ta. (Ut ! " (2.16)
A (um) —b
7i:7Z :172,..., 3 21
dt b, (Um) ! " (2.17)

where C,, is the capacitance of the cell membrane, u,, is the trans-membrane
potential, g; is the maximal conductance of the channel for ion 4, a; and b; are the
gating variables taking values between 0 and 1, V; is the Nernst potential for the 7"
ion, I,pp1 is the applied stimulus current. The latter may consist of a signal coming
from an adjacent cell or from an external applied current. Further, a;° and b are
the steady state values of the gating variables at potential w¢m, 74, and 7, are the
relaxation time constants at potential ut, and finally p,q denote some arbitrary
real exponents. Many of the excitability models known throughout literature can be
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2 Modeling the Electric Activation of the Myocardium

written in this form. There is a huge collection of those models available for simulation
through the CellML-Project”. Taking note, we write the evolution equation for the
ionic current [io, in the following abstract way as a system of nonlinear ordinary
differential equations:

Iion - 9(t7 Utm, ’U),
d
—v = f(t, Utm, V), (2.18)

dt
v(t =0) = vo. (2.19)

With this notation we can cover almost any possible shape of the ionic current
appearing in the literature. We will now turn our attention to the mathematical
modeling of macroscopic signal propagation in the human heart.

2.3 The Bi-Domain Model

We will now turn our focus to the macroscopic propagation of electric signals in the
myocardium. It would be possible to model the whole human heart on a cellular
basis, however, this would be computational very expensive. Furthermore we would
need to develop a very detailed cell model which would have to bee applied to each
cell and then coupled among each other. The latter is for being able to describe the
propagation of signals through the cells. This coupling is complicated by the fact,
that the signal which is transported is in fact the trans-membrane potential gy,
and thus the intra and extra cellular spaces have to be continuously connected and
intertwined, so that we can move continuously between any two points within one
space without traversing through the complementary space. This is only possible in a
three-dimensional domain'?. As aforementioned, it is yet not possible to write and
solve equations that account for the cellular structure and the details of the geometry
of the human heart. In a first step, see Section we saw that modeling the human
heart in a macroscopic sense as a dipole suffices for some medical application but is
not adequate for a complete description of the electrical activation of the human heart.
A more accurate description will be obtained by the Bi-Domain model developed by
L. Tung, see [79] as well as [29] [43] for details.

For deriving an accurate model for the electric activation of the myocardium we apply
a procedure from continuum mechanics, known as homogenization. With this we

%http://www.cellml.org This is a open-source project, where cell models are described using the
XML Markup Language for a platform independent description of different models. The CellML
model repository is updated regularly with the most recent advances in cell physiology. There
are, of course, models which cannot be covered by this. One of them would be the Aliev-Panfilov
model [3].

10Tp fact, as we mentioned in the Introduction in Chapterthe myocardium is a syncytium, thus we
can assure that traversing the intracellular space in a continuously way is possible.
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can write equations in an averaged, or smoothed, sense which is adequate for the
most computational situations. In continuum mechanics, it is quite common to study
averaged quantities, to avoid modeling the molecular structure of solids and fluids,

see e.g. [I8, [34] but also [61] and [36, Chap. 7,12] for mathematical details and a
justification.

In homogeneous idealization, we can look at the myocardium as a two-phase medium.
This means that every point « € ) is composed of a certain fraction of intracellular
space as well as extracellular space. Apparently, for each point x in space we can
define an electric potential for the intracellular space, u; and for the extracellular
space, U, respectively. Thus also the trans-membrane potential can be defined in the
whole space as utm = u; — u.. We shall use the subscripts e, i for denoting extra and
intra cellular space from now on until otherwise stated. As in the volume conductor
model in Section [2.1], we can also assume that the quasi-stationary Maxwell equations
hold, and that way, by using Ohm’s law in both domains we obtain

Ji = —M;grad u;, (2.20)

Je = —Mc grad u, (2.21)

where j, and My, for k € {e, i} are the respective currents and conductivity tensors
in each domain. It should be mentioned that the tensors may also depend on the
deformation of the heart as well as on the change of the ionic current Io,. This will
be discussed in Chapter [4

We closed Section with the equations (2.13))—(2.14)), describing a very simplified

cable model of the cell membrane. Their, the quantities were only time-dependent.
However, in reality this is not true. Thus, the quantities u¢y,, Si, se will depend on
the position . Nevertheless, we may assume that there exist some kind of density
functions iy, 8¢, §; such that
o = /; dil?,
A

where e may be replaced by any of the above mentioned quantities and the region A
being a small test volume either in 2, or §2;. For the time being we shall pick a small
test volume in €2.. Having that we can now formulate a simple balance principle for
the current in each region reading as

—/(je,n) dsz = (i/methm(az,t) dm—/xfion d:c+/.§e de.  (2.22)
0A A A A

The signs account for the direction of the currents from the extracellular into the
intracellular region. The constant x represents the area of the cell membrane per
unit volume, and needs to be introduced, because the ionic current I;o, and also the

trans-membrane current C,, dqé;m are measured per unit cell membrane. Its value is
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2 Modeling the Electric Activation of the Myocardium

shown in Table For the current 7, holds an analogous balance principle. We will
now interchange the use of the “~* symbol for reasons of readability. Next, we use
Gauss’ theorem on the left side of equation (2.22)) and obtain

—/divje(w,t) da = —jt/meutm(az,t) dw—/xlion dm+/se(m,t) de .
A A

A A

Next, interchanging integration and derivation with respect to time in the above
equation we obtain

d
—/divje(ac,t) de = —/XC’mautm(w,t) dac—/x[ion d:c+/se(:c,t) de .
A A A A

This needs to hold for every test volume A C 2.. Assuming continuous integrands
and using Ohm’s law ([2.8]) we arrive at the point-wise equation

0
meautm + XMion (utm) + div (M, grad u,) = —s.. (2.23)
Similar we obtain
Xcm%utm + XIion(utm) —div (Mi grad ul) = Si (2'24)

when formulating the balance principle in €2;.

From f we see, that we have two equations for three variables u;, te, Utm,
thus we may eliminate one of those variables. In the literature it is common to
eliminate the intracellular potential u;. Recalling the definition of uiy, := u; — ue we
can eliminate the intracellular potential by subtracting from . We obtain
the equations

XCm%utm + Xion (utm) — div (M; grad ugy, ) — div (M; grad ue) = s, (2.25)

div (M; grad u¢m ) + div ((M; + M) grad ue) = —(s; + se). (2.26)

To complete the model we need to impose boundary conditions for u. and wgy.
Assuming that the heart is surrounded by a non-conductive medium we can impose
boundary conditions of Neumann type

n- je = 07
with n being the outer unit normal vector of the boundary I' := 9f2.

Substituting Ohm’s law (2.8]) in the definitions of j; and j, we finally obtain the
complete model as

XCmaatutm + Xion (ttm) — div (M; grad ugy, ) — div (M; grad ue) = s;, (2.27)
div (M; grad ugm ) + div (M; + M) grad ue) = —(s; + se), (2.28)
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in Q x (0,7] with the imposed boundary conditions of Neumann type

n - (M; grad ugy, + M; grad ue) =0 on I' x (0,7, (2.29)

n - (M. grad u.) = 0 on I' x (0,7]. (2.30)

This is the bi-domain model as it was introduced by L. Tung in [79]. However, as
aforementioned, this modeling of the human heart is restricted to the ventricles.

Therefore we may not assume homogeneous boundary conditions and should replace
them by the conditions

n - (M; grad uem + M; grad ue) = gni on I' x (0,7,
n - (Mcgradue) = gne on I' x (0,T].

Anyway, for the well-posedness of the equations (2.27)—(2.28) we must assume the
solvability condition

/(QN,i +gn,)dsy + / (si +se) de =0, (2.31)
r Q

which is obtained easily by integrating (2.28]) and using Gauss’ theorem together with
the boundary conditions.

It is noted that Dirichlet boundary conditions can be imposed to avoid solving a
pure Neumann problem'!, however we will not discuss this in further details. The
Neumann problem will be addressed in Chapter

The ionic current still needs to be accounted for and we also need to describe the
conductivity tensors M; and M.. We have seen in Section that we can write many
of the models for the ionic current as a system of ordinary differential equations

Iion - g(tv Utm s U)7

d
a’l} = f('v, Utm t)

In this system v describes the vector of dependent variables (gating, conductions,
and so on) and f, g denote (non)linear functions, as suggested in [59]. Later on we
will extend the dependence of [;,, to the mechanical behavior as well. Next we will
establish some basic facts about the conductivity tensors M; and M.

2.4 Accounting for the Fiber Orientation

It is known, that the myocardium is the most important part, when describing the
pumping process of the human heart. For the electrochemical modeling we have

"This has a physiological reason. When measuring the heart activity one usually uses electrodes,
and by them one fixes the value of the potentials at a region.
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2 Modeling the Electric Activation of the Myocardium

derived the Bi-Domain model f. Now we need to establish the conductive
properties of the myocardium. One important fact is, that the conduction in the
human heart is highly anisotropic, and as said above, the quantities M; and M, are
tensor-valued functions.

This specific anisotropy comes from the structure of the myocardium as discussed in
Chapter [1} There we introduced a local coordinate system spanned by f, so and ny.
From the definition of a tensor, see [55, Chap. 1], we know that the components of a
tensor depend on the chosen basis. However we can write the components of each
conductivity tensor as

M(%) = {mij (w}ij:l,

but we need to bear in mind, that the components of the tensor depend on the chosen
basis via

ms; = (ei,Mej)

for a given orthonormal basis {e;}. We can do this also for more general non-
orthogonal basis vectors, but this lies beyond the scope of this thesis. The reader is
referred to [31), Section 1.6] for details. In practice it is common not to distinguish
between second-order tensors and their representing matrices and denote them with
the same symbol. We will henceforth use this with a tacit understanding until
otherwise stated.

Since we model the heart as a continuous medium the local coordinate systems will
vary throughout the heart. So in fact there is no preferred right-hand coordinate
system. At each point of the tissue, the first axis is in the direction of the fiber, the
second axis is in the plane of the fiber sheet and perpendicular to the first axis, and
the third axis is perpendicular to the sheet of the fiber. Thus we have fj, = f(X)
and in analogy for s and n. Furthermore as we look at the myocardium as being
composed of parallel laminar sheets, these functions need to be also continuous. To
account for this varying coordinate system we will introduce a rotation of the fixed
Cartesian axes that will give us a set of axes aligned with the fiber and the fiber sheet
as suggested in [83]. To this end we consider a point X. We can express this point in
terms of the local coordinate system as

X = Xffo + X580 + Xyno,

where Xy, X, X, are the components of X with respect to the basis fg, sop and ny.
The orthogonal matrix that rotates axes aligned with the fiber and fiber sheet onto
the original axes can now be defined as

(P)ij := X fori=1,2,3and j = f,s,n. (2.32)
j
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2.4 Accounting for the Fiber Orientation

We know, from standard linear algebra, that this defines a proper rotation matrix
and thus we know that P~! = PT. This allows us to interchange between tensors in
the original frame and tensors in the fiber and fiber sheet oriented frame as follows

M* ()

P M(x)P, (2.33)
M(z)="P

M*(z)P', (2.34)
where the superscript "*" means, that we work in the local basis. Focusing on the local

coordinate system it becomes obvious, that the matrix M associated to conductivity
tensor M has to be diagonal with respect to the local basis { f, so, 10} that means

M* =msfo® fo+ msso® sg + mpng @ no,
or
M* = diag(m s, mg, my,).

This characterizes the myocardium as an orthotropic material. More details on
orthotropic materials will be discussed in Section Thus we can interpret the
values my, ms, m, as eigenvalues and f, so, g as eigenvectors of M*, respectively
M*. Applying the transformation rules to Ohm’s law we can now express the
global conductivity tensors M; and M. through

M, ;= PM;P'
M. := PM;P'.

Summarizing, we have seen that for given local conductivity tensors we can completely
specify the parameters of the bi-domain model. The values are given in Table 2.1]

PARAMETER VALUE
Cra 0.01 F/m?
X 2-10° 1/m
me 0.3 S/m
m;, 0.031525 S/m
mjp 02 S/m
’I’I’Lg 0165 S/m
mg 0.13514 S/m

Table 2.1 — Values of the parameters used in the bi-domain model: the conductivity values,
the value for y and the value for C,,, are taken from [37],[28] and [64].
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2 Modeling the Electric Activation of the Myocardium

2.5 The Final Electric Model

In this chapter we have developed the basic models for the electric part of the cardiac
cycle and eventually derived the bi-domain model. Furthermore we described the
conductive properties of the human heart with tensor-valued functions and we took
account of the ionic currents, by modeling it in the most abstract way. Summarizing
the complete electronic model of the human heart in dimensional form reads as find
(utm, ue) € [C?(Q))2 N [CL(00)]2 x (0,T] and v € [C((0,T])]"™ such that:

8Utm

ot

+ xg(ttm, v) — div(M; grad ugy, ) — div (M; grad u,) = s;, (2.35)
div(M; grad ugy, ) + div((M; + M) grad ue) = —(s; + se), (2.36)

XCm

in © x (0,7] and

% — .f(t7utmvv) (237)

in (0,7, completed by the boundary and initial conditions

n - (M; grad ugy + M; grad ue) = gy on 99 x (0,77, (2.38)
n - (Megradue) = gne on 9Q x (0,77, (2.39)

U (2,0) = ul in Q, (2.40)

e, 0) = ul in Q, (2.41)

v(0) = vy (2.42)

The value n stands for the complexity of the model for the ionic current Ijoy.
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3 Modeling the Mechanical Processes of
the Human Heart

In this chapter we present the models covering the pure mechanic deformation of the
human heart. In contrast to the modeling of the electric activation of the human heart,
the mechanic models are already established and we can describe the deformation of
the human heart with the standard equations from continuum mechanics.

We presume some basic knowledge about tensor algebra, see for example [55, Chap.
1, 2] and non-linear elasticity, see for example [31), 55]. However, we will recite some
of the basic facts of tensor algebra, as well as the governing equations of continuum
mechanics.

3.1 Essentials from Continuum Mechanics

Before starting with the derivation of the governing equations of non-linear continuum
mechanics we will briefly recite the most important notations and definitions from
solid mechanics. This part is mostly taken from [55].

3.1.1 Bodies, Configurations and Motions

We start with the general definition of a body B and its configuration B.

Definition 3.1. A body B is a set whose elements can be put into a one-to-one corre-
spondence with points of a region B in a three-dimensional Fuclidean point space. The
elements of B are called particles, or material points, and B is called a configuration

of BL.
As a body moves the configuration B will change in time.
Definition 3.2. Let t € I C RT denote the time. The family {B; : t € I} of unique

configurations of B at time time t is called the motion of B.

We assume, that as B moves continuously also B; changes continuously.

!The distinction between body and occupation in space makes sense, see [78] for details.
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3 Modeling the Mechanical Processes of the Human Heart

Further, it is quite convenient to identify a so-called reference configuration, B, say,
which is an arbitrarily chosen fixed configuration. Then any particle P of B may be
labeled by its position vector X € B,2, relative to a chosen origin O. Let further
x be the position vector of P in the configuration B; at time t relative to another
chosen origin 0. However we will simplify things a bit and chose O = o. Similar to
that we say that B occupies the configuration B; at time ¢ and call By the current
configuration. Since B, and By are configurations of B there exists a bijective mapping
X: B, — By such that

x=x(X,t) for all X € B,, X = x Y, 1) forall x € B;. (3.1)

We see from (3.1)), that we can characterize either of the coordinates with its counter-
part. Figure [3.1] shows a schematic summary.

Current Configuration

Reference Configuration X(X“

Figure 3.1 — Reference configuration B, and current configuration B; with the position vectors
X and x of a material point P and the motion x (X, ). The coordinate system
is spanned by an orthonormal basis {e;}?_;

For each particle P (with label X') x describes the motion of P with ¢ as parameter,
and hence also the motion of B. In continuum mechanics it is usual to assume that
x (X, t) is twice continuously differentiable with respect to position and time.

2The configuration B, needs not be a configuration which is actually occupied by B during the
motion, however in most of the literature it is assumed so.
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3.1.2 Material and Spatial Descriptions

In the development of the basic principles of continuum mechanics a body B is
assigned to various physical properties which are represented by scalar, vector and
tensor fields defined on either B, or B2. In case of B, both the position vector X
and the time ¢ serve as independent variables, the fields are said to be defined in
referential, material or Lagrangian description then. Alternatively, in the case of
B;, « and t serve as independent variables. Here, we refer to the spatial or Eulerian
description. The distinction between these two descriptions is crucial. To make things
more clear: In material description attention is paid to a particle, and we observe
what happens to the particle as it moves. Spatial description puts attention to a
specific point in space, and we study what happens at the point as time changes. For
example, in fluid mechanics it is very common to work in the spatial description in
which all relevant quantities are referred to the position in space and time. It is not
useful to relate them to material points X which are in general not known. In solid
mechanics there is the advantage that one can use both descriptions.

For convenience, the consistency relation X = @ must hold for ¢ = 0. Every point X
and x can be represented by the orthonormal basis vectors {e;}?_; reading

X = Xiei, r = I;€;, (32)

where X; are the material coordinates and x; are the spatial coordinates. We could
also choose two different bases for the representation, but this shall be omitted here.
The case of general bases is discussed in [31} (55]. In Einstein’s sum convention
applies. We will also use it henceforth except where stated otherwise. Furthermore, to
distinct between material and spatial description we shall denote quantities which are
in material description always by capital letters and use small letters for the spatial
description.

3.1.3 Material and Spatial Derivatives

In this section we apply Einstein’s summation convention. it will henceforth apply
until otherwise stated. We will now introduce various differential operators in material
and spatial description.

Definition 3.3 (Material Gradient, Spatial Gradient). The material gradient of a sufficiently

3Examples for such quantities are: density, temperature, shape of surface, velocity, stress, strain.
This distinction between reference and current configuration often leads to delicate modeling
problems, when one tries to combine two models which are defined on different configurations,
like fluid structure interaction see [10].
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smooth material field ®(X,t) is defined by

Grad ®(X,t) := 8?(-

q)(X, t)ei.
The spatial gradient of a sufficiently smooth spatial field ¢(x,t) is defined as

9 o(x,t)e;.

grad ¢(x, t) := 5

In case of a vector-valued function uw we define the material or spatial gradient as

gradu(z,t) =V, Qu=-—u®e; = —upe, ® egy,

Oz, Oz

0 0
Grad U(X,t) = VX &® U = TX,qU (024 eq = TAX,quep ® eq.

In case of a tensor-valued function t we define the material or spatial gradient as

gradt(z,t) ==V, @t = 8a:it® e = %tpqep ®eq R ey,
0 0
GradT(X,t) =Vx®T= 8XiT®ei = T&quep ®eq ® e;.

Definition 3.4 (Material Divergence, Spatial Divergence). The material divergence of a
sufficiently smooth material field ®(X,t) is defined as

Div®(X,t) := %@,(X, t).

The spatial divergence of a sufficiently smooth spatial field ¢(x,t) is defined as

i(251(5(3, t).

div ¢p(x,t) = B

In case of tensor-valued functions t, T we define the spatial and material divergence as
. 0
divt(x,t) := T%tpq(:c,t)eq,

DivT(X,t) := aiqu(w, t)eq.
P

Definition 3.5 (Material Time Derivative of a Material Field). The material time derivative
of a material field ®(X,t), either scalar or vector-valued, is defined as

d(X,t) = ;@(X,t) = (i@(Y,t)) ‘Y:X.
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3.1 Essentials from Continuum Mechanics

Definition 3.6 (Velocity, Acceleration). The velocity V' of a particle P is defined as

0
V(Xv t) = aX(X7 t)>

meaning the rate of change in Position of P. The acceleration A of P is defined as

82

(X, 1).

Remark 3.1. Due to the identification of material and spatial coordinates we can define
the velocity and the acceleration in spatial coordinates as

v(x,t) = V(X_l(:c,t),t) V(X,t),

When dealing with multi-physics problems we will often need to switch between
the Eulerian and the Lagrangian description of a function. For example: Let ¢
be a scalar spatial field, this means ¢ = ¢(x,t). Since x = x(X,t) we may define
P(X,t) = p(x(X,1),t) and thus we can switch between the two descriptions, provided
X is known. When we want to calculate the material time derivative of a spatial field
we need to be cautious. The connection of the two descriptions is given by

Lemma 3.1. Let ¢(x,t) be a given sufficiently smooth function in spatial coordiantes
and ®(X,t) := ¢(x " (x,t),t). Then it holds:

9 ox,1) = %qﬁ(m,t) -

ot g¢(w,t> + (grad ¢(z, t), v(x, 1)).

ot

Proof. The proof follows by taking the total derivative % of the equation ®(X,t) =
S(x "z, 1), 1) = $(.1). =

Remark 3.2. An analogous result holds for vector-valued functions ¢(x,t):

0

a@(X,t) = %qb(a:,t) = 8875¢(w’t) + grad(¢(z, t))v(x, t).

Remark 3.3. With this we can write the acceleration a as
2

ﬁx(X,t) =a(xz,t) = gtv(w,t) + (grad v(x, t))v(x, t).

Remark 3.4. For the sake of brevity we abbreviarte the total derivative with a super-
imposed dot, i.e. 1.
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3 Modeling the Mechanical Processes of the Human Heart

3.1.4 The Deformation Gradient F

We define the deformation gradient F as
F(X,t):= Gradx(X,t) = Grad x(X, ).

This special gradient is a Cartesian tensor of order two and can be expressed as

F

= Tpep @ ey,
5, e @ ea

or in component form as

Fya = Exb

with 2 = xp(X, t). It should be mentioned that the basis vectors for X and x need
not to coincide, we assumed it here just for simplicity. The deformation gradient is
an example of a so-called two-point tensor, which means it involves points from two
different descriptions. In literature it is quite common to express this fact by means
of indices used for the components of the tensor. An uppercase index stands for the
material description and a lowercase one for the spatial description. We also define
the Jacobian J as

J(X,t) :=detF(X,t).

From a physical point of view it is reasonable to assume that J # 0 which is justified
by the following: Consider the equation FAX = 0 for a small line element AX.
Provided AX # 0 J = 0 would imply that there is at least one line element whose
length is reduced to zero by the deformation, in other words, annihilated. This is
physically unrealistic and so we can exclude this from our consideration. Having that
we can ensure that F is nonsingular and so there exists the inverse F~! given by

Fl(x,t) = grad X (z, 1),

with the components

0Xp
Oz,

(F_l)Ba

This is a direct consequence of the implicit function theorem (see [82] for details).

Connection between Grad and grad. For our purposes it is useful to have some trans-
formation rules for the gradients with respect to the material and spatial descriptions.
They are summarized in the following lemma.
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3.1 Essentials from Continuum Mechanics

Lemma 3.2. Let ¢, u, T respectively be scalar, vector and second-order tensor fields
associated with a moving body B. Then it holds:

Grad ¢ = F' grad ¢,

Gradu = (grad u)F,
Divu = J div(J 'Fu),
DivT = Jdiv(J'FT).

Proof. See [53]. O

Deformation of Area and Volume Elements. In continuum mechanics it is very im-
portant to know how to transform domains of integration. Consider the surface
S, = 0B, which is deformed into the surface S; = 0B;. Let dsx and ds; be the
respective surface elements. Then the relation of the two is given by Nanson’s formula
reading

nds, = JF~ " Ndsx. (3.3)

A proof of formula (3.3) can be found in [55]. A rather easier result holds for the
transformation of volume elements. If dx and dX describe the respective volume
elements in B; and B, it holds

de=JdX.

This is just an application of the transformation theorem for integrals, see [82] for
details. Concerning the Jacobian J it is assumed that J > 0. With this assumption
one can interpret J as a measure for volume change.

Some Important Results from Tensor Algebra. In this paragraph we summarize the
most important facts about the deformation gradient F. These results are taken from

[55].
Theorem 3.3 (The square root theorem). If S is a positive definite, symmetric second-

order tensor then there exists a unique, positive definite, symmetric second order
tensor U such that

u’=s.

Proof. See [55]. O
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3 Modeling the Mechanical Processes of the Human Heart

Theorem 3.4 (The polar decomposition theorem). Let F be a second-order Cartesian ten-
sor such that det F > 0. Then there exist unique, positive definite, symmetric tensors
U and v and a unique proper orthogonal tensor R such that

F = RU = VvR.
Proof. See [55]. O

We shall mention some important tensors which will be used hereafter. We define the
Green strain tensor® E by

Lt
E= (FTF—1).
Similarly, we define tensors C and b by

C:=F F=U’

b:=FF' =vZ
We refer to C and b as the right and left Cauchy-Green deformation tensor. The
terms left and right refer to that C works solely on the material description and b

works on the spatial description. These two tensors are by definition symmetric and
positive definite and can be decomposed into

3

U= Z)\iuz ® v,
i=1

3 . .

V= XZM'UZ ® v,
i=1

where \;, p; are the eigenvalues and v?, v* are the eigenvectors of U and v. Eventually
it is useful to note that we can define the displacement U of a particle by

U(X,t) = z(X,t) - X.

This field relates the position X of a particle P in the undeformed configuration to its
position « in the deformed configuration at time ¢. The displacement U is a function
of the material coordinates X. We can also define the displacement field in spatial
coordinates as

u(xz,t) = — X(x,1).

Here the position @ of a particle P at time t is specified by its position X (,¢) in the
reference configuration B, plus its displacement u(x, t) from that position. Due to the

4The motivation for defining this special tensor is a pure mathematical one. It follows from standard
linear algebra ||dz||® — ||dX||* = (dX,2EdX). And thus E can be seen as a measure for strain.
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3.1 Essentials from Continuum Mechanics

correspondance between the reference and current configuration the two descriptions
U and u are related by

w(x,t) : = U(x " (z,1),1).

It shall be noted that U and u need to have the same values. Further, when choosing
the reference configuration B, to coincide with the initial configuration By|,—¢ we
see that the displacement has to vanish in the reference configuration. This can be
expressed as

This new variable will emerge as the independent one when considering boundary value
problems in non-linear elasticity. Having defined the displacement U we immediatealy
see that

X(X,1) = 2(X,t) = X + U(X,t)
and
F(X,t) =1+ GradU(X,1),

where Grad w is the displacement gradient. Similarly we obtain in spatial coordinates
that

gradu(z,t) =1 — F1(x,1).

3.1.5 Analysis of Motion

Recalling the velocity v, we can define the velocity gradient tensor by

L = grad v, (3.4)

which has components L;; = g;’? with respect to the basis {e;}. Using the identity

J

Grad u = (grad u)F it follows that

Gradv = LF.
Assuming « = x(X,t) to be smooth enough we see that further
Gradv = Gradx = %Gradm =F.
Using this with the identity % det F = det Ftr(F~'F) we obtain the important result
J=JtrL = Jdivo.

In this thesis we will assume that J = 0, which is the case for an isochoric process,
and this leads to the incompressibility condition

dive = 0. (3.5)
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3 Modeling the Mechanical Processes of the Human Heart

Integration of tensors There is also an analog to the Gaussian theorem for tensors.
Recall that for a vector-valued function v we have that

/divv de = / (v,n) dsg.
By

For tensors we need a slight different form of the Gauss’ theorem reading

/grad¢ de = /gbn dsg,
Bt Bt

which becomes

gji de = /d)m dsg (3.6)

By 0By

in components. Similar for a tensor T it holds

/gradT da = / Ton dsy. (3.7)
By OBy
Finally recalling the definition of the divergence of a tensor T we obtain
/divT de = / T'n ds,. (3.8)
By dB:

3.2 Equilibrium Laws and Equations of Motion

The mechanics of continuous media are described by equations which express the
balance of mass, linear momentum, angular momentum and energy in a moving body.
These balance equations apply to all bodies, solid or fluid, and all of them give rise to
field equations for sufficiently smooth motions. We will give a brief overview of the
balance equations leaving out their derivation. For additional information one should

refer to [31), [55].

3.2.1 Mass Conservation

We shall hereafter define Ry C B; and R, C B, arbitrary. As R; moves it always
consists of the same material, so its mass does not change, which means

d
&/p(w,t) dex = 0.
Ry
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3.2 Equilibrium Laws and Equations of Motion

By using Reynold’s transport theorem, see [8I, Theorem 11.60], and using the fact
that R; was arbitrary we obtain the equation of mass conservation

%p(m,t) + p(x,t)dive = 0. (3.9)

Recall that J = J dive. With that we obtain that

0

—(pJ) =0,

3¢ P/

thus pJ must be constant over time and so we obtain the more compact formulation
pr
p

=J

with p, being the mass density in the reference configuration. For an incompressible
material this simply becomes p = p,.

3.2.2 Euler’s Laws of Motion

The main two balance equations are given by the balance of linear and angular
momentum m(x,t) := [ pv dz and h(z,t) := [, ® x pv dzx respectively and read
as

d

™= /pb da + / t(n) dsg, (3.10)
Rt aRt

%h - /p:l: b d:c+/:z: X t(n) dse. (3.11)
Rt Rt

with b being the body’s volume forces, t(n) being the stress vector® and n being the
outer unit normal.

We have to mention that these equations do depend on the choice of the particular
basis {e;}. They resemble Newton’s laws for particles and rigid bodies. The main
difference in continuum mechanics is that the first equation above does not imply
the second one i.e. the equations are independent. For obtaining a local (point-wise)
description of these equations we need to know about the dependence of t on m. This
is governed by the well known theorem of Cauchy:

®This is called Cauchy’s stress principle and is regarded as an axiom. It gives a mathematical
description of the surface forces of an body. It states

”The action of the material occupying the part of B exterior to a closed surface S
on the material occupying the interior part is represented by a vector field, denoted
t(n), defined on S and with physical dimensions of force per unit area.

See [55] for details.

47



3 Modeling the Mechanical Processes of the Human Heart

Theorem 3.5. Let (t(n),b) be a system of surface and body forces for B during a
motion. The Euler equations of motion (3.10)—(3.11)) hold if and only if

1. There exists a second-order Cartesian tensor o, the Cauchy stress tensor such
that t(n) = o 'n.

2. The stress tensor o is symmetric, i.e. o =0 .

Proof. A proof for this theorem can be found either in [55] or in [31]. O]

With this theorem we can formulate the point-wise equations of motion which are
also called Cauchy’s equation of motion reading

0=p+ pdivo, (3.12)
pa = pb+dive, (3.13)
o =o. (3.14)

The divergence in comes from an application of the divergence theorem .
These equations are not yet complete, they provide seven equations for thirteen scalar
fields. To close the gap we need to find more equations which will lead to constitutive
equations for o. However, we will postpone this to Section

For a more convenient mathematical analysis we will transform the above equations of
motion to the reference configuration B,. This is achieved by using Nanson’s formula
(3.3). For the stress vector t(n) we get

/t(n) dsg = /o'n dse = / JoF TN dsx = /STN dsx,
0Bt 0Bt 0By 0B,

where we have defined the nominal stress tensor, or engineering stress, by S := JF~'o.
The tensor S' is referred to as first Piola-Kirchhoff stress tensor. The nominal
stress tensor S measures force per unit reference area while o measures force per
unit deformed area. Further, S is in general not symmetric but satisfies the relation

FS = STF' arising from the symmetry of o. With this we rewrite the equations of
motion (3.13]) in terms of S. To do so we look at the integral form of (3.13)) reading

/pb dw+/0'ndsm:/pa da.
Rt Rt

ORy

Using Nanson’s formula (3.3) and p dez = p, dX we obtain

prB dX + / S'N dsx = /pTA dX,
Ry OR, Ry
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3.2 Equilibrium Laws and Equations of Motion

where B(X,t) := b(x " !(x,t),t) and eventually taking the divergence theorem for
Cartesian tensors we arrive at the equation of motion in the reference configuration

DivS + p,B = p, A. (3.15)

The transformed equations of motion (3.15)) is the basis for further analysis.

3.2.3 Boundary and Initial Conditions

We shall make a few notes on boundary and initial conditions for the equations of
motion. In Chapter 4] we will focus mainly on the quasi-equilibrium equations

dive =0
or
DivS =0

rather than the full equations of motion. Therefore we would not need to impose any
kind of initial conditions. However, for the time being we are to discuss the initial
conditions. We also need to formulate appropriate boundary conditions in order to
formulate a boundary-value problem. From a physical point of view it is convenient to
formulate boundary conditions in Eulerian description. Typical boundary conditions
in problems of non-linear elasticity are those in which we specify either x(z,t) or
u(x,t) for one part of the boundary I'p C 9B; say, and the stress vector ¢ on the
remainder, I'y, so that Tp UTy = dB;. In applied mathematics these boundary
conditions are called Dirichlet and Neumann boundary conditions and read as

X = X(z,t) +u(z,t) =gp;(x,t) onlp, (3.16)
u=gpo(z,t) on I'p, (3.17)

and
t=o0on=gy(x,t) on I'y. (3.18)

From ([3.16)—(3.17)) we see that we can focus on Dirichlet boundary conditions purely

in u.

However, for the mathematical analysis of the equations of non-linear elasticity it is
more useful to work on the reference configuration. In contrast to linear elasticity,
where we may neglect the difference between the reference configuration and the
deformed configuration, we have to consider these differences in case of non-linear
elasticity. An example shall illustrate the main differences when dealing with non-
linear elasticity. Consider a body B; where a constant hydrostatic pressure py acts
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3 Modeling the Mechanical Processes of the Human Heart

on the Neumann boundary I'y, which means on = —pgn. In non-linear elasticity
we may push-back this boundary condition to the reference configuration. This is
done by Nanson’s formula and thus we obtain for a simple hydrostatic pressure the
non-linear boundary condition STN=-J pOF_TN on I'y,, where I' v, denotes the
Neumann boundary in the reference configuration B,.. This means, that for seemingly
simple Neumann boundary conditions we may obtain essential non-linear boundary
conditions in the reference configuration. As for the Dirichlet boundary conditions,
they remain the same as we can write gp(x,t) = gp(x(X,t),t) =: gp(X,t). For
a more detailed discussion on boundary conditions in non-linear elasticity we refer
to [65, Chap. 5]. Summarizing, we obtain the following boundary conditions in the
reference configuration:

U=gp(X,t) onTp,, (3.19)
t=S"N =gy(F,X,t) on Ty, (3.20)

where we indicate the possible non-linearity in the Neumann boundary condition.
For mathematical reasons we may also rewrite the boundary conditions in a more
abstract way as

P)/lﬂntu =4d9p on FDv

ity =gy on 'y,
with the trace operators 7~i{l(13t1}(') which will be defined in Chapter |5, When dealing

with time-dependent problems one also needs to impose initial conditions of the
form

Ut=0,X)=u(t=0x) =0, (3.21)
V(t=0,X)=VyX)=wvo(x)=v(t=0). (3.22)
The equations of motion together with the boundary and initial conditions form a

system of highly non-linear second-order partial differential equations to obtain either
U or u. So far our system reads, in spatial coordinates, as

dive(xz,t) + p(x, t)b(x, t) = p(x, t)a(z,t),
gtp(a:,t) + divo(x,t) =0,
o(z,t) = (o(z,t))’,

in By and t > 0 with the boundary and initial conditions

u(x,t) = gp(x,t) onI'p,
o(x,t)n = gy(x,t) on 'y,

u(x,0) =0,

v(x,0) = vo.
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3.3 Constitutive Equations

In material coordinates we have
Div S(X7 t) + pr(X)b(X7 t) = pr(X)A(X7 t),
pr(X) = p(x(X, 1), 1) J (X, 1),
F(X,1)S(X,t) = (F(X,t)S(X,t)"

in B, and t > 0 with the boundary and initial conditions

U(X,t)=gp(X,t) onI'p,,
S"(X,t)N =gy(F,X,t)  onTy,,

U(X,0) =

V(X,0) = vp.

Taking all the boundary and initial conditions together the system is not complete yet.
This can easily be checked by counting the independent equations, seven equations
for thirteen scalar fields. Therefore we need to find more equations to complete the
system. This can be achieved by constitutive laws.

3.3 Constitutive Equations

This part is taken and adapted from [3I] and [55].

We have seen that the equations of motion are not complete. Hence we must establish
additional equations in the form of appropriate constitutive laws which are furnished
to specify the ideal material in question. A constitutive law should approximate the
observable physical behavior of a real material under specific conditions of interest.
Generally speaking, a constitutive law establishes a functional relationship between
the Cauchy stress o and some quantities like position, deformation, temperature and
so on. Our aim here is to give an overview on the theory for constitutive equations,
however we can not go too much into detail as this is far beyond the scope of this
thesis. For a more detailed overview we refer to [31, [77].

3.3.1 Hyper-elastic Materials

Before starting with the definition of hyper-elastic materials we briefly summarize
the most important facts about elastic materials.

The constitutive relation for an elastic material is written in the form

o =g(F),
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3 Modeling the Mechanical Processes of the Human Heart

where g is a symmetric tensor-valued function on the space of deformation gradients.
For simplicity we assume that the material under consideration is homogeneous, i.e.
g does not depend on the position x, an assumption which may be softened. We also
assume that g neither depends on the velocity v nor on higher order derivatives in time
and L. We also assume that g(I) = 0 which means that there is no stress when there
is no deformation. Otherwise we refer to the material as residually stressed, which
will be discussed in more detail afterwards. One of the most important assumptions
on the function g is that it is objective, which means that the material properties
are independent of superimposed rigid-body motions. In terms of tensors this is
summarized in the following definition:

Definition 3.7. Let ¢, u, T be scalar, vector and second-order tensor-valued functions
defined on By. Let ¢',u/,T' be the corresponding fields on B;, where B} is obtained
from By by a rigid body motion ' = Qx + ¢ with Q being a proper orthogonal tensor
and ¢ denoting an arbitrary vector in R3. The fields are said to be objective if, for
all such motions,

¢ = ¢,
v = Qu,
T =QTQ’,

holds.

There are of course examples of functions which are not objective, like the velocity
v. For more details about elastic materials, especially isotropic ones, we refer to
[31,55]. We now turn our attention to a special class of elastic materials, the so-called
hyper-elastic materials. For this we take a look at the energy balance equation of
continuum mechanics reading

i/;p(v,v) d:c+/tr(o-D) dm:/p(b, v) dz + / (t,v) ds,

Rt Rt Rt 8Rt

where D := %(L +L"). For a derivation of this energy balance equation see [55]. We
introduce the following physical quantities:

o The kinetic energy

o The rate of working, or power of the forces acting on Ry,

P(R:) ::/p(b,’v) dz + / (t,v) dsg.

Rt aRt
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3.3 Constitutive Equations

o The quantity
S(Ry) = /tr(aD) de,
Ry

which is a measure for the stored energy or the amount of work dissipated in
the form of heat or a mixture of both.

Now we can rewrite the energy balance equation as
d
P(R,) = aK(Rt) + S(Ry).

Next we focus on the term S(R;). For an elastic material we assume a functional
dependence of o on the deformation gradient F. By recalling the definition of the
nominal stress tensor S = JF~!o we obtain

S = JF 'o = (det F)F'g(F) =: h(F),

where h is the so-called response function. By looking at the definition of S(R;) we
get

Igtr(UD) dx :R/TJtr(UD) dX .

The integrand on the right hand side can be interpreted as working-rate of the stresses
per unit reference volume or more simple the stress power density. With that we
establish the following relation by using the definitions of o, S, L

Jtr(eD) = Jtr(oL) = tr(FSL) = tr(SLF) = tr(SF) = tr(h(F)F).

With this result we can give a definition for a hyper-elastic material:
Definition 3.8. A material is said to be a hyper-elastic or Green elastic material if

there exists a function W (F), called the strain energy function, such that

W (F) = tr(h(F)F).

In literature one also finds the notation Helmholtz free energy, although this particular
name is most used in case the function W depends on more than just the deformation
F, e.g. temperature, electric field and so on. With that we can rewrite the term
S(Ry)

S(Ry) :/tr(aL) da::/gtW(F) dX :i/wm X,
Ry R, R,
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3 Modeling the Mechanical Processes of the Human Heart

with the term [, W(F) dX being the elastic strain energy in the region R,. Taking
a closer look at the strain energy function we see that

) _ OW OF; . OW

o B =am o — ")

Here we need to interpret the term %—Vg. It is a second-order tensor with components
defined by the convention (see [55])

oW oW
( - )J = 5 (3.23)

Due to F = LF we obtain

ow ow ow

On the other hand, we know that

ow
and by comparison we arrive at the fundamental relation
ow
=J 'F—— =:g(F
o o — 9(F)
or in more simpler form, taking the definition of the nominal stress S, we obtain the
relation
ow
S=—=:h(F).
OF (F)

We will stick to the formulation in the reference configuration, i.e. we will work in
terms of h(F).

Assumptions on the response function 4(F). We have seen that S = J~'F~!g(F) =
h(F). We now require the response function h(F) to be objective. By a simple
calculation it can be shown that the relation

h(QF) = h(F)Q" (3.24)

needs to hold for arbitrary proper rotations Q. This poses a restriction on the shape of
the strain energy function. Let us recall the polar decomposition theorem (Theorem
which gives a partition of F into R and U. Since (|3.24]) needs to hold for arbitrary
rotations we may choose Q = R". Thus we obtain

h(F)R=h(R'F) = h(R"RU) = h(U),
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3.3 Constitutive Equations

which means, that for h to be objective it is necessary that it depends on F through
U. In literature this is usually accomplished by choosing h to depend either on
C or E, because C = U? and E = %(U2 —1). Furthermore, we adopt some basic
assumptions from non-linear elasticity. To specify the behavior of W (F) for small and
large deformations we require that:

o W(F) — o0 as ||F|| = oco. This means, that the energy increases as we increase
the deformation. This property is also called coercivity.

o detF — 0 implies that W (F) — co. This means, it requires "infinite" energy to
compress the body B to a point.

« W(F) = oo if det F < 0.

In the next paragraph we will restrict deformations to the special class of isochoric
ones.

Incompressibility. Let us focus on incompressible materials which means det F =
J =1or divv = 0. In this case we need to adapt the formulation of the strain energy
function by introducing the Lagrangian multiplier p to enforce incompressibility (We
skip the derivation. The reader may refer to [55] for details.). For an incompress-
ible material the relation between the stress tensor and the strain energy function
becomes

ow

In the spatial coordinates we can link the incompressibility condition with the
displacement u. We know that for an incompressible material

divo(z,t) =0
needs to hold. Assuming that v is smooth enough we can rewrite the equation as
divov(z,t) = divu(x,t) = %div u(x,t) = 0.
This together with the inital condition w(x,0) = 0 leads to
divu(z,t) = 0. (3.25)

For the material description we obtain for the nominal stress

oW

S=%F

—pF_l.
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3 Modeling the Mechanical Processes of the Human Heart

The incompressibility condition in this case reads as
detF = 1.

Furthermore we assume that the strain energy function W (F) vanishes in the absence
of deformations, this means W (l) = 0. So far we have assumed that the strain energy
function W (F) vanishes for F = 1. However, this does not exclude the possibility of
an in situ stress. This will be briefly discussed in the next section.

3.3.2 Residual Stress

We have assumed that the reference configuration B, is stress free. However, for the
application of non-linear elasticity to model biological tissue there are many situations
in which a stress free reference configuration does not exist and there are so-called
residual stresses not associated with a deformation and not given by a constitutive
law®. For biological tissues, those stresses are generated by growth, remodeling or
adoption, see [68] for details. We do not intend to discuss residual stress in detail
nor will we include it in our models, we just want to emphasize that in most of
the literature it is forgotten to mention residual stresses and their importance in
bio-mechanics.

We assume that the strain energy function W (F) vanishes in the reference configuration.
However, we have not specified the behavior of the derivative %—Iﬁ/ yet. Recalling the
definition of the nominal stress S we define the residual stress as

oW

st .— = | |
OF |e

(3.26)

In the literature we can also find the notation 7 for the residual stress. Furthermore as
the residual stress is defined in the reference configuration we need not to distinguish
between nominal stress and Cauchy stress as they coincide. It is assumed in [55] that
the residual stress must satisfy the equilibrium equation

DivSs™ =0  in B,. (3.27)

If the boundary 0B, is traction free (unloaded) then, additionally, the residual stress
must satisfy the boundary condition

S"'N=8""N=0 ondB,. (3.28)

5The term residual stress is not clearly specified. There are different notions which do all slightly
differ in their definition. The oldest definition dates back to Biot in 1965 and he called it initial
stress. Another definition goes back to Hoger in 1985. He actually called it residual stress.
However, we will go with the definition by Ogden. To illustrate the principle of residual stress we
refer to an experiment, which is often cited by Prof. Ogden in his lectures. When one takes a
small tube of arterial tissue and cuts it open one would usually expect that nothing will happen.
However, the arterial tissue opens up with a great velocity and stretches itself. This is due to the
residual stress which is released when cutting the tissue.
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3.4 Constitutive Model for the Myocardium

Now we want to establish some basic facts about the residual stress. For that we use
the identity

Div(s") ® X) = (Divs™) @ X 4+ 8. (3.29)
By using this identity together with Gauss’ theorem and (3.27)), (3.28]) we obtain

/ s dx = 0.
B

Its immediate consequence is that the residual stress must not be uniform. In other
words, if, in a residually stressed configuration, the boundary 0B, is load free, then
the residual stress distribution is necessarily inhomogeneous and is therefore geometry
dependent. A further consequence is that the material response of a residually stressed
body relative to the residually stressed configuration, and hence the constitutive law,
is geometry dependent and inhomogeneous. For a more detailed treatment of residual
stresses in the context of modeling the myocardium refer to [2],[58] ,[24] and [14].

3.4 Constitutive Model for the Myocardium

After having established the basic facts on non-linear elasticity, we continue to specify
the constitutive model for the myocardium. We focus on a specific model, introduced
by Holzapfel in [32]. Of course, there are many other models around and in [32] one
finds a good summary of those. However, before introducing the Holzapfel model
we need to state a restriction on the model. To the best of our knowledge there is
no model of the passive myocardium which accounts for the whole structure of the
myocardium. All models concentrate on the ventricular activity. Thus, the Holzapfel
model may only validated for the ventricles of the human heart. For a detailed
overview of the experiments leading to the subsequent model we refer to [32] and the
bibliography there. At this point we will specify the reference configuration occupied
by the myocardium as 2, C R? and the deformed configuration with €; C R3.

3.4.1 Orthotropic Materials

The Holzapfel model is a constitutive model for a special kind of anisotropic materials,
so-called orthotropic materials. For explaining the idea of an orthotropic material
we recall the definition of the local coordinate system { f, so, o} as introduced in
Chapter [ This coordinate system represents a natural orthonormal coordinate
system spanned by the fibers in ,.7. To be more precise, as discussed in Section

In fact, the fibers need not be exactly orthogonal but for simplicity we assume it here.
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3 Modeling the Mechanical Processes of the Human Heart

this coordinate system is in fact X-dependent as can easily be seen in the Figure [I.2]
An orthotropic material is defined as a material which exhibits two or three axis of
symmetry, which means that the material properties change along these directions. If
there is just one axis of symmetry the material is referred to as being transversely
isotropic, see [31] for details. Examples for orthotropic materials are wood, fiber
reinforced polymers and in particular the myocardium. Orthotropic materials allow
the strain energy function to obtain a very special form, similar to the one of an
isotropic material. For an isotropic material the most general form of the strain
energy function is described by the Rivlin-Eriksen representation theorem, see [31} [55].
It states that the strain energy function, say W, can be written as

U(C) = ¥(L1(C), I2(C), I3(C))

with
I;(C) :=trC,
- 1 2 2
I(C) = 5 (12 - u(c?)),
I3(C) = det C.

The quantities I, I, Is are called the isotropic invariants. The Rivlin-Eriksen theorem
is a very general statement as it does not need any phenomenological assumptions
and is not based on experimental data. For a general introduction into invariant
based constitutive models we refer to [74]. The general idea for handling anisotropic
materials is to split up the strain energy function W into an isotropic part Wig, and
an anisotropic part Wniso, this means

W(F) = VViso(c) + Waniso(c)a

where we explicitly require the dependence of W on F through C = F'F to automat-
ically have an objective strain energy function as mentioned in Section [3.3:1] For
a transversely isotropic material we know from [311 [55] that we can introduce new
invariants 14, I5. Suppose we have a transversely isotropic material with the preferred
direction v. Then we may introduce the new invariants

1,(C) := (v, Cw), (3.30)
I5(C) == (v,C%).

These invariants account for the direction v. Similar, if we have two preferred
directions, say v, w, we may add the invariants

Is(C) := (w,Cw),
I:(C) = (w, C*w),
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3.4 Constitutive Model for the Myocardium

as well as a coupling invariant
I3(C) := (v,Cw) = (w, Cv).

We need to mention that the invariant Ig is not an invariant at all because it changes
the sign when the direction of either v or w is reversed. To overcome this one may
change the dependence of Ig to I as suggested in [32]. In case of orthotropic materials,
which means that v and w are orthogonal, it has been shown in [45] that the invariant
I can be expressed in terms of the other invariants by

I3 =1+ L+ Is+ Iy — I (14 + I).

For the shape of the strain energy function it is quite common to use an exponential
ansatz in an additive way. This has two major reasons. First, exponentials auto-
matically fulfil the mathematical assumptions needed for guaranteeing existence of
solutions, like poly-convexity. This will be briefly addressed in Chapter [5] Secondly,
the idea of using exponentials dates back to phenomenological studies of Fung, see
[19]. Therefore one also refers to those models as Fung-type models.

3.4.2 The Holzapfel Model

Bearing in mind the local coordinate system as depicted in Figure [I.2] and the
definition of the invariant I as given in equation , we now consider the invariant
14 associated with each of the directions defined by the local coordinate system
{f0;S80,n0}. The notation

Lug = (fo,CFo) = IFFoll, (3.31)
Iis := (80,Cs0) = ||Fsoll, (3.32)
I4n = (’I’Lo,cno) = HF’I’L()H (333)

shall be used here. From the assumption that the basis { f, so, 70} is orthonormal,
we conclude that

Z I4i:C:(f0®f0+80®80+n0®n0):Cilzfl‘
i€{f,s,n}

Thus, only three of the invariants I, Iy, I4s, I, are independent and we can eliminate
one. In [32], the invariant Iy, is chosen to be eliminated. We might also introduce
the invariants associated with C? as indicated above, however, following [32, [45], we
cancel these invariants and just introduce the orthotropic invariants

Is rs = Is 55 := (fo, Cs0),
I o = Isnp = (fo,Cno),
IS,sn = IS,ns = (So, CnO)
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3 Modeling the Mechanical Processes of the Human Heart

The symmetry of the above defined invariants follows from the symmetry of C. Again,
following [32], it can be shown from experimental results that one may omit the
dependence on the invariants Io, Igs, and Igf,. Furthermore, we assume the material
to be incompressible, thus the dependence on I3 cancels out too. Therefore we now
assume that the strain energy function is of the form

W(C) = Wiso(11(C)) + Waniso (145 (C), [45(C), I5,15(C))-

From this we determine the abstract structure of the Cauchy stress o and the nominal
stress S. Before doing so we need to have some information about the derivatives with
respect to F. By using the chain rule and bearing in mind that we need to account
for the incompressibility we obtain

0 0 0 0
S=Wi=I1 —pF '+ Wyp——Ipp + Was—=Iss + Wyps—=1
Lggli—Pp + jpr= 4f + 45 5F 4s + 8fs HE 185
with the notation W, = %W, the partial derivative with respect to the invariant /.

At this point we carry out the differentiations %Ia. However, the exact differentiation

is not of interest for this thesis and we just state the results. The proofs may be
found in [31, 55]. It holds

0 T

ﬁh(C) =2F ',

0
ﬁl%i(c) = 2""/0 ® Ko, K€ {f7 8}7
0
ﬁIst(C) =fo®s0+s0® fy.

It follows that
S = QI/VlF—r — pF_1 + 2W4ff0 X fO + 2Wyss0 ® sg + W8fs (fO ® 8y + 89X fo) .

For the Cauchy stress we multiply from left with F and use the fact that F(a ® b) =
Fa ® Fb, see [31] p. 267]. Then we obtain for the Cauchy stress

o=2Wib—pl+2Wysf @ f +2Wis@ s+ Wers (f®s+5® f),

with f = Ff,, s = Fsp. As indicated in Section the invariant Igfs changes its
sign if either one of the vectors f, so is reversed by the deformation tensor F. To
overcome this inconvenience, we change the dependence from Ig to I2. Further, we
need some restrictions on the strain energy function W. To this end we consider the
reference configuration where F = 1. When assuming no residual stresses to be present
we obtain

0=2(W1 —po)l +2Wysfo ® Fo + 2Wasso @ so + Wsys (Fo © S0+ 80 ® fo),
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3.4 Constitutive Model for the Myocardium

where pg is the value of the hydrostatic pressure in the reference configuration. This
requires

Wl —Po = Oa
Wyp = Wys = Wgps =0

in the reference configuration. These results together with the information taken from
[19] motivates the introduction of the following exponential ansatz for W:

W(C) = g exp (b(1(C) =3)) + 3 5 (exp (billu(C) ~ 1)%) ~ 1)
i=f,s ¢

+2ab];2 (exp (bradsps(©?) = 1) (3:34)

The values for the parameters a,ay, as, ays, b, by, bs, bys are found in Table 3.1}

PARAMETER VALUE
a 0.059 kPa
af 18.472 kPa
Qs 2.481 kPa
afs 0.216 kPa
b 8.023
by 16.026
bs 11.120
bys 11.436

Table 3.1 — Values of the parameters a,af, as, ars,b,by,bs, by, as used for the Holzapfel model.
The values are taken from [32].

It remains to give the representation for the nominal stress S and the Cauchy stress
o. Bearing in mind that the dependence of the invariant Ig¢s has been changed to
182f ; and carrying out the differentiation we obtain for the nominal stress

S=aexp(b(l1 —3))F" — pF ' +2a;(I;; — 1) exp(bs(Iuy — 1)?) fo @ fo
+ 2a5(Iss — 1) exp(bs(I4s — 1)*)s0 @ 59 (3.35)
+afslsss eXP(bstzfos)(fo ® 8o + 80 ® fo)

and similar, as indicated above, for the Cauchy stress

o =aexp(b(I1 —3))b —pl +2a(Iyy — 1) exp(bs(lsy — 1)) f @ f
+ 2a5(Iys — 1) exp(bs(Iys — 1)})s @ s (3.36)
+agslyps exp(brsIip) (f © s+ 5@ f).
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3 Modeling the Mechanical Processes of the Human Heart

3.5 Summary

Summarizing we have arrived giving a full description of the activities of the passive
myocardium. The governing equations are set by Euler’s equations of motion with
suitable boundary and initial conditions and read, in material coordinates: Find
(U(X,t),p(X,t)) such that

2

DivS(U) — Div(pF~ ") + p,.b = promU in Q, x (0,7), (3.37)
detF =1 in Q, x (0,7), (3.38)

U=gp(X,t) onI'p, x(0,T), (3.39)

S'N =gy(X,1) on 'y, x (0,T), (3.40)

U(X,0)=0 in Q,, (3.41)

V(X,0)=V, in Q,, (3.42)

for a given time interval (0,7"). Similarly we can state the equations in Eulerian
coordinates reading: Find u(x,t), p(x,t) such that

dive(u) — gradp + pb = p(ﬁ;u in Q x (0,7),
divu =0 in Q; x (0,7),
u=gp(x,t) on I'p x (0,7,
on =gy(z,t) on 'y x (0,7,
u(xz,0) =0 in Qf,_, =Q,
v(x,0) = vy in Qf,_, =

holds, where we need to enforce incompressibility by setting J = detF = 1 or
divu = 0 as shown in (3.25]), and furthermore, the shape of the nominal stress tensor
is characterized by the Holzapfel model ([3.35)).
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4 Coupling of the Electro—Chemical and
Mechanical Models

In this chapter we will merge the presented models for the electric and mechanic
response of the human heart. This leads us to a coupled multi-physics problem.
There are different approaches to couple the electric and mechanic response in the
human heart, hence we try to give a summary on the models known in literature, see
[23, 52 [59] B3] and the bibliography found in these articles for more details.

4.1 Coupling of the Bi-Domain Model with the Deformation

We start with deriving the coupled bi-domain equations. To this end, recall the
respective equations in f. As a matter of fact, we have a moving body in
the coupled setting. Thus we first need to specify the material and spatial description
of these equations. We consider the time derivative %utm as material time derivative.
Let us turn our attention to the divergence terms. We will demonstrate the results for
one specific integral so the other terms can be treated in analogy. The divergence in
the bi-domain model is to be understood in spatial description, thus we may integrate
it over the current configuration €2;. Doing so we obtain

/div(Mi grad ugy, ) de.
Q¢

By applying Gauss’ theorem we conclude
/div(M,- grad Uy, ) de = / (M; grad tgm, ) dsg.
Qt 8Qt

The integral on the right hand side can now be transformed into the reference
configuration by using Nanson’s formula (3.3]), hence we arrive at

/ (M; grad tgm, ) dsy = / (Mi gradutm,JF_TN) dsx.
o o,

Next, by using the transformation rules from Lemma we get

/ (Mi gradutm,JF_TN) dsx = / (MiF‘T Gradutm,JF_TN) dsx,
00, 00,
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4 Coupling of the Electro—-Chemical and Mechanical Models

which can be rewritten as

/ J(F'MF T Grad um, N) dsx. (4.1)
0y

In literature, see [49] 59], the term F~IM,F~ T is replaced by M;C™! or just replaced
by M;. This may not be justified mathematically unless one assumes that n is an
eigenvector of My; ;. However, there is a quite vivid way to argue this procedure,
following [71]. Let us assume a regular heart activity, without any fluttering. Then
we can argue as follows: A myocyte will contract after the action potential has
passed. From the shape of the action potential of ventricular cells we know that the
gradients of uty, and u, are very steep in the moment of activating the cell, but nearly
vanishing afterwards, when the cell contracts. Thus, the mechanic reaction of the cell
does not change much during the development of the transmembrane or extracellular
potential. However, with the period of the action potential being smaller than the
time the heart cell needs to contract and relax, the deformation does affect the electric
signal processing, as it has been shown numerically in [59]. Summarizing we can say
that, physiologically speaking, we need to consider time delays in the coupling of
the mechanical and electrical behavior. At this point we will not go into details any
further, and leave this point open. We now go back to (4.1). Due to the lack of a
mathematical proof we may not use the formulations found in literature but better
stick to the original term F~'M;F~". Following [31], p.82ff], we define this operation as
pull-pack operation, denoted by x; '(M;). This special operation transforms quantities
defined in the current configuration to the reference configuration. Thus we obtain

/ J(X*_l (M;) Grad gy, N) dsx = Div(Jx*_1 (M;) Grad uty,) dX .
0, O,

The procedure shown above can be carried out for all divergence terms occurring
in the bi-domain model. Assuming continuous integrands we arrive at the strong
formulation of the coupled bi-domain model which reads:

XCmgtutm + xLion — J ! Div(Jx;1 (M;) Grad ugy)
— J'Div(Jx; ! (M) Grad u.) = S;

J I Div(Jx;t (M) Grad uew) + J 7 Div(Jx; ! (M 4+ Me) Grad ue) = —(S; + Se),

in Q. x (0,7] where Sy = sp(x(X,t),t) and k = i,e. To complete the set of
equations we need to transform the boundary conditions into material coordinates.
That means,

(Jx:" (Me) Gradue, N) = G,
(J(X*_1 (M;) Grad ugy, + Xt (M;) Grad u.), N) =Gn,,
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4.2 Coupling the Equations of Motion

where Gy, G, are appropriate functions in the reference configuration, defined as

Gni = gnk(x(X,t),t) and k =i, e with the Neumann data from (2.38)-(2.39)). In
combination with the incompressibility assumption J = 1 we get the final coupled
model

XCmaatutm + Xion — Div(x; " (Mi) Grad uem) — Div(x; ' (Mi) Gradue) = Si, (4.2)

Div(x; ' (M;) Grad usm ) + Div(x; ' (Mj + M) Grad u.) = —(S; + Se), (4.3)
in ©, x (0,7] and the boundary conditions

(x:! (M) Gradue, N) = Gne om0, x (0,7, (4.4)
(x:! (W) Gradw + X" (M) Gradue, N) = Gy on 00, x (0,T].  (4.5)

Finally, we need to impose a solvability condition reading as

/(Si +8e) dX + / (Gne+Gnyi) dsx =0. (4.6)
Qp Q.

There is another coupling procedure, involving the deformation, in the model of ionic
currents. However, we postpone this discussion for after describing the coupling with
the mechanic field.

4.2 Coupling the Equations of Motion

In this part of the thesis we describe how the electric activation of the human heart
influences its mechanical behavior. The incorporation of the human heart’s electric
activation is done by adjusting the strain energy function in a suitable way. In the
literature, see [48, 53], [72], we find two ways of doing this, known as the active strain
formulation and the active stress formulation. The latter appearing to be a special
case of the first one, as we will see.

4.2.1 The Active Stress and the Active Strain Formulation

As discussed in Chapter [I], myocytes have the ability to contract and relax at rather
high frequencies following the beat of the human heart. The contraction and relaxation
of smooth muscles influence the distribution of stress and strain in the vascular wall,
see [20, 26], B3] for details. In Chapter [3| we introduced the constitutive model by
Holzapfel. However, this model is a pure passive one. That means, it covers just the
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4 Coupling of the Electro—-Chemical and Mechanical Models

passive mechanic response of the human heart due to its stretching, but does not
account for induced changes in the electrical behavior and vice versa. This second
response is referred to as active response because the muscle fibers do actively respond
to changes in the electric behavior.

The excitation-contraction coupling, short ECC, in cardiac muscular fibers is a
complex mechanism involving many variables such as the trans-membrane potential,
ionic conductance, intracellular calcium concentration, membrane strain and stress,
and changes in the rest length of muscle fibers due to the interaction of actin and
myosin. The specification of a realistic comprehensive model able to account for
the principal mechanisms involved in ECC, yet simple enough to be practical, is an
arduous task. However, this lies far beyond the scope of this thesis and we may refer
to [71] for details. Thus we need to combine the macroscopic constitutive passive
mechanical models with the microscopic active ones. The aforementioned microscopic

models are referenced in [I1}, 50, 57 [60].

To cut things short, the key concept found in literature is the following: at the
macroscopic level, the presence of muscle fibers enters the model as tension generated
by the fibers themselves, which is then called the active stress. In addition, this tension
has a preferred direction, which is defined by the orientation of the fiber. In case that
excitable soft tissues, or the ventricular myocardium, are considered as a whole, the
overall tension state is described by adding up the passive and the active stress. This
essentially means that we can split up the strain energy function used in the equations
of motion into an active and an passive part, i.e. W(C) = Wpags(C) + Waet (C, w), with
w being a vector of other physiologically relevant dependent variables to be defined
later on. This formulation is broadly accepted and widely used in [23] 52, [59] [83].

Contrasting to that, there is the idea of the active strain formulation introduced in
[48] where one rather uses a multiplicative decomposition of the deformation gradient
F into a visible elastic part F. and an active part F,. The active part is then again
assumed to be of the form F, = v, fq ® f + 7580 ® S0 + nno ® ng, where v¢, Vs, T
are scalar fields which account for the electro-physiology and therefore we need to
state evolution equations for each of those fields similar to the models for the ionic
current [;o, as described in Section

In [48] it is further shown that the active stress formulation is a special case of
the active strain formulation, when assuming small deformations of the myocytes.
Therefore, we keep with the majority of authors and use henceforth the active stress
formulation. For a deeper discussion the reader may again refer to [48].

According to results shown in [83], the term p& in the equations of motion is of
practically negligible order, so we use the so-called quasi-static equations of motion
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4.2 Coupling the Equations of Motion

which read as
Div (TFT) —0 inQ,

where we have rewritten the equation using the so-called second Piola-Kirchhoff
stress tensor T defined by T := Jx; ! (o), see [55] for more details. This formulation
responds to the convenient notation used in literature about the electromechanical
coupling. One should, however, bear in mind, that the tensor T does not admit a
physical interpretation, see [55]. In this setting we can write the stress-strain relation,

see [31], as

W (C)

T=2
0C

with the term pC~' to enforce incompressibility. Unlike in Chapter [3| we do not
specify a shape of the strain energy function to be able to cover the more general case
of other strain energy functions than the Holzapfel model. Following [83] we adjust
the strain tensor by

(T)mn = 28;‘/?*) — pCirn + TudarOn s Cirn,
Cun
where we have used the "*"-notation introduced in Section to express the tensors
with respect to the basis { f, so, no}. The term T} is a scalar function which generates
the active tension and will be discussed in more detail later. The term dy/p0ny is
added to enforce the active tension to work only in the direction of the muscle fibers.
This has turned out to be a quite useful assumption, see [66, [73, [R0] for details. The
question remains of how to model the active tension term 7,. From physiology it is
known, that the active tension depends on the stretch in the direction of the fiber

Ay which is defined by Ay :=,/ } £ Furthermore, the active tension highly depends

on the inner calcium concentration, [Ca®"];, in the muscle cells. The authors of [59]
propose the following abstract structure to model the active tension 7Tj:

dw 5 2+
dt =g (waAf))‘fv [Ca ]l) )
T, = h(w),

with g, h being some given non-linear functions. We will not focus on specific models in
this thesis, however, we cite two possibilities to model the active tension. The first one
can be found in [49] and an updated version in [23]. There, a purely phenomenological
model is used to describe the evolution of the active tension. The second one is a high
level physiological model developed in [51] and used for example in [59]. The second
approach couples the models for the Ionic current [, with the deformation model by
introducing a new set of dependent variables collected in the vector a which stands
for various length-dependent biochemical quantities. Thus we obtain the following
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4 Coupling of the Electro—-Chemical and Mechanical Models

new abstract model for the ionic current [ioy:

Iion — g(ta Utm, VU, a’)a

dwv

T f(v,ugm, a,t).

We will use this formulation because it covers even the most general case. For a
collection of various models for the generation of active tension one can look up in

the CellML repository mentioned in Section

4.3 Summary of the Fully Coupled Electromechanical Model

In this chapter we have merged the two different models for the electrical activation
and the mechanical reaction of the human heart. As a result we obtain a fully coupled
system of partial differential equations under the incompressibility assumption which

reads as: Find (ugm, e, U, v, w,p) such that

Xcmgutm + Xj'ion—Div(X*_1 (M;) Grad utm)—DiV(X;1 (M;) Grad u.) = —S;,

ot

Div(x; ! (M) Grad wy) + Div(x; ! (M; + Me) Grad u,) =

Div (TFT) — Div(pF~ ) = 0,
detF = 1,

in ©, x (0,T], with boundary conditions

(X*_l (M) Grad u,, N) =GN
(X*_l (M;) Grad wem + x5 (M;) Grad u, N) =GN
U=g9p

Utm(Xa O) = Utm,0 (X)>
’LLe(X, 0) = ue’o(X),
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(4.7)

—(Si + Se), (4.8)
(4.9)

(4.10)

on 09, x (0,77, (4.11)
on 09, x (0,7, (4.12)
onI'p, x (0,7], (4.13)
on 'y, x (0,7], (4.14)
(4.15)

(4.16)
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completed by the constitutive equations reading as

oW (c* - .
(T)aew =200 b0+ Tudusgins i (4.17)
MN

Iion = g(t,’UJtm,’U,a), (418)
T, = h(w), (4.19)

d .
Y=Y (w, Ay Afs [Ca2+]i) , (4.20)
%v = f(v,utm, a,t), (4.21)
v(t = 0) = v, (4.22)
w(t = 0) = wo, (4.23)

and the values for M;, M., x, C,, to be found in Table 2.1]
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5 Analysis

In this final chapter we will discuss the possibilities of a mathematical analysis, in
terms of weak solutions. As mentioned in the introduction, we will focus on the
analysis of the uncoupled problems and discuss their solvability. It is assumed that the
reader is familiar with functional analysis and some basic concepts of measure theory.
For more details on functional analysis one should refer to [211 [75] [82], 85-90)].

5.1 Notation and Definitions

Before starting with the mathematical analysis we need to introduce the standard
notations.

Elliptic, Compact and Self-Adjoint Operators

Definition 5.1 (Duality Pairing). Let X be a Banach space and denote by X* its dual.
Let further | € X*. We define the duality pairing of [ with x € X as

(I 2) oo x o= U().
Remark 5.1. To avoid confusion we will use (-,-) y., x for the duality pairing and
(-,-)y for the inner product provided H is a Hilbert space.

Theorem 5.1 (Riesz Representation Theorem). Let H be a Hilbert space. A linear func-
tional f on H belongs to H* if and only if there exists a x € H such that for every
y € H we have

W) = (Y, ) ape s

and in this case || f|« = ||z||,. Moreover, x is uniquely determined by f € H*.

Proof. See [1, Theorem 1.12]. O

Remark 5.2. The previous theorem guarantees the existence of the Riesz-isomorphism
J:H* — H such that

(Tfov)g = (s V) gpesn for allv € H,
ijHH = Hf”?-m

meaning that we can always identify elements in H* with elements in H.
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5 Analysis

Definition 5.2 (Elliptic Operator). A linear operator A mapping from a Hilbert space H
into its dual H* is called H-elliptic, if there exists a positive constant ¢ such that

A 2
R(A, V) gy = et [|vll

holds for all v € H.

Definition 5.3 (Adjoint, Self-adjointness). Let A: X — Y be a bounded linear operator
between Hilbert spaces. Then the operator A*: Y* — X* defined by

(@, A"Y) x o xr = (AT, Y)y sy forallze X, yeY™

s called the adjoint of A. If X =Y and A = A* then A is called self-adjoint.

Theorem 5.2 (Lemma of Lax-Milgram). Let H be a Hilbert space, and A: H — H* be a
linear, bounded H-elliptic operator. Then the equation

Au=f

has a unique solution for any f € H* and it holds that

1
ullyy < —5[1Ffllg
5

Proof. See for example [75]. O

Lemma5.3. Let A: H — H* be a bounded, self-adjoint H-elliptic operator. Then the
inverse of A, A~' is elliptic.

Proof. See for example [75]. O

Definition 5.4 (Compact Operator). Let X and Y be two Banach spaces. A linear
operator K : X — Y s called compact if the image of a bounded set B C X is
relatively compact. A set is called relatively compact, if its closure is compact.

Remark 5.3. Since we are working in at least Banach spaces we can characterize
relatively compact sets equivalently by all those sets which possess a converging
subsequence.

Banach Space Valued L” Functions

Proceeding we will introduce the conecept of Banach space valued LP-functions. It
is assumed that the reader is familiar with the concept of LP(£2)-spaces in general.
For details one may refer to [69] The following definition is based on [85 Definition
24.1]:
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Theorem 5.4. Let X be a Banach space and (0,T) C R™ an open measurable interval
with T > 0. Let further 1 < p < co. Define

T
101l Lo 0,1)20) = (/Hv(,t)Hﬁ» dt)
0

1
P

Then the space
P((0,7); %) = {0+ (0.T) = X | ]l oosmysy < 0}

defines a Banach space with the norm ||-||Lp((O7T);X). Furthermore, in the case of
p = oo we can introduce the norm

101l oo ((0,1);0) = €sssup [[v] .
te(0,T)

Then the above statement remains valid even for p = oo.
Proof. See for example [21l Chapter IV, Theorem 1.11 and Theorem 1.12]. O

For simplicity we abbreviate L? ((0,7"); X') by LP (0,7 X). For the further analysis
we also need to know something about the dual spaces of these special LP-spaces.
This is covered by:

Theorem 5.5. Let the assumptions of Definition[5.4] hold and assume further that the
Banach space X is reflexive and separable, and that 1 < p < oo. Then it holds

(LP(0, T &))" = L*(0,T; X7)

11
with >t o= 1.
Proof. See [21l Chapter IV, Theorem 1.14]. O

A very classic concept in connection with these LP-spaces is the Gelfand triple or
evolution triple.

Definition 5.5. Let X' be a separable and reflexive Banach space and H a separable
Hilbert space. Further, let X be densly embedded in H. Then we call the triple

XCH=EH CX*

a Gelfand triple or evolution triple.
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In the analysis of the bi-domain equations we will also need to consider a more
generalized version of the Gelfand triple. There we will consider frameworks of the

form
XCLP(Q) CHEH CLF(Q) C X~
Additionally we will need to use function spaces in the form
L*(0,T; X) N LP((0,T) x Q).
Therefore we will also need the following:

Theorem 5.6. Let X and Y be Banach spaces which are continuously embedded into a
locally convex space V. Then the following statements hold:

e The space (X NY,||.||xny) where |v]| xqy = ||Vl x + ||v]ly is @ Banach space.

e The space (X + Y, ||.||x y) where

ooy =, _inf | max(ailx [ylly)

T+Yy=v

1s a Banach space. The direct sum of two spaces X and Y is defined by
X+Y ={z+y:z2eXyeY}

e Provided X NY is densely embedded in either X orY with respect to the norm
|-/l xny- Then, (X NY)*=X*+Y* and (X +Y)* = X*NY*.

Proof. See [21, Chapter I, Theorem 5.13]. O

Sobolev spaces

Having defined the LP(0,T; X') spaces we are getting closer to the framework which
will actually be used for the analysis, the Sobolev spaces. To this end we need the
concept of a weak derivative.

Definition 5.6. Let 2 C R? and let m € N Then we define the following spaces:

o C™(Q) shall be the space of m-times continuously differentiable functions map-
ping from ) to either R or C.

e The space of arbitrary continuously differentiable functions

C™(Q) = [ C™Q).

meN
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e The space of arbitrary continuously differentiable functions with compact support,

CoP(Q):={feC(Q) |{xe : f(x)#0} CQ is compact}.

Definition 5.7. Let Q C R3. Then we define the space L}, .(Q) of locally integrable
functions by

Llloc(Q) = m LI(K)'
KcCQ,
K compact

Definition 5.8 (Weak Derivative). A function u € L} () has a weak partial derivative
of order s, when there exists a function h € L}, .(Q) such that

/h¢ da = (—1)k! /uDsng da for all ¢ € C°(),
Q Q
where s = (81, 82,...,5y) is a multi-index and D* := (%glfglizlzm The function h is
1 2 n

usually identified with D%u, when s is a multi-indez.

Definition 5.9 (Sobolev Norm, Sobolev Space). Let Q@ C RY and let k € Ng. Then for
1 < p < oo we define the Sobolev norm |||k 5y via

B =

lullwrry == (Z D% ullZ, Q)> ,

|| <K
and for the case of p = oo we define

[l yyrn.o0 () *HI%HUHLOO @)

The Sobolev space WFP(Q) is defined by

Wk7p(Q> - W“Hwk,p(g) )

In [T, Theorem 3.3] it is shown, that the space W#P(Q) is a Banach space. Furthermore,
it is known, see [T, Theorem 3.17], that we can also write the space W*P(Q) as

WkP(Q) = {u e LP(Q) : D% e LP(Q) for 0 < |a| < k}.

Definition 5.10 (Sobolev Spaces with Fractional Order). Let s € RT with s = k+x,k € Ny
and k € (0,1). Then we define the Sobolev-Slobodeckii norm

1

lullyspq) = (HUH%’W(Q) + |“‘%/k1p(ﬂ))g’
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with the semi-norm

D« — D« p
lol=k$) @ =yl

The corresponding Sobolev space is then defined as
Ws,p(Q) — GT(Q)”‘HWSJD(Q).

Definition 5.11 (Dual Space of W*P(Q)). Let s < 0 € R and 1 < p < oo. Then we
define the space W*P(Q) via

WH(@) = (W5 ())

with 1/p+1/¢ = 1 and the norm

‘ <u7 ,U>f/[v/s,p(Q) was,q(ﬂ)

sup
vEW ~59(Q) ||U”W—8711(Q)
v#£0

||U||VT/s,p(Q) =

It is also possible to introduce Sobolev spaces with the help of the Fourier transform,
see [44), [75] for details. The spaces introduced this way are then called H*(Q2). These
Sobolev spaces turn out to be Hilbert spaces and for Lipschitz domains 2 and s > 0
it holds that

H3(Q) = W2(Q)
Remark 5.4. We will also use the following notation for the dual spaces:
H*(Q) := (H*(Q)*  fors<O0.

Remark 5.5. For the sake of brevity we will hereafter mostly use the notation (-,-)g,
or (-, ) g Jor denoting the duality pairings in the respective Sobolev spaces in €2 or on
o0f.

Definition 5.12 (Trace Operator). The trace of a vector valued function w is defined by

int . ~
u = lim u(x).
0 #3030 ()

For the later analysis of the system of non-linear elasticity we will use the fact that the
trace operator 7" (-) considered as an operator between W*P(Q2) and Ws~"/»P(9%)
is continuous and bounded provided € is a Lipschitz domain and s € [%, 1], see [4T,

Theorem 3.9] for details.
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5.2 Analysis of the Stationary Equations

5.2 Analysis of the Stationary Equations

We will now turn our attention to the analysis of the decoupled bi-domain equations
(2.35)—(2.42)). The following part is mainly taken from [9]. As starting point we will
reformulate the equations in the following way:

autm

5 + g(utm, v) — div(M; grad ugy ) — div(M; grad ue) = s; (5.1)
—div(M; grad ugy, ) — div((M; + M.) grad ue) = s; + Se, (5.2)

ov
5 -+ f(utm,v) =0 (53)

in Q x (0,7, where we have denoted the area occupied by the heart with 2. We
carefully mention that we have

dv

a = f(utm(wat)av) = f(m’t)'

Therefore v will also depend on the position x. Therefore we already replaced the
ordinary differential by a partial differential in ([5.3)). For completeness we give again
the boundary and initial conditions:

n - (M; grad ugy, + M; grad ue) = gn on 99 x (0,7, (5.4)
n- (Mcgradue) = gn,e on 09 x (0,71, (5.5)

U (22,0) = v, in Q, (5.6)

e, 0) = ul in €, (5.7)

v(x,0) = v in Q. (5.8)

Eventually, we need to enforce the solvability condition:

/(Si + 36) dx + / (.gN,i + gN,e) dsm = 0.
Q 0N

Due to the pure Neumann boundary conditions on u. we know that u. will be only
uniquely defined up to an constant.

5.2.1 The Bi-domain Operator Agp

Before discussing existence and uniqueness of the full bi-domain equations we will

analyze a related subproblem. To this end we will, as discussed in [9], consider the

subproblem emerging by ignoring the nonlinearities and the time derivatives in the
bi-domain equations. This leads to the new classical subproblem

— div(M; grad w4y, ) — div(M; grad ue) = s;, (5.9)

—div(M; grad ugy, ) — div((M; + M) grad ue) = s; + S, (5.10)
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which is completed by the boundary conditions

n - (M; grad ugm + M; grad ue) = gy, (5.11)
n - (Mg grad ue) = gne- (5.12)

At this point we assume knowledge about the analysis of partial differential equations
in their weak form. For more details we shall refer to [75]. We multiply the equations
f with suitable test functions ¢1, ¢9, integrating over €2, using integration
by parts and applying the boundary conditions. This leads to the variational problem:
find (ugm,ue) € V x V such that

ai(Utm, @1) + ai(ue, d1) = (i, P1)g + <gN,u’Yé)nt<Z51>8Q, (5.13)
ai(Utm;s §2) + Qite(Ue, P2) = (i + Se, P2)q + <gN,i + 9gne; ’Y(i)nt¢2>aﬂa (5.14)
where
a;(u,v) := /(Ml gradu) - gradv de,
Q
Aite(u,v) = /((Ml +M,)gradu) - gradv de.
Q

and (-, ) (2,09} denotes the duality pairing.

In this variational formulation V' denotes a suitable Hilbert space. In our analysis we
choose the Sobolev space H'(f2) as Hilbert space V. This problem can now be treated
as a standard Neumann problem in H'(Q) . It is a well-known fact, that the pure
Neumann-Problem is not uniquely solvable, as one can add a constant to a solution of
the above equation and this would still be a solution. This corresponds to the latter
operator formulation of this problem, where the operators have non-trivial kernels.
Furthermore, we need to impose a solvability condition, which follows immediately
when putting ¢1 = ¢ = 1. Then we see that we need to guarantee that

(si, 1)+ {gni, 1)y = 0, (5.15)
(si + Se, 1>Q + <gN7,~ + gNes 1>8Q =0. (5.16)

To circumvent the non-uniqueness of the Neumann-Problem we will work on a factor
space of H'(€2) defined by H!(Q2) := {v € H(Q) : [ v dz = 0}. Doing so, we fix the
constant part of the solutions. In this setting it would be necessary to search both
utm and ue in the factor space H,}(Q) However, as we will see later it will not be
necessary to restrict wuym, to H(€2). For our purposes as for the numerical treatment of
the bi-domain equations, it is quite useful to incorporate this side constraint explicitly
in the variational formulation to avoid worrying about constructing the right finite
element ansatz spaces for H!(€2). The incorporation of the side constraint can now
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be accomplished by introducing Lagrange parameters A, u. This yields the variational
problem: Find (ugm, e, 1) € [H'(2)]? x R such that

a;(Ugm, ¢1) + @i (ue, P1) = (85, 01)q + <gN,i’7(i]nt¢1>BQa (5.17)
a;(Ugm, P2) + Gige(Ue, P2) +1 /¢2 dx = (s; + e, P2) + <9N,i + gN,e,Wé)nt¢2>aQ,
)
(5.18)

/ue da = 0. (5.19)
Q

The special choice ¢1 = ¢2 = 1 and the solvability conditions (5.15)—([5.16|) lead to
n=0.

Thus we can reformulate (5.19)) and obtain an equivalent formulation for determining
(Utrmuea /’L) € [HI(Q)P xR

a;(Ugm, O1) + ai(ue, 1) = (84,¢1)q + <9N,i,’7(ijnt¢>1>m, (5.20)
ai(’LLtm, ¢2) + ai+e(u67 ¢2) +M /¢2 de = <8i + Se, ¢2>Q + <gN,7, + 9N.e; ’Y(i)ntgs2>aﬂ7
9
(5.21)

/ue de —pn =0, (5.22)
Q

and thus we end up with

u:/ue dx.
Q

Finally we end up with the stabilized subproblem of finding (wm, ue) € [H'(2)]? such
that

@i (1, 61) + i e, 61) = (si, d1)g + (986" 01),

(5.23)
i (Utm, @2) + Qite(Ue, P2) +/ue dfﬂ/@ de = (5.24)

Q Q
(i + se, 82)q + (9N + Ive W0 02) -

Following [75] we can now reformulate this variational formulation as an equivalent
operator equation.
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To this end we define the operators A; ., A;, A; for (u,v) € HY(Q) x H(Q) via

</L-+eu, v>Q = Qite(u,v) + /u de / v de, (5.25)
Q Q
(Aju,v)q = a;(u,v).
From this definition we can immediately see the mapping properties of the operators:

Aire: HY(Q) — HH(Q),
A HY(Q) — HY(Q).

Thus we can now state the equivalent operator equation in H ~1(Q) reading as

Ajtugm + Ajue = F1,
Ajugm + AV'H»eUe = Iy,

where F, F» stand for the right hand sides in the variational formulation (5.23)) in
the sense that for ¢,v € H'(Q) it holds that

(F1,8)q = (51, 8)a + (9va20"0)

(Fo, ) 1= (5 + 56, ¥)g + (98 + Iv.er 10" >8Q-

We will try to eliminate the variable u. and thus end up with a single equation, the
so-called Schur complement system. However, before we can do this we must prove
that the stabilized operator A; . is invertible. This is stated by the following:

Lemma 5.7. Assume that the coefficient tensors My; .y have L>°(2) components and
satisfy the condition

m|€f? < (M{ive}(w)£,£> < M|Ef,  forall € € R® and almost every x € Q

independent of the chosen basis for My; .y. Then the operator x‘~1z'+e is bounded and
HY(Q)-elliptic.

Proof. We will first show the boundedness of the bilinear-form. Using the assumptions
on My; .y and the Cauchy-Schwarz inequality, see [82, Theorem 1.1.10], in (5.25)) we
obtain

ite(U; V) +/Ud$/vdw < 2M||grad ul| 2 (g llgrad v]| L2 (q) + 1217 el 21V 220
0 0
< max{2M, |}l g1 gy 10| 111 -
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In the next step we will show the ellipticity. To this end we set u = v in (5.25]). Thus
we obtain

2
<gi+ev,v>g = aite(v,0) + (/v da:) .

Q

Using the assumptions on My; .y once again we obtain

2 2
aite(v,v) + (/v dm) > 2m\|gradv||%g(m + (/v dm)

Q Q

2
> min{2m, 1} ngade%z(Q) + (/v da:)

Q

With Sobolev’s norm equivalence theorem, see [75, Theorem 2.6], we know that the
terms in parentheses form an equivalent norm in H'($2). Thus we finally obtain

2
aite(v,v) + (/v di’f) >c +eHU||H1(Q)

Q

where the constant ¢; . > 0 depends only on the eigenvalues of My; ., and the constant
from the norm equivalence in Sobolev’s norm equivalence theorem. OJ

With this result we can now apply the Lemma of Lax-Milgram (Lemma , and
conclude that the operator AHe possesses a bounded inverse, say AZ /. and by using
the self-adjointness of this operator we can also conclude with Lemma [5.3]| that the
inverse is elliptic too.

These results can now be used to obtain a Schur complement system. Eliminating wu,
in (5.24]) we obtain

Up = Az+e (Fy — Ajtgm) -
This can now be inserted into equation ([5.23). Then we arrive at
Ajugm + A; Az+e( h — Ajuem) = F1,

(A — A; AH_EA ) Ugm = F1 — A; Az+e

We define the bi-domain operator App = (A; — A; AH@A ) and the modified right

hand side f = I — Aiﬁ; _~_16F2. Now we have to investigate the properties of Agp.
This is answered by:
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Theorem 5.8. Let the assumptions of Lemma [5.7 be fulfilled. Then the bi-domain
operator Agp is bounded and it holds:

(Appv,v)g + vlT2() = eapllvlli o) (5.26)

Proof. The boundedness of the operator App is obvious, since it is composed of
bounded operators. It remains to show that Agp fulfills (5.26]). Recall the full system

Aty + Ajue = 1,
Ajugm + Avi+eue = F.

A,L' Al Utm | Fl
Ai Ai-{-e Ue B Fy .

We now introduce the operator A via

A (A A, (M o0
Co\A A 0 0

where the operator M: H'(Q) — H~1(Q) is defined as

This can be rewritten as

(Mu,v)q = /uv dx for all u,v € H' ().
Q

The newly introduced operator A maps from H'(Q) x H' () to H-1(Q) x H~1(Q).
We introduce the related norm

H(u17u2)||H1(Q)><H1(Q) = \/||U1||i11(9) + HU2||§{1(Q)

on the product space H(Q) x H*(Q). Assume that A is H'(Q2) x H(Q)-elliptic, this
means

(Av,0) iy 2 A0l pem@)  forallv e HY(Q) x H'Y(Q).  (5.27)

Additionally we know that AH_e is invertible thus we may choose vy := — Al A;vq.

i+e
Using this in the ellipticity condition ([5.27)) we obtain
(A = AT Ayor, o) + o120
2 T 2 2
> ot (ol + - Ak, ) 2 Rl

Hence, for concluding the proof we need to show that A is elliptic. This is equivalent
to show that

ai(uy,v1) + (ur,v1)g + ai(ug, v1) + a;(ur, v2) + aiye(uz, va) + (U2, 1) (va, 1)
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is elliptic. The last equation can be rewritten as
a;(ur + uz, v1 + v2) + ae(ug, v2) + (u1,v1)q + (ug, 1)o(v2, 1)q.
Setting v1 = uy and vy = us we obtain
a;(ur + uz, ur + u2) + ac(uz, uz) + [[ur|[ 720 + [(ua, Dol
At this point we use Lemma [5.7] and the definitions of a; and a.. This results in
a;(uy + ug, ur + uz) + ae(ug, ug) + HUl”%Q(Q) + |(uz, 1)52\2

> m ([ur + ualf gy + [l oy ) +lun 72 + (w2, Dol (5.28)

=:(I)
where we introduced the H'()-semi-norm:
1) = llgrad ()|l 2 (-

Next we rewrite (I) as

1
(1) + B ’U2|i11(9) :

N

Finally we use the fact that

1

Sl < (1)
and conclude that

1 1
(1) = [ur + vt () + |u2lf o) > 1 w70y + 5 w2310y
1 2 2
= (’u1|H1(Q) + |U2|H1(Q))
Going back to ([5.28) we get
2 2 2 2
m (Jus + sl ) + lualzn gy ) + lullZa(ay + fu, Dgl

. m 2 2 2 2
> min {47 1} <|u1’H1(Q) + w2l o) + lluallz2 o) + uz, 1)g ) -

=:(II)

With Sobolev’s norm equivalence theorem we get that (/1) defines an equivalent norm

in H'(Q) x HY(Q). Therefore we finally get that the operator A is H(Q) x H(Q)-
elliptic. ]
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Remark 5.6. In Theorem[5.8 we have shown that the operator App is coercive when
considered as operator from H'(Q) — H~Y(Q). On the other hand it can be shown
that the operator Agp: HY(Q) — HY(Q) is elliptic and thus invertible. This follows
from the fact, that the H'(Q) semi-norm coincides with the full H*(Q)-norm in that
case, see [TH] for details.

For the analysis hereinafter we need to know more about this operator Agp. The
next result is a classic result from spectral theory of compact operators. For more
information about spectral theory one should refer to [4 25 27, [65] [82].

Theorem 5.9. Let the assumptions of Lemma [5.7 be fulfilled. Then, their exists an
increasing sequence of non-zero eigenvalues {\p Inen tending to infinity and a family
of eigenfunctions {zp }neny C HY(Q), forming an orthonormal basis of L*(Q) such that
the operator Agp can be decomposed as

Appu = Z An(u, zn>L2(Q)zn, for allu € Hl(Q)

n=0

Furthermore the functions {)\El/an}neN form an orthonormal basis of H'(Q)) with
respect to the induced bilinear-form

app(--) == (App, ) q-

The same decomposition holds for app(-,-), this means for u and v € H*(Q) is holds:

app(u,v) = > An (U, 2n) 12(0) (V5 2n) £2(62)-
n=0

Proof. See [65, Théoréme 6.2-1] and [65, Remarque 6.2-2]. O

5.3 Analysis of the Bi-Domain Equations

We have analyzed the linear subproblem of the bi-domain equations in the last
chapter. This will now be useful when discussing the analysis of the full bi-domain
equations. But first of all we need to specify some assumptions to be able to handle
the nonlinearities in the full bi-domain equations as suggested in [9]:

(H1) The Sobolev embedding, see [I, Theorem 4.12], H'(Q) C LP() holds. This is
valid for p € [2,6] and Q C R3.

(H2) The functions g, f are affine with respect to wv:

Q(Utm, U) = gl(utm) + (QQ(utm)v U)> .f(utma U) = f1(utm) + fav,
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where g1: R — R, go: R — R”, f;: R — R" are continuous functions and
fa eR.

(H3) There exist constants ¢; > 0,7 = 1,...,6 such that for any u € R there holds

lg1(u)| < e1 + caulP™h, (5.29)
|92 (w)] < e5 + eq [ul*7T, (5.30)
| F1(w)] < s+ cg |ul”*. (5.31)

(H4) There exist constants a > 0, A > 0 and b, ¢ > 0 such that for any (u,v) € R*:

Xug(u,0) + (v, F(w,0)) = alul’ b (Mul’ + [of*) —e. (5.32)

For the further analysis we also need the following:

Lemma 5.10. Under the assumptions (H2) and (H3), the mappings (u,v) € LP() X
[L2(Q)]" — g(u,v) € LV and (u,v) € LP(Q) x [L2(Q)]" — f(u,v) € [L2(Q)]" are
well-defined. Specifically for any (u,v) € LP(Q) x [L*(Q)]" we have

12 / 2/./
g1, )| < A1 190"+ Aslull Ty + Aslloll gy
1F (s 0) |2y < B 1| + Bollul[ 2 gy + Bsllvlliza o

where A; > 0,i=1,2,3 and B; > 0,i = 1,2,3 are some constants that depend only
on the constants c¢; in the assumption (H3) and p.

Proof. See [9, Lemma 25]. O

Weak Formulation of the Bi-Domain Equations. Having analyzed the elliptic sub-
problem 7, we can now start to derive a full variational formulation of the
bi-domain equations. We will start with the abstract definition, taken and adapted
from [9, Definition 26|, of a weak solution and motivate it afterwards.

Definition 5.13 (Weak Solution of the Bi-domain Equations). Consider 7 > 0, a Gelfand
triple V.C H C V* and two functions u:t € [0,7) — u(t) € Hyv:t — v(t) € H".
Given (ug,vo) € H" ™! we say that (u,v) is a weak solution of the bi-domain equations
if and only if, for any T € (0,7)

1. u: [0,T] = H and v: [0,T] — H are continuous and u(0) = uy and v(0) = vo
in the sense of H and H™ respectively.
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2. (u,v) € (W,II) where

Ou o L7 () + L*(0,T; V*)} :

ot
ov 9 o
n e L“(0,T;H )}.

W= {u € LP(Qr) N L*(0,T;V)

II:= {v € L*(0,T; H")

3. (u,v) satisfy in (C5°(0,T))*

<?;;,w>g +app(u(t), v) Hg(u(t), v(t), wg =(F(t),w),_, (5.33)

ov
(Gh¢)+ (Fud) o). ~0 (534
Q
for all (w,¢) € (VN LP(2),H™).
Remark 5.7. The spaces V and H will in our case be chosen as H'()) and L*(2).

Remark 5.8. In fact, we may even define the weak solution of the bi-domain equations
for more general functions which only possess distributional derivatives with respect to
time, see [20)] for details. However, it can be shown that by choosing suitable spaces
for w that the distributional derivative coincides with a weak derivative as in the
definition above, see [4, Remark 27].

At this point we shall give a brief motivation for the abstract Definition [5.13] Consider
the full bi-domain equations 7. Then we multiply them with test functions
(¢,1,¢) in suitable spaces and integrate over ) use integration by parts and include
the boundary conditions. Thus we arrive at

8Utm

ot

¢ dx+ / M; gradu,y, grad ¢ da + / M; grad u, grad ¢ dx
Q Q Q

+ [ g(utm,v)¢ dz = [ s;¢ dx+ [ gnid dsz, (5.35)
fonie e

Q

/ M; grad ugy, grad ¢ do + /(Mz + M,) grad ue grad ¢ dae =
Q Q

/ (5i + s0)9 da+ / (gn + gn.e )0 dse, (5.36)

Q o0

/(861;’0 d“”“/(f(“tmav),() da = 0.
@ Q

As for the stationary problem @D, , we may stabilize the operator equation
corresponding to equation (|5.36 with

/uedwg/wdac,

Q
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5.3 Analysis of the Bi-Domain Equations

and thus arrive at the operator App with the corresponding bilinear form app(u, v)
which has been analyzed in Theorem This now reads as

8utm
ot

0 dm+/g(utm,v)¢ dz +app (tim, @) = <f, ¢>Q,
Q

Q

/(?9175]() d“’+/(f(“tm,v)7<’) de =0
@ o)

Due to the Riesz representation theorem (Theorem [5.1) we can interpret the scalar
product as a duality pairing arriving at the weak form of the bi-domain equations.

Before proving existence and uniqueness for solutions of this variational formulation
we may mention that their are also existence and uniqueness theorems for classical or
strong solutions available. One may refer to [9, Section 4], their one may also find a
statement about the equivalence of strong and weak solutions under the assumption
that the boundary 9 is smooth enough.

For brevity we introduce the notations

X = LP(Qr) N L*(0, T; HY(Q)),
X* = LY (Qr) + L*(0,T; H (),

Y = LP(Q),

Y* = LP(Q),

V= H'(Q),

V= H(Q),

H = L*(Q),

Hg, = L*(Qr),

H" = [H]",

Hi = [LX(Q)]" x L*((0,T)),

5.3.1 Existence and Uniqueness of the Weak Bi-Domain Equations

In the following we will prove existence and uniqueness for solutions of the weak
bi-domain equations under minimal regularity assumptions. The proof will be given
in three parts:

1. We will construct a unique approximate solution using the Galerkin-Faedo
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technique’.

2. We will show that the constructed approximate solutions are bounded and
possess therefore weakly convergent subsequences.

3. We will show that those subsequences converge almost everywhere to a unique
weak solution.

Construction of the approximate solution. In Theorem [5.9 we have shown that there
exists an orthonormal basis {z, }nen of the space H spanned by the eigenvectors of
the operator Agp. For m > 1 arbitrary but fixed let us denote

Vi = span{z1, 22,...,2m} CV C H.

With this finite dimensional subspace we now construct approximate solutions by
m
U (t) 1= Zuim(t)zi,
i=0
m
'Um(t) = Z'vim(t)zi.
i=0

The new unknowns are now the (m + 1)(n + 2) time-dependent coefficients? w;,,

1=20,...,m and vfm where ¢ =0,...,m, j =0,...,n. Now we plug the approximate
solutions into the variational formulation of the bi-domain equations. Thus we
obtain
O, ~
e 0)  {9(umsvm), O)q + app (um, 0) =(f.9),,
Oov,
(F.¢) o+ (Flumom). Ol =0
Q
for all ¢ € V,,,.
Using the definitions of wu,,, v,, leads to
U duim Ui ~
> F%’, &) i 9 (tm, vm), 9)g +Y  uimanp (2, ¢) = <f7 ¢>Q,
i=0 i=0
7 d'l)im
Z<dtvzlc> + <.f(umavm)vc>Q = 0.
i=0 H"

!Techniques for solving abstract operator-valued differential equations of the form @ + A(u) = f,
with an arbitrary operator A are called Galerkin-Faedo techniques.

2This amount renders as follows: We have m + 1 unknown coefficients Uim (t). Further, we have
m + 1 vector valued coefficients v, (t), each of those having n + 1 components. Therefore we
have m+ 1+ (n+1)(m+1) = (n+ 2)(m + 1) unknowns.
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5.3 Analysis of the Bi-Domain Equations

This has to be fulfilled for all (¢, ) € V;,, x [V;,,]" especially for ¢ = z; and ( = zje;.
Using this, agp(tm, 2j) = Aj(um, ZJ'>L2(Q) and the orthonormality of the z, we can
rewrite the above as a system of ordinary linear differential equations in ¢ reading
as

(mj(;(t) +(g(UmsVm), 2j) g + Ajujm(t) <f, zJ> (5.37)
d”g’;(t) + (F (tm, V), 2) = O (5.38)
for 7 =0,...,m, or equivalently stated in a vector-valued form as
d(%m + di(um) + Dauy, = F (5.39)
W%—(f(um,vm),zj)ﬂ—ﬂ for j=1,...,m, (5.40)
where
U = (Ui, Udms - - - Upm) |5

dl(um) = (<g(umv 'Um), Zl>7 (g(um, ’Um), 22>7 SRR <g(uTrL7 vm)a Zm))—rv

D2 = diag()\l, )\2, ey )\m),

This also means that we have a Galerkin isomorphism between w,, and u,,.

We also need to formulate initial values in ¢ = 0 for u,, and wv,,, let us call them
Um0, Umo. When we assume that the initial conditions ug(x) and vo(x) are in H and
H™ respectively we may choose the initial values w0, v;m0 to be the H-Projection
and the H™-Projection of ug(x) and vo(x) on V,,, which means that

Humo — u?mHH — 0, |vmo — vollgn — 0 as m — oc. (5.41)

Equations (5.37)-(5.38) make sense because up(t) € V C Y,v,,(t) € H" for each
t and so that by Lemma 9(Um,vm) € Y* and f(upm,vym) € H" for each t and
zi € V.C Y. We also know, by hypothesis (H2), that the right hand side of the
system of ordinary differential equations is continuous. Therefore we may use the
Theorem of Cauchy-Peano, see [I3, Chapter 1, Theorem 1.2], and deduce that their
exists a solution (wmy, Vim) € [C1([0,t,))] 2+ of the initial value problem for
all t € [0,%,). These coefficients determine the solutions (u,,vy,), which will be
investigated hereafter.

Boundedness of the Approximate Solutions. The parameter t,, stands for the max-
imal rectangle in which the solution may be defined. The following lemma states that
the case of a blow-up, that means that the solutions become unbounded for t > t,,,
can be excluded, which means that ¢,, = oo.

89



5 Analysis

Lemma 5.11. The unique solution (upm, vy,) of (5.37)—(5.38)) is defined for every t €
[0,00], i.e.: ty, = oo and it holds for any T > 0 that

Mm% + lom@)| 2 <C1 for all t € 0,77,

where Cy is a constant and X\ is defined in (H/).

Before proving Lemma [5.11] we need to formulate the well-known Gronwall Lemma
in its differential form:

Theorem 5.12 (Gronwall’s Lemma, Differential Form). If u(t) € C'([a,b]) fulfills
u(t) < a(t) + B(t)u(t) for all t € [a, b

for some given functions «, 3, then it follows that

t
t t
u(t) < U(a)efsza Blo)ds 4 / oz(s)efs Amdr g5

Proof. Define
v(t) := e_fst:aﬂ(s) ds,

The function v satisfies the differential equation

Now we take a closer look at the derivative of uw:

&(uv) = v + ud = v — wvf < fuv — fuv +va = av.

Here it does not matter, whether we write t or s as the dependent variable. So we
may switch from ¢ to s and integrate both sides from [a, t], where ¢ € (a,b) and obtain

t
Hence we conclude the proof by multiplying with 1 = eJicaB) ds. O

Now we are able to prove Lemma [5.11
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5.3 Analysis of the Bi-Domain Equations

Proof of Lemma[5.11. We take the inner product with A, (t) and vy, in (5.39)—
(5.40). Thus we obtain

Here we can see that

dum o 1d 2
(%G sum) = g gy lent0)

and

dv,(t) 1d
(P2 om(®) =55 o

Using Parseval’s identity, see for example [82 Theorem V.4.9], we conclude that
2 2
| ()7 = [um ()|

The same is also valid for the term |vi,(¢)[>. Next, the term (Dattm, ) can be
written as app (Um, Um), due to

app (U, Um) = app (Z uim(t)zi,z:ujm(t)zj) = Z Wim (t)ujm(t)aBD (2, 25)

i=1 =1 ij=1
m m
_ _ 2 _
= > Uim(Oujm (BN (21, 2) = D At (8) = (Do, ).
ij=1 /" i=0

Next we use the Galerkin isomorphism for the non-linear terms and arrive at

d ~
ga”um(t)“%] + )‘aBD(um(t)vum<t)) + <g(um7vm)v /\um>Q = )‘<f7um>ﬂa
1d
ia”vm(t)HHn + (f (um, Vim)s Um)q =0.

Now we sum up all the equations and obtain

< (M 0By + o (1) By ) + Aa (i (1), e (1)

{9 (), 0 (8)), M)y + (F i (£), O (1)), 0 () = M Frum (), (5.42)

This auxiliary result will be helpful in a few moments. Consider

o3 (Mm@ + lom(O)3n) + copAlum (O + allum @)
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Now we may use for any ¢ € [0,%,,) the estimate (5.26)), hence

1d
5 37 (Al O1% + [0l + oMl @)y + allun I
2dt

< 5 Mm@ + lom @17

+ Aapp (i (8), i (8)) + Ml (8)[17; + allum ()]
Now we may rewrite hypothesis (H4) as
alul? < Mug(u,v) + (F(u,v),v) + b |ul* + b|v]* + ¢,
from which we conclude that
allullf < Mg(u,v),u)g + (f (u,v),0)q + AblJulf + bl[v]| a + ¢

Using this result together with (5.42)) we obtain

d 2 2
3 (Al OF + lom 0)]174)
< M Frum(®)),, = empMllum(OI + llum @7 — allum @)1
+ M|t (D)][77 + Bllvmll gn + |, (5.43)

N =

and hence

1d
522 (MmOl + lom(®)150)

< A|FO||, N @1y + €120 + 26 (Alun Ol + lom @l
The first terms on the right hand side are bounded by hypothesis. Thus,

S (Mm@ + lom@Z) < 2+ 45 (Mm@ + Jom(®) ).

Now we are able to use Gronwall’s lemma (Theorem which gives us

Mm@ + lom O < C (Mol + [omol%a)

By assumption, the initial values u,,0, v;mo are both in H. Thus we have proved the
second statement of the lemma. This statement now holds for all ¢ € [0,t,,). For
proving that ¢,, = co we may use a corollary to be found in [6, Chapter 2, Corollary
7] and the corresponding remarks, which tells us that we can extend the solutions
U (t) and v,,(t) to infinity when the right hand sides of the differential equations
can be bounded by its arguments, in that case u,,, v,,. This can easily be deduced
from the results stated above. O
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5.3 Analysis of the Bi-Domain Equations

The Lemma tells us, that we can find for each T € [0, 00) a constant C; such
that the statement is valid, and so we can conclude the following:

Corollary 5.1. There holds
[t ()] oo (0,7 12(62)) < 005
H'Um(t)”Loo(o,T;Hn) < 09,

for each T € [0,00) and therefore also

[om @)l 12,y < o0

Now we will use this result to state the first important theorem:
Theorem 5.13. For any T € (0,00) it holds:
[t x < Ca < o0,

where the norm ||| x is defined as in Theorem [5.6|

Proof. We start from rewriting the inequality (5.43)) as
cap M [um )5 + allum O < A Frum ) + 26 (Alum(@1F + lomll )
+ |0 = <= (Mm@ + [om®Fm) -

Now we use Lemma [5.11] and obtain

eap M [um ()5 + allum I < A(F,um )+ 26C,
1d 9 9
el = 5 g (Mm@ + lom(0)70)

The duality pairing appearing on the right hand side of the inequality may also be
bounded by

(Fe), @), < [FO|Jum @l < 5] F00)]

Next we integrate on both sides from [0,7"). Thus we obtain

2 1 )
Sl

1
(copA = 3 ) lum 20 rsny + oy

= )\Hﬂ L2(0,T;H-1(Q))
— (M ()3 + lom DFim = Meamol3r = omoll3n )
<7

-+ chlT + T ’Q‘

+2bCi T + T |9 + /\HUmOH%-I + H’UmOH%-In .

L2(0,T;H-1())

=:Cr
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Define C' := min{cgp — 3.a} > 0 by hypothesis (H4). Then we end up with the
result

|um|l x < Ca < 00 for any T € (0, 0),

(F)(3)
CQ = Imax —_— s | —= .
C C

with

Oy, OV

We will also need the boundedness of the derivatives <5, 5 defined by

aum
- Z U’Lm Z'L bl

8vm
= Z 'Uzm Zu

which is given by the following result:

Theorem 5.14. For any T € (0,00) it holds that

[[tm]| x < C3 < 00,
1omll(z2(@pm < Ca < 00

Proof. We start with the bound on ,,. Following [9] we introduce the operator
Pn: V=V, CcVCV*by

m

Pof =Y {f, 20z, for f € V*.

=0

It can be shown that this operator defines a projection, i.e. P? = P,,. Consider an
element f € V. Since, z; € V for all 0 < i < m and V C H we can interpret f and
z; as functions in H. Therefore we may interpret the duality pairing (-, )¢, as inner
product in H. This means

P,.f:= i(f, 2i) % for fe V.

1=0

To circumvent ambiguities we will denote the projection Py, f for f € V with PY f.
For f € H the projection PY f is the orthogonal projection from H to Vi, i.e.

<P¥u,v>H = (u,v) gy for u,v € H.
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5.3 Analysis of the Bi-Domain Equations

Further we obtain with the Cauchy-Schwarz inequality that

HP,,ZUHH < |lull 4 for uw € H.

Then by applying [@, Lemma 7.5] we conclude that PY is self-adjoint. Using again,
that we can switch between the H-inner product and the duality pairing in V we
conclude that

(PY)" =P
Next by using [82 Satz I11.4.2], we obtain that

|Px], . = 1Pl (5.44)

where the operator norm ||-||;,_,, is defined as

[ P £l

[Pollxsa = sup it
fex HfHX
[If1l x 70

We will use this result later. From the Riesz representation theorem (Theorem [5.1])
we know that for any ¢ € (0,7") there holds

(i (1), v) g = (T (t), v)y-

Strictly we would have to define i, := Jt,(t), however, it is quite common in
literature to override this and use again ,,(t). Therefore we may rewrite the

equations as
(it (1), v)g = —(Appttm (1) + 9l (D), vu(1)) = Fov), .

We can regard g(t, (1), v, (t)) as element of L' (Q) C V* by Lemma Using now
the above defined projection operator P, this is equivalent to

= — Py (Apptin (t) + 9 (0 (), v (1)) = [ )

in V*. Therefore,

el < |[Pon (Anptum(£) + glatm (), ot +f)

< [1Pullye sy

ABD UM (t) + g(um(t), vim(t

To conclude the proof we therefore have to bound the operator norm of P,,, the other
norms can be bounded by previous estimates. With the result from ({5.44]) we see that
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it suffices to bound PY. To this end we consider the bilinear form app(-,-) induced
by the bi-domain operator Agp for an u € V:

[o@) m
aBD(PT‘;u,PT,‘iu) = Z)\i (P%u, zi)H(qu,zO Z)‘l u, 2i) (U, 2i) g
i=0 i=0
ZOO
<> Ail(u, z) gl” = ap(u,u).

Therefore we obtain
enn | BYul, < amp(Pu, BYu) + BVl < app(u,u) + ully < (M + Dfjull?

and from that we conclude that
M + 1
CBD

1Pally-s = [P, <

Application of Lemma and the other boundedness results yields the result
[t |3 < € < o0, (5.45)
which especially means that 4,, € V*. With the definition of the space
X* =L1"(Qr) + L*(0,T; V™)
we first see that the estimate
[t 20, 7p+) < €2 <00

follows immediately from . From the definition for the space

X* = IP(Qr) + L*0,T; H ()

we see that we can write 4,, = 0 + 4,, and obtain an element in X*. Therefore we
also conclude that

||| o < C2 < 00

The proof for ¥,, goes in an analogous way, by rewriting the second equation in ([5.33|)
as

Uy = _me<uma Um)

where P, : H" — H™ is defined by

m
Z f’La Zj
J=0
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5.3 Analysis of the Bi-Domain Equations

Gathering all the last results we have shown the following four statements:

[umllx < C1 < oo,
[ -+ < Ca < 00,
lomlliz2(@rym < Cs < o0,

1omlliz2@pym = Ca < o0,

meaning that the constructed approximate solutions are bounded.

Convergence Towards a Solution of the Bi-Domain Equations. From these results
we may now apply the theorem of Eberlein-Smulian, see [27, Chapter V, Theorem
4], and conclude that their exist weakly converging subsequences, still denoted by
Uiy Uyn» Uiy, Uy, SUCh that

Uy, — U in X,

U — u* in X*,

Vyp — U in L*(Qr),
v — 0" in L*(Qr),

where ”—* indicates weak convergence. However, we can conclude even more. We
can immediately see that X* C LP (0, T; H='(Q)), since p’ < 2 and L¥ (Q) C V*, and
that X C L2(0,T; H*(R2)). Hence we may formally define the space

W= {u:ue L20,T; H'(Q), i€ LP(0,T; H(Q))} o W,

Obviously it holds that u,, € W. The space W fits the compactness theorem of Lions,
to be found in [42, Chapter 5, Theorem 5.1], and we conclude that the embedding

W = L*(0,T; H) = L*(Qr)

is compact. Therefore we can use a well-known result, see for example [27, Chapter
5, Theorem 6], that the subsequence u,, converges strongly in L?(Q7), denoted by
Um — uin L?(Q7). Next we will show, that the subsequences defined above converge
to a solution of the bi-domain equations. Therefore we will check if each term of
the weak bi-domain equations is fulfilled by the weak limits of the sequences. It
was already shown in that the initial values u,0, V;mo converge to the initial
values ug,vg. Hence we will start with the weak derivatives. We know for a fixed
Y € C§°(0,T) and ¢ € L?(2) that

T T
O/Q/umqﬁw dwdt:—o/ﬂ/umqbw dz dt.
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The last term converges to

T
O/SZUW da dt

in the sense of L?(Qr) due to

T

/ / (4= )t dzdt] < 710 lu = w21 1912000 9] g 7,

0

and the term on the right hand side goes to zero because of the strong convergence of
m. Thus we conclude that

%@W/T/umw dwdt:—/T/uqsz/} dadt.
0 Q 0 Q

The term fOT Jo -¢¢ dadt can be interpreted as an element of X* and therefore we
use the uniqueness of weak limits and obtain that

lim //umw dax dt = //uqszp da dt .

Putting together these results, we observe that the weak derivative of u coincides with
u*. In an analogous way we see that the weak derivative of v coincides with v*. The
next term on our list is the bilinear form agp (uy,, ®). We know, that the bilinear form
is induced by the bounded linear operator Agp and is therefore continuous. From a
classical theorem of measure theory we know that if a sequence converges in a LP norm
for 1 < p < oo than it possesses a subsequence which converges point-wise almost
everywhere, i.e.: up(z) —u(z) — 0 almost everywhere. Thus for any ¢ € C§°(0,7)
we have

T T T
/aBD(U, P)Y dt—/aBD(U, ) dt| < /|aBD(U—Um,¢)| | dt
0 0 0

and hence
T T
i [ Jonn(u — un, ) 0] dt = [ fapn( Jim (u— wn). )| 1] dr.

(1)

We may interchange the limit and the integral due to the monotone convergence
theorem, see [69] for details. The term ([) is zero almost everywhere, therefore the
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bilinear form is zero almost everywhere and therefore the outer integral is zero almost
everywhere and hence

T T

[ amn(u6)¢ de = tim_ [ app(un.6)o dt.

0 0

The last terms remaining are the non-linear terms. We will start with the function
g(u,v). By hypothesis (H2) we can write g as

9(Um, m) = g1(um) + (g2(Um), vm) = g1(um) + (g2(um) —ga(u), vm) +(g2(), V).

Again we note that u,, — u point-wise almost everywhere in Q7 and so also g1 (u,)
converges to g1 (u) almost everywhere in Q7 due to the continuity of g;. Furthermore,
g1 (ty,) is uniformly bounded in L?" for a fixed T. This follows from Lemma @
by integrating the bound in L¥' (Q) with respect to the time ¢. Therefore we can
apply a lemma, to be found in [42, Chapter 1, Lemma 1.3] and conclude that gq(u,)
converges weakly to g(uy,) in the sense of L (Q7) which means that for any ¢ in
C3°(0,T) we have that

T
/gl Um), ®) g dt—)/ g1(u), ¢) v dt.
0

The same argument holds for f;(u,,).

We have that

/T/(QQ(U),'vm)dnp dedt = /T/((W,gg(u),vm) da dt |
0 Q 0o

Hence, by hypothesis (H3) we can interpret ¢i)g,(u) as an element in Hg, and
therefore we can conclude by the weak convergence of v, that

n%gnoo// go(u),vy)oy dedt = // go(u),v)pp dedt.

The remaining term is (gy(um) — go(u), v,). We take a look at the integral

T
[ [ (@2(m) = ga(w).0m)éw> dade < lga(um) = g2(w)| 69l [0, -
0 Q

Taking a closer look at the norm of the difference we may rewrite

llg2(wm) = g2 6913 = (|ga(um) — g2(), 60)

99



5 Analysis

This inner product may now also be interpreted as a duality pairing between L?(Qr)
and L”*(Qr), because ¢1p € LP(Qr) by hypothesis and so (¢0)? € L”?(Q). The
term [ is chosen such that % + % = 1. Then we may use Lemma and conclude
that [gy(um) — go(u)]? is an element of LP(Qr). We also know that g, (um) — g5(w)
point-wise almost everywhere, due to the continuity of g,. Therefore we can use [42]
Lemma 1.3] and conclude that

(lg2(um) = ga()*, 910)  — 0

and therefore also the norm goes to zero.

Summary. Gathering all the results from above we have now shown that the limits
of the weakly converging subsequences t,, U, Um, Uy fulfill

T T N ’
0/ (550) v 0/ app (u(t), 6)0 dt + 0/ (g(u(t), v()), ¢) 1o dt = 0/ (F(©)9) e
T

T
0
[ (5¢) 0 dve [(Flult)v).¢)yb de=0
at Hn
0 0
for all (¢,¢) € (VN LP(Q)) x [L2(Q)]" and (¢,0) € [C5°((0,T))]?. This means, that
we have found a solution to the variational formulation of the bi-domain equations.

Uniqueness of weak solutions. As a last point we will investigate briefly under which
assumptions we can guarantee uniqueness of the weak solutions of the bi-domain
equations. This is covered by the following result:

Theorem 5.15. Let the non-linear functions g, f be continuously differentiable. The
solutions to the weak bi-domain equations are unique if the symmetric gradient

1
5 (erad. F(2) + (grad, F(2)) ")
s positive semi-definite, where

Proof. We take two solutions (uj,v1), (uz,v2) of the bi-domain equations . Then the
differences (u; — ug,v1 — va) solve in C3°(0,T)

(P2 ) ramnn () = ua(t), w) +Holn (0,01(0)) = glua(t), 02(0), whg = 0
Q
<6(v1 — Ug)

G2 6) (0. 01(6) = Fual),va(t), €l =0
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for all (¢,¢) € (VN LP(Q) x H™). Especially for ¢ = u; —ug and ¢ = v — v2 and by
using this and the Riesz representation theorem (Theorem gives

1d

5@\\% — us|3 + app(u1 — uz, ur — ua) + (g(ur,v1) — gluz,va),us — uz)y = 0,
1d )

5&“’01 —”2||Hn + (f(ur,v1) — f(uz,v2),uq —U2>Hn = 0.

Summing up the two equations yields

lur — sl + lor = vallfn ) + app(ur — uz, ur — us)
+ (g(u1,v1) — g(ug, v2),ur — ug)
+ (f(u1,v1) — fuz,v2),u1 —ug)yn = 0. (5.46)
Using the function F(z) := (g(z), f(2))" where z := (u,v)" we can now define

‘I’(Zl, ZQ) = <F(21) — F(ZQ), zZ1 — z2>H“+1'

By assumption the function F' is continuously differentiable with respect to z, so we
can make a Taylor expansion, hence

F(z1) — F(z2) = grad, F(z)fz:E (21 — 2z2),

with € = 0z + (1 — 0)z9 and 6 € (0,1). At this point we cannot say much about
the eigenvalues of the gradient, but we know that the eigenvalues of the symmetric
gradient

% (gradz F(z) + (grad, F(z))T>

have to be real-valued. Denote the eigenvalues by A\1(z) < A2(2) < -+ < Ap41(2). By
assumption those eigenvalues have to be greater or equal to zero due to the positive
semi-definiteness of the symmetric gradient. Using this we can estimate

D(21,292) = <gradz F(z)‘zzg(zl —29),21 — z2>

> Mllz1 = 2ol = At (lur = wllf + o1 = vallFme) . (5.47)

Hn+1

Going back to equation ([5.46])) we see that

1d
5 (Il = a3y + o1 = w23, = —app (1 — wz, w1 — u)
—{g(u1,v1) = glua, v2), ur — ua) g

— (f(ur,v1) — f(uz,v2),u1 — u2) g,

101



5 Analysis

which may be rewritten as

Juw = usllfy + lor = wallfn) = —app(ur — us,ur — uz) — B(z1,22)
Next we see that
—app (u1 — ug, uy — u2) < —eppllur — ua[f, + lJur — ugll3y < flua — ual 7.
Together with the estimate (5.47]) we obtain
1d
2dt
A 2 2 2 2
=1 (Jlur = wellfr + llor = wall3n ) < (1= A1) (Jlur = wallfy + o1 = vallZn ) -

(llur = wall3y + o = wall3m) < flun = wall3,

Here we can apply Gronwall’s lemma (Lemma |5.12)) and conclude that
(llr = w2l + llor = wsllFn ) < € (lua(0) = ua(0)IIF; + |v1(0) = v2(0)][3n )
hence
(lher = w2l + o1 = sl ) = 0,

which proves the uniqueness. ]

5.4 Analysis of the Non-Linear Elasticity Models

We will now turn our attention to the decoupled models of non-linear incompressible
quasi-static elasticity with the special constitutive model by Holzapfel as discussed in
Sectionm The governing equations in material coordinates are to find (U, p) in
suitable spaces such that

DivS =0 in Q, (5.48)

detF =1 in Q, (5.49)

YU = gp on T'p, (5.50)

S'N =gy on I'y, (5.51)

WE)
—pF .52
S 9F (5.52)
holds. The special form of ngé':) is given by the Holzapfel model and reads as
OW (F)

= aexp(b(l} — 3))F" +exp(by(Liy — 1)%) fo @ £
+ 2a5(Iss — 1) exp(bs(I4s — 1)?)s0 ® s0
+agslsys eXp(bfslgfs)(fo ® 80+ 50 ® fo),

OF
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which was introduced and discussed in Section [3.:4.2] For the mathematical analysis
we will stay with the Lagrangian form of the equilibrium equations. In the analysis
of non-linear elasticity it is usual to treat an equivalent minimization problem instead
of analyzing the partial differential equations. But before doing this we need to
introduce some basic tools from variational calculus.

5.4.1 Tools from Variational Calculus

For proving the existence of solutions to the problem of non-linear elasticity we need
some well-known tools from variational calculus.

Definition 5.14. Let X be a Banach space. A functional I: X — R U {oc} is called
sequentially weakly lower semi-continuous if for any sequence {up}nen C X which
converges weakly to a limit uw € X it holds that

I(u) < hnrggéf I(uy,).

Definition 5.15. Let X be a Banach space. A functional I: X — R U {oo} is called
coercive if for any sequence {uptneny C X with ||uy||y — oo it holds that I(u,) — 0.

With these two important definitions we can state a rather abstract existence theorem
from variational calculus:

Theorem 5.16 (Tonelli's Theorem). Let X be a reflexive Banach space and let there be
given a coercive and sequentially weakly lower semi-continuous functional I: X —
RU{oco}. Then the minimization problem of finding u € X such that

I(u) = vlg)f{](v)

admits at least one solution.

Proof. We choose an infimizing sequence {u, },eny which means that

Jim w, = vlél)f([(v)
Due to the coercivity of I the sequence u, has to be bounded, otherwise we could
choose a subsequence u,, with ||u,/||y — oo and with the coercivity of I we would
conclude that lim,,_, I(u,) = oo which is a contradiction. Therefore the sequence
Uy, is a bounded sequence in X. With the reflexivity of X and the theorem of Eberlein-
Smulian we conclude that we can extract a subsequence Up, in M with u,, — u.
Now we know that I is sequentially weakly lower semi-continuous and hence

< Tims _ 1 _ <
I(u) < hkrggéff(unk) klgrolo I(up,) Ulél)f( I(v) < I(u),

therefore I(u) = inf,ex I(v). O
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This rather straight-forward result is the key ingredient for proofing existence of
solutions to the problem of non-linear elasticity, by reformulating the non-linear
partial differential equations as an equivalent minimization problem. It remains to
show that the occurring functional fulfills the assumptions of Tonelli’s theorem and
we are pretty much done. For the concrete application to non-linear elasticity we
need to introduce some new concepts of convexity.

Definition 5.16. Let u: R? — R be a function. We say that u is convex if for all
0 € [0,1] and for all A\, u € R3 it holds that

w(@A+ (1 —0)p) < Ou(X) + (1 — O)u(p).

Definition 5.17 (Polyconvexity). A function F: R3*3 — R U {oc} is called polyconvex
if there exists a convex function P: R3*3 x R3*3 x R which for any A € R3*3 has the
form

P(A) = P(A,AdjA,det A),
and it holds that
F(A) = P(A).

Here the adjugate of A is defined as AdjA := det(A)A™L, provided A is invertible.

Remark 5.9. The definition of polyconvexity as given above is not unique, i.e. there
are many possibilities of choosing the function P, see [15, p. 157-158] for details.

The two convexity properties are connected through the following theorem:

Theorem 5.17. If F': R3*3 — R U {oo}. Suppose F is convex. Then F is also
polyconver.

Proof. See [15, Theorem 5.3]. O

Next we are going to introduce some notations for differentiating matrix or tensor-
valued functions similar to the definitions already made in Chapter

Definition 5.18. Let A,B € R3*3. A scalar product on R3*® is defined by
(A,B)p:=A:B=tr(B'A)
which induces the Frobenius norm
[Allp =/ (A A)

Definition 5.19. Let 2 C R? be a bounded domain. Let f: Q, x R3 x R3*3 5 R be a
function. We then define:
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5.4 Analysis of the Non-Linear Elasticity Models

o Opf(x,u,A) = grad f(x,u,A) = (%)13133 c R3.
° auf(mv'u'aA) = (%)lgig?, c R3.

o Onf(@,u,A) == (2 )1<ics € RPS,
Y1<<3

e Dyf(x,u,A)v] = (0uf,v).

e DAf(ma ’U,,A)[B] = <8Afa B>

82
e Dif(z,u,A)B.Cl:= Y3111 g2 aag BiCni-

Remark 5.10. The two definitions above can also be applied to second—order tensors F.

The next lemma is going to turn out very useful for our purposes.

Lemma 5.18. Let K be a convex subset of R3*3 and let F: K — R be two times
continuously differentiable. Then the following statements are equivalent:

1. F is convex.

2. D3F(A)[H,H] > 0 for all A € K and for all H € Lin(K), where Lin(K) is the
linear hull of K.

Proof. See [67]. O

Summarizing all the lemmatas and theorems above we can state the very useful
connection between polyconvexity and sequential weak lower semi-continuity.

Theorem 5.19. Let Q C R? be a bounded Lipschitz-domain. Let there be given a
polyconver continuous coercive function f: R3*3 — [0,00]. Then the functional

I: WhP(Q) — [0, o0]
u— | f(F) dX
/

is sequentially weakly lower semi-continuous provided p > 3.

Proof. See [15, Theorem 3.20 and Theorem 8.16]. O
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5.4.2 The Equivalent Minimization Problem

As discussed above we will focus on a minimization problem which will turn out to
be equivalent to finding solutions for the governing equations of non-linear elasticity.
Therefore we will briefly discuss some physical aspects of non-linear elasticity. The
most deep result in classical mechanics is the Hamiltonian principle or principle of
least action. It states that the dynamics of a physical system is determined by a
variational problem for a functional based on a single function, the Lagrangian, which
contains all physical information concerning the system and the forces acting on it.
We will not go into the details of classical mechanics as this is beyond the scope of
this thesis. For details one may start with [5].

What we will actually use is the fact that we can equivalently minimize a functional
instead of solving a system of non-linear partial differential equations. However, for
convenience we will show how one can derive the system of incompressible non-linear
elasticity from a Lagrangian.

Theorem 5.20. Let Q C R? be an bounded Lipschitz domain and let 09 = I'pUTly.
Further assume a given strain energy function W (F) corresponding to a hyper-elastic

material law and p > 3. Then any solution to the minimization problem to find
U € M such that

u :yig}\;.f(y), (5.53)

M = {y e WHP(Q)]? | vy =gp onTp and detF = 1}, (5.54)

I(@) = / W(F) dX — / (g ) dsx (5.55)
Q I'n

solves the weak system of partial differential equations of non-linear incompressible
elasticity, i.e.(U,p) € [W,P(Q)]* x L7*(Q) solves

/m/gél:) : Grady dX+/(;5F_T) :Grady dX = / <gN,'y(§”t(v)> dsx, (5.56)
& Q

'y
/det Fu dX = /,u dX, (5.57)
Q Q

for ally € [W=14(Q)]¢ and pu € Lﬁ(Q), where we have

Wi = {y e ey

yé"ty =gp on I‘D}.

Proof. We consider the stationary points of the first variation of the functional I(x).
However we need to incorporate the incompressibility constraint. Therefore we
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introduce a Lagrange-functional F'(U, \) defined by
F(U,\) :=I(U) + \(detF —1).

Now we calculate the stationary points of the first variation of this Lagrangian, thus
we obtain

V&tF(U—F Syv)‘+t/‘t)‘ Oa

s,t=0 =
for arbitrary y € [Wy:P(2)]* and p € L*3(Q) where Vs, = (95,0,)". Applying the

chain rule this yields

OsF(U + sy, A+ tp)|

s,t=0 =

/(9(;:[: : GradydX — / (gn,y)dsx —I—/()\det(F)F_T) : Grady d X,
Q I'n Q

(U + sy, A+, = /(detF— D dX,
Q

where we used that a%el_f': = det(F)F~ T see for example [31, Chapter 1]. Now we
introduce a new variable p := Adet F and set both equations to zero, arriving at the
desired result. O

Remark 5.11. [t is also possible to include the essential Dirichlet boundary conditions
with the help of a Lagrangian. For more details the reader may refer to [75)].

Remark 5.12. The procedure used in the proof is applicable to many physical phenom-
enas. The Hamiltonian principle can be reformulated in a way, that the stationary
points of the functional solves the weak Euler-Lagrange equations, see [12, [15] for
details

Remark 5.13. One can even show that the minimization problem is equivalent to
solving the weak Euler-Lagrange equations. See [12, [15] for details.

We have seen that it suffices to look for solutions of the minimization problem ([5.53)—
(5.55)). The existence of minimizers can be guaranteed with a result from John Ball
first published in [7], but it may also be found in [1Z, [I5]. We state the result in a
way that fits our purposes better.

Theorem 5.21. Let Q C R3 be a bounded Lipschitz domain, p > 3, gy € L'(I'y)
and gp € W=»P(Lp). Further, let W: R3*3 — [0, o0] be polyconvex and coercive.
Finally let the set M be defined as

M= {y e W) [ 1"y =gp onp}

and there exists an element yo € M such that

/W(Gradyo) dX < oo.
Q
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Then there exists at least one element U € M which minimizes I(y):

I(U) < I(y) for ally € M,
1) = [ W) aX ~ [ (gx.p) dsx
I'n
Proof. See [12, Theorem 7.7-1]. O

We can not apply this theorem directly as we have an incompressible material.
Therefore we need to have a set M defined as

M = {y e WP(Q,)]* | 7"y =gp on I'p and detF = 1}.

To bypass this we will define the following new strain energy function

(5.58)

~ ‘ W(F) if detF =1,
. 00 else.

Then minimizing W(F) over the same set as in Theorem [5.21fis equivalent to minimize

W (F) over the set M. Thus we have to show that W fulfills the assumptions of
Theorem The first one is covered by the following result:

Lemma 5.22. Let W: K C R3*3 — [0, 00], K conver, be a convex function. Then the
function W as defined in (5.58)) is polyconver.

Proof. We have to show that there exists a convex function W such that
W(F, AdjF, det F) = W (F).
Therefore we define

W(F,det F) = W (F, detF).

Then we see immediately that the function W is convex with respect to the new
variables F and detF as

W()\lF + (1 — )\1)G, Ao det F + (1 — )\2) det G)
- {W(A1F+ (1-A1)G) AodetF+ (1— o) detG =1,

00 else.

Next we use the convexity of W and we can conclude the statement. O
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Due to Lemma [5.22] it remains to show that the given strain energy function is convex.
Therefore we will investigate the structure of the Holzapfel model.

Theorem 5.23. The function W(F) = W(C): K C R¥3 — [0,00], K conver, as
defined by the Holzapfel model (3.34)) is convex.

Before proving this lemma we need the following technical result:

Lemma 5.24. It holds:

0

%trC—l,
i(va)-v@v
ac 9 - 9
2 (w,cw) =L (wow+waw)
acv,w—Qv w+wRv).

Proof. We start with the first one:

%) ) 0 &
(actl‘c>ij— aCj‘trC_ 80]2022_62]

vi=1

For the second statement we obtain:

) R
(ac(% C’”)) =50 > Cisvsvy = Gjs0ivsvy = vivy = (v @ v)ij.
Jv t,s=1

ij
Finally, for the last statement we can write

<a(va)> _ 9 ic w—iicl(v + vws)
ac 9 Z] - 80] stUsWt = 3C’]Z R 5t2 sWt +Wg

@ s,t=1

2

1
(v®w+w®v))
]

1
= 5j35it5 (vswy + viws) = (

With these auxiliary results we are now able to prove Theorem

Proof of Theorem [5.23. We first state again the definition of W(C) from ([3.34)):

W(C) = o exp (b(11(€) =3) + 3 2= (exp (bilLui(©) = 1)?) — 1)
i=f,s ¢

+2abj;ss (exp (bfslgfs(C)2) — 1) .
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For showing convexity we need to check the equivalent characterization of convexity
as given in Lemma Therefore we need to check whether

DZW(C)[D,D] > 0

holds for arbitrary second-order tensors C € K and D € LinK. To this end we rewrite
the strain energy function in four terms:

1(C) := 55 exp (b(1(C) —3))

11(C) = ;bf (exp (by(Ias(€) = 1)%) 1),

IT1(C) := 2b = (exp (by(L4s(C) = 1)?) 1),

IV(C) := ;bi; : (exp (brslsss(€)?) — 1).
Therefore, using Lemma [5.24] we obtain

3
DI(C)[D,D] = abexp (b(I1(C) —3)) Y 6i;6mDij Dy
ijkl=1
= abexp (b(I1(C) — 3)) (tr D)?,

and hence we need that ab > 0. Proceeding in the same way we can build

DZII(C)[D,D] =
3

asexp (bf(14f(C) 1) ) (2bf(14f —1)2 (fo)i Fo)r(Fo)iDij D
1,5,k l=1

k
= ayexp (bf Ii(C )2 <2bf Iy — 1) 1) |(DFo, fo)l-
This results in claiming that
1
2(I4p(C) — 1)

The same results hold for the summand I77(C). To finish up we finally look at the
summand [V. For the derivative we obtain in a similar way as for the summand

11(C)

ar >0 and by > —

DEIV(C)[D, D] = agsexp (byiy, ) (2bs:l5s, +1) 1(DFo, 50)
yielding

1

afs Z 0 and be 2 —W

By choosing all the constants appropriately we see that the sum of all the second-order
derivatives is always greater or equal than zero and thus we can apply Lemma [5.1§
and conclude that W(C) is convex. O
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Having shown Theorem [5.23] we can now finally prove the existence theorem for
the problem of incompressible non-linear elasticity, which is just an application of

Theorem [(.211

Theorem 5.25. Let QQ C R? be a bounded Lipschitz domain and p > 3. Furthermore,
let the assumptions of Theorem be fulfilled. Then the weak system of partial

differential equations of non-linear incompressible elasticity (5.56|)—(5.57)) has at least
one solution (U, p) € [WP(Q)]? x L7/3(Q).

Proof. The proof follows by applying Theorem to the polyconvex strain energy
function W. O
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Summary & Outlook

This thesis can be categorized in two classes namely:

e The modelling of the coupled electro—mechanical activation of the human heart:

general physiological details about the human heart.
— the modelling of the electrical activation of the human heart.

— the modelling of the mechanical activation of the human heart.

some aspects about the coupling of the two different models.
e The mathematical analysis of the decoupled models:

— existence and uniqueness of solutions to the governing equations in the
electrical model.

— existence of solutions to the governing equations of the mechanical model.

In Chapter [1| we discussed the main physiological properties of the human heart.
This involved basic facts about the structure and its shape but also a rather vivid
description of the cardiac cycle. This chapter was mainly a motivation for the following
chapters.

In Chapter [2| we went into the details of the electrical activation of the human heart.
Firstly, we presented the historic dipole model, going back to Einthoven, for the human
heart. Therefore we introduced the Maxwell equations and made some simplifications
and arrived at a standard Poisson equation for finding the dipole distribution of the
human heart. This model, however, did not suffice for developing more sophisticated
and physiological more relevant models. As mentioned in the introduction, the future
of cardiomechanics is to be found in multi-scale and multi-physics problems. Therefore
we started from scratch and introduced the well-known bi-domain model of Tung,
which is motivated by a homogenization procedure of myocardial tissue. This model
is more accurate to describe the electrical activation of the human heart, with the
drawback of resulting in a coupled system of essentially non-linear partial and ordinary
differential equations.
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In Chapter [3] we discussed the mechanical activation of the human heart. There we
started with introducing the common notations from tensor algebra and non-linear
continuum mechanics. The governing equations in non-linear continuum mechanics,
which are fairly standard, though essential non-linear in type, and well-known, were
also introduced. We focused on incompressible material behavior, which lead to
major simplifications in the models. The interesting aspects in this chapter were
about choosing a material model for describing the passive mechanical behavior of
myocardial tissue. To this end we considered the incompressible Holzapfel model [32]
and discussed it in a quite detailed way.

In Chapter [4 we then started to consider the coupling of the two distinct models
discussed in the preceding chapters. The coupling of the two models was done by
a volume coupling. We first started to couple the bi-domain equations with the
mechanic feedback of the myocardial tissue. This was achieved by transforming the
equations from Eulerian to Lagrangian coordinates. Furthermore we had to include
the mechanic feedback in the system of ordinary differential equations which arose in
the derivation of the bi-domain equations. On the other hand we coupled the system
of non-linear elasticity by introducing a new material model which depends on the
electrical changes. We presented two possibilities to do this, the active strain and
active stress formulation and focused on the active stress formulation.

In Chapter [5] we presented the analysis for both decoupled models. For the electrical
model we first considered a time-independent elliptic sub-system. This was done
in an abstract operator setting. In this setting we were able to eliminate one of
the occurring variables, via a Schur complement. This leads to the definition of
the bi-domain operator Agp. We then studied the properties of this operator and
derived a spectral decomposition of it. The eigenvectors of the bi-domain operator
App turned out to be very useful in the construction of a unique weak solution to
the full bi-domain equations. This was achieved with a Faedo-Galerkin technique,
inspired by [9].

For the analysis of the system of non—linear elasticity we draw on tools from variational
calculus. The main statement was that solving the partial differential equations is
equivalent to finding minimizers of a particular functional. We first introduced the
most important tools and theorems from variational calculus. The most essential
property in this context was the concept of sequential weak lower semi-continuity.
With this we could show that we can find minimizers to a given integral functional
provided this functional has this special property. In the special case of non-linear
elasticity this result was achieved by John Ball [7]. We also introduced the concept
of polyconvex functions which is the right classification of physical strain energy
functions in classical continuum mechanics. In the rest of the chapter we showed that
polyconvex strain energy functions lead to sequentially weak lower semi-continuous
functionals and showed that the specific strain energy function introduced by Holzapfel
[32] has the property of polyconvexity. With this we were able to show that the system
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of incompressible non-linear elasticity, modeling the passive mechanical behavior of
the human heart, admits at least one solution.

For the future there is a broad range of perspectives to be attacked. It would be
interesting to incorporate electrochemical models which take account of sub-cellular
activities. This builds a bridge to biophysics. In the mechanic modeling one could
think about the incorporation of residual stresses in biological tissue. Furthermore,
in the coupling of the two distinct models we did not focus on the active strain
formulation. This may also be an interesting aspect.

From a mathematical point of view, we still lack of a sound numerical analysis for
the coupled equations. From the perspective of numerics it is very interesting how to
actually solve such multi-scale multi-physics problems in an efficient way using the
finite element method. For the pure electric activation of the human heart there can
already be found software, like CARP [62], which are able to solve large problems.
More specifically, it would be interesting to use domain decomposition methods, like
the Finite Element Tearing and Interconnecting Method (FETI), and combine existing
codes for solving the pure mechanic and the pure electric problem in view of a real
clinical application.
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