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BENARD KIPCHUMBA KIPLANGAT, DOCTOR OF PHILOSOPHY

MODELLING AND SIMULATIONS OF A VISCOUS MODEL FOR CELL MIGRATION

SUMMARY

This thesis presents a mathematical and computational model for cell migration that couples
a system of reaction-advection-diffusion equations describing the interactions between F-actin and
myosin II to a force balance equation describing the velocity vector of the actin-myosin network.

Cell migration plays a crucial role in many biological processes. In eukaryotic cells, this mi-
gration is largely powered by a system of actin and myosin II. At the leading edge of the cell,
cross-linked actin filaments polymerise by adding actin monomers to their ends while at the back
of the cell, myosin II binds to a bundle of actin filaments. These processes create protrusive and
contractile forces generated by the action of actin polymerisation and myosin II contraction.

Based on the idea that cell migration is powered by the actin-myosin network of the cell, we
formulate model equations for migrating cell which comprises reaction-advection-diffusion equa-
tions that are coupled to a force balance equation describing the velocity vector of the network.
This is a viscous model with active stresses coming from the actin-myosin system. These equations
describing the migrating cells are highly nonlinear partial differential equations with no closed
form solutions and we therefore result to numerical methods in order to compute the approximate
solution.

F-actin and myosin II solution are the solution for the reaction-advection-diffusion equations
while the speeds of the cell come from the solution of the force balance equation. We begin
simulations on a unit disk at zero initial velocity with different data for the initial conditions of
F-actin and myosin II concentrations. We also vary some parameters at a time while keeping
all the other parameters constant: for example (i) total amount of actin p’°* and (ii) contraction
coefficient for myosin I 79, .

Actin polymerisation causes protrusive stress at the cell periphery which results in expansion
of the cell. We observe that the initial conditions play an important role in the spatiotemporal
dynamics of F-actin as well as the evolution of the cell shape. Actin changes from the active state
(F-actin) to inactive state (G-actin) and vice-versa through polymerisation and depolymerisation
processes and hence the total amount of actin is conserved at any time. We note that in our
model, myosin II only diffuses inside the cell and exerts contractile stress in the cell. Its total
concentration in the entire cell is conserved.
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Chapter 1

Introduction

Cells are the smallest unit of life and widely vary in their shape, structure and function Alberts
et al. (1995). They are complex in nature with different structural parts which work together
to perform specific functions. Cells can exist on their own in the form of amoeba or exist as a
group of cells as in multicellular organisms for example in plants and animals. Depending on their
structural parts, cells are classified into several types. They are classified into two broad categor-
ies, namely prokaryotes and eukaryotes. Prokaryotic cells lack membrane bound organelles while
eukaryotic cells are organised into complex structure with organelles enclosed within membranes
Alberts et al. (1995). Cells perform their different functions by responding to their environment
through deforming themselves and moving/migrating towards or away from stimuli. This is done
by reorganising their internal structure. In this chapter, we give a biological overview of the cell,
dynamics of cell migration, outline various models for cell migration that have been carried out

and give an overview of numerical methods.

1.1 Cell structure and function

In this research, we will only concentrate on eukaryotic cells. In humans for example, there are
more than 200 different types of cells each specialised for a specific function and are of order of
tens of micrometres Alberts et al. (1995). All cells in an organism carry the same genome but
as a result of differentiation, different cell types have different gene expression patterns Alberts
et al. (1995); Schwarz and Safran (2013). Different cells come together to form tissues which work
together to perform different functions. The formation of tissues and organs are brought about by

division and movement of cells. This places cells in a crucial position in development of organisms.

1.1.1 Structure of eukaryotic cell

For the biology of cells we make reference to Alberts et al. (1995). We will consider only eukaryotic
cells. A eukaryotic cell consists of three broad and major parts, namely: plasma membrane, nucleus

and cytoplasm.



Plasma membrane

Plasma membrane is a phospholipid bilayer which encloses the contents of the cell and acts as a
selective barrier Alberts et al. (1995). It also helps in communication of a cell with its surroundings
or other cells. Communication between cells is mediated by extracellular signal molecules and the

reception of these signals depend on the receptor protein that are found on the cell surface.

Nucleus

Nucleus is a membrane bound organelle contained inside the cell and carries the genetic material
of the cell. It occupies about ten percent of the total cell area Alberts et al. (1995). The bilayer
membrane around the nucleus allows for selective transport of materials between the nucleus and

other parts of the cell .

Cytoplasm

Cytoplasm forms the rest of the cell and contains membrane-bound organelles. It is further sub-
divided into two parts: cytosol and cytoskeleton Alberts et al. (1995); Pullarkat et al. (2007).
Cytosol is the solvent inside the cell where organelles are suspended. The cytoskeleton is a net-
work of protein filaments and other associated proteins which render elasticity to the cell and
control cell shape, locomotion and cell division Pullarkat et al. (2007). The cytoskeleton is made
up of three filaments: actin filaments, microtubules and intermediate filaments which are distrib-
uted throughout the cell in an organised manner Pullarkat et al. (2007). The actin filaments form a
meshwork structure below the plasma membrane, the microtubules originate from the centrosome
close to the nucleus and extend all the way to the actin cortex while the intermediate filaments
are concentrated around the nucleus and extend in lower number away from the nucleus Pul-
larkat et al. (2007); Alberts et al. (1995). Intermediate filaments provide the cell with mechanical
strength, microtubules determine the positions of membrane enclosed organelles and direct intra-
cellular transport while actin filaments (also referred to as F-actin) determine the shape of the
cell’s surface and are necessary for whole-cell movement Pullarkat et al. (2007); Ananthakrishnan

and Ehrlicher (2007). A schematic representation of the cell is shown is Figure 1.1.

Motor proteins

The filaments are linked together by different proteins. Motor proteins convert the energy of
ATP hydrolysis into mechanical force that can either move organelles along the filaments or move
the filaments themselves Pullarkat et al. (2007). These motor proteins generate forces when they
interact with the filaments. Motor proteins are grouped into two categories depending on filaments
along which they interact with, namely actin motors and microtubule motors Alberts et al. (1995);
Pullarkat et al. (2007). Actin motors are made up of myosin family of proteins that carry out
unidirectional movements along actin filaments thus generating contractile forces Pullarkat et al.

(2007). The contractile forces play a crucial role in cell functioning. An example of myosin family is
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Figure 1.1: Schematic representation of the cell showing the components of the cell Pullarkat et al.

(2007).

the myosin IT which interact with actin filaments thereby generating active stresses. These stresses
are necessary in providing cell with shape as well as controlling its movements. An example of

microtubule motors is dyenin Pullarkat et al. (2007) which also play a role in cellular transport.

Cross-linking proteins

Cross-linking proteins help in connecting the filaments and play an essential role in controlling
assembly and disassembly of filaments Ananthakrishnan and Ehrlicher (2007) and in elasticity of
actin filament network Pullarkat et al. (2007). The most common crosslinkers of actin filaments

are a—actinin and filamin Pullarkat et al. (2007).

Regulatory proteins

Other types of proteins are the regulatory proteins which are also referred to as nucleation-
promoting factors Pollard (2007); Ananthakrishnan and Ehrlicher (2007). They play an important
role in controlling the assembly-disassembly dynamics of filaments and the activity of motor pro-

teins Pullarkat et al. (2007).

Actomyosin complexes

Actomyosin complexes are formed by the association of myosin motors with actin filaments Pul-
larkat et al. (2007). The myosin II self-assembles into short chains which can then act on neigh-

bouring actin filaments to produce relative motion. Such complexes have a remarkable property of
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generating active stresses within the actin network Pullarkat et al. (2007). Actomyosin complexes
can be highly organised to form stress fibers and are therefore the main cytoskeletal component
responsible for cell shape, generation of active stresses and locomotion. The actomyosin complexes
therefore give the cell its viscoelastic properties Pullarkat et al. (2007).

Actin occur in two forms: active form which is the F-actin and G-actin form (also called actin
monomers) which is the inactive form and moves freely within the cytosol Ananthakrishnan and
Ehrlicher (2007). Actin convert from the inactive state (G-actin) to the active state (F-actin)
through a process called actin polymerisation and conversely from the active state to the inactive
state through actin depolymerisation. The regulatory proteins are responsible for these actin
poymerisation-depolymerisation processes Pollard (2007); Ananthakrishnan and Ehrlicher (2007).
Actin polymerisation promoting proteins such as nucleator proteins helps in creating new actin
filaments. On the other hand, actin depolymerisation factor for example cofilin is capable of binding
to the actin filament thereby weakening it causing F-actin to break and form G-actin. It is largely
believed that cytosol takes a passive role in transmission of stresses Schwarz and Safran (2013).
On the outside, the cell is coupled to a multi-component gel-like network called the extracellular

matrix which we abbreviate ECM.

1.1.2 Actin cytoskeleton and force generation

Of all the components of the cytoskeleton, F-actin and its corresponding motor proteins play the
most crucial role in cell movement and therefore, we will focus on them. Actin occur in two forms:
F-actin and G-actin forms. It converts from the inactive state (G-actin) to the active state (F-
actin) through a process called actin polymerisation and conversely from the active state to the
inactive state through actin depolymerisation Ananthakrishnan and Ehrlicher (2007). The regu-
latory proteins are responsible for these actin poymerisation-depolymerisation processes Pollard
(2007); Ananthakrishnan and Ehrlicher (2007). Actin polymerisation promoting proteins such as
nucleator proteins helps in creating new actin filaments. On the other hand, actin depolymerisa-
tion factor such as cofilin is capable of binding to the actin filament thereby weakening it causing
F-actin to break and form G-actin monomers. Figure 1.2 summaries the dynamics of the actin
polymerisation and depolymerisation. Actin filaments have two distinct ends: a plus end called
barbed end which is a fast growing end and a minus end which is a slow growing end Pollard and
Borisy (2003); Pollard (2007). Polymerisation happens when G-actin are added to the barbed end
of F-actin Pollard and Borisy (2003). Actin filaments can assemble structures forming networks
and bundles through interaction with motor proteins Pellegrin and Mellor (2007); Pollard et al.
(2000). These structures produce cell protrusions called lamellipodia Schwarz and Safran (2013);
Pollard and Borisy (2003); Anderson and Cross (2000). It is these activities of actin that lead
to force generation. Actin cytoskeleton is therefore the main structure that contributes actively
to force generation and therefore drives the cell movement Schwarz and Safran (2013); Zhu et al.
(2000).

Actin filament is responsible for force generations that drive a cell forward through two major
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Figure 1.2: Schematic representation of actin polymerisation and depolymerisation Pollard and

Borisy (2003)

processes Cuvelier et al. (2007), namely: (i) rapid polymerisation of actin network at the cell
periphery through the growth of lamellipodia Schwarz and Safran (2013); Cavalcanti-Adam et al.
(2007); Ridley (2011); Shemesh et al. (2012). This leads to expansion of the plasma membrane and
thus to the development of a contact area with the substrate and (ii) development of stress fibres and
networks that are contractile due to the action of motor proteins that tend to slide actin filaments
relative to each other Schwarz and Safran (2013); Shemesh et al. (2012). The most abundant motor
proteins are the myosin IT Pellegrin and Mellor (2007); Burridge and Wittchen (2013). These active
forces from polymerisation of actin and contraction of stress fibres are eventually transmitted to
the substrates through adhesion sites, providing the necessary forces required for cell propulsion
Ananthakrishnan and Ehrlicher (2007); Zhu et al. (2000).

Plasma membrane plays an indirect role in force generation by controlling the polymerisation
and the contraction of the stress fibres by triggering biochemical signals that regulate these pro-
cesses Schwarz and Safran (2013); Ridley (2011). The plasma membrane also plays a role in the
overall force balance in the cell since its tension and curvature elasticity provide counter-forces to

actin-generated forces that tend to extend and deform the membrane Schwarz and Safran (2013).
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There are counterforces exerted by the substrate on the cell. They originate from the substrate
elasticity that resists deformation by the cellular forces. The substrate resistance can reorganise
the cellular cystoskeleton and change the size of the adhesive regions Ananthakrishnan and Ehr-
licher (2007); Schwarz and Safran (2013). This means that cellular structure and functions can be

very sensitive to the elasticity and rigidity of the substrate.

1.1.3 Cell adhesion

Cell adhesion is the bonding of the cell to an object outside of the cell e.g when a cell binds to
another cell or to the extracellular matrix (ECM) (we will call them substrates) Liu et al. (2007).
Cellular adhesion is mediated by a wide variety of cell adhesion molecules (CAMS) also known
as receptors and ligands which interact with each other Liu et al. (2007). The active stresses
generated from actin polymerisation and contraction of myosin II motors are transmitted to the
substrates via adhesion sites. These sites connect the actin cytoskeleton to adhesion receptors
from the integrin family Schwarz and Safran (2013). The receptors then connect to the substrate
or the ECM. The adhesion sites are mainly localised at the cell periphery because it is strongly
coupled to the growth processes of the lamellipodium. Nascent adhesions are initiated close to
the leading edge and then move towards the cell centre Ananthakrishnan and Ehrlicher (2007).
This movement is mainly driven by the flow of actin away from the leading edge called retrograde
flow Schwarz and Safran (2013); Shemesh et al. (2012); Ananthakrishnan and Ehrlicher (2007) due
to the counterforces exerted on the polymerising actin by the membrane. As they move towards
the cell centre, these small adhesions either mature into micrometer-sized focal adhesions or decay
Ananthakrishnan and Ehrlicher (2007). The focal adhesions are responsible for attaching the cell
to the substrate.

Transformation of the nascent adhesions into mature ones and the growth of the mature ones
depends on the application of forces to them Schwarz and Safran (2013). The adhesions are stable
only if sufficient force is exerted upon them and the larger the adhesion sites, the larger the force
transmitted to the substrates Schwarz and Safran (2013). If filaments are sufficiently anchored to
their surroundings, they can no longer slip back and this greatly helps the cell to propel forward.
The force transmission to the substrates also largely depend on the substrates’ stiffness Schwarz
and Safran (2013). Cellular adhesion plays an important role in diverse biological and physiological
processes including cell migration, wound healing, differentiation, thrombosis, tumor metastasis,
arteriosclerosis and inflammation Gupta (2012); Schwarz and Safran (2013). The receptor-ligand
bond lifetime has been shown to be finite even in the absence of an external force Fournier et al.
(2010); Liu et al. (2007), that is, the individual receptor-ligand bonds will dissociate with or without
an applied force Qian et al. (2009). This will allow the cell to propel forward.

Focal adhesions act not only as mechanical linkers that anchor the cell to the substrate, but
also as prominent signalling centres that activate biochemical signalling molecules that diffuse into
the cytoplasm and towards the nucleus Vogel and Sheetz (2009). Mature adhesions are known for

signalling which upregulates both actin polymerisation and contractile myosin II motors. Many
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signalling molecules responsible for cell migration and differentiation are localised to focal adhe-
sions, most prominently the focal adhesion kinase (FAK) which is known to be important in many
types of cancer Mitra et al. (2005). The molecular clutch comprising of talin, vinculin and paxillin
connects the receptors to the actin cytoskeleton at the focal adhesion Schwarz and Safran (2013).
These clutches determine the extent to which the cytoskeleton and the underlying substrate are
linked and how they can interact by controlling the transmission of the cytoskeletal contractile
forces to the substrate. When the clutch is engaged, there will be an effective transmission of the
actomyosin contractile forces to the substrate leading to tight adhesion between the cell and the
substrate. In contrast, when the clutch is not engaged, there is an ineffective force transmission
to the substrate and thus adhesion is loosened Schwarz and Safran (2013); Ananthakrishnan and

Ehrlicher (2007).

1.1.4 Signaling pathways

During migration, the cell presents a front-rear polarity Schaub et al. (2007). This is brought
about by different distributions of molecules in the front and rear parts of the cell. Depending on
the type of the cell, some cells such as the Keratocytes, can polarise spontaneously in the absence
of external cues Mogilner and Edelstein-Keshet (2002); Mogilner and Keren (2009). In other cells,
polarity may be brought about by the extracellular environment. For example, the Dictyostelium
cells are able to sense gradients of chemo-attractants and move towards their source Buenemann

et al. (2010).

Multiple signaling pathways are initiated and organised at the cell surface to form a signalling
network. This network is regulated during cell migration and help co-ordinate the processes of
cell protrusion, adhesion, translocation of the cell body and retraction of the cell Pullarkat et al.

(2007); Buenemann et al. (2010)

Summary of steps for cell movement

Here, we summarise the processes of cell movement. Once a cell senses an external signal via the
receptors that live on the surface, the leading edge begins to move in the direction of the signal
by polymerising actin to form lamellipodia. This is called protrusion stage and is the first step
of cell movement. Soon after the leading edge begins to protrude, adhesion molecules gathered in
the extending region help attach the leading edge to the substrate. This is the adhesion stage and
happens when actin bundles link the cytoskeleton to the substrate at the focal adhesions. The
attachments prevent the leading edge from retracting. Also the cell de-adheres at the cell body
and the rear of the cell. Finally the cell is propelled forward because of the contraction of stress

fibres. This is the third stage of cell movement Ananthakrishnan and Ehrlicher (2007).
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1.2 Models for cell migration

Cell migration refers to the trans-location of cells from one point to another. As we have seen in
the section on the biology of the cell, the cytoskeleton plays a vital role in aiding cell migration and
its mechanical strength through different processes. Cell migration has become one of the areas of
much interest to many researchers from different fields including physics, computational sciences
and mathematics. It is a fundamental process in many biological systems, for example wound
healing, development of embryos, inflammation, cancer invasion, physiological process among oth-
ers Fidler (2003); Mogilner and Keren (2009); Pollard and Borisy (2003); Ridley et al. (2003);
Lauffenburger and Horwitz (1996).

For many centuries, experimental biology has occupied the minds of many researchers in the
quest to understand the complexity of cell motility. In recent decades, mathematical and compu-
tational modelling has rapidly become an essential research technique that has greatly contributed
to the understanding of the subject of cell motility Mogilner (2009). It is a fact that cell motility
involves a large number of proteins that interact together in a complex way Pullarkat et al. (2007).
Proposing an accurate model to account for the vast molecular interactions involved in cell motility
is therefore a non-trivial activity. It is also largely known that the interaction of actin with its
associated proteins is usually a major factor in the derivation of models for cell motility Mogilner
(2009). Many models are built on the concept that cell motility is composed of the following stages:
protrusion, adhesion and contraction Ananthakrishnan and Ehrlicher (2007). The cell pushes out
the front, then it assembles tight adhesions to the surface at the leading edge and weakens such
adhesions at the rear and finally the cell develops contractions that pull the weakly adherent rear

towards the strongly adhered front Mogilner (2009).

There have been different strategies of modeling cell migration in the last several decades. The
first modeling efforts were directed at quantifying actin treadmill and using thermodynamics to
understand the nature and magnitude of the polymerisation force Mogilner (2009). These early
works introduced fundamental ideas that are still used in developing complex models Mogilner
(2009). In Peskin et al. (1993), "Polymerisation Brownian ratchet’ model was proposed to describe
actin polymerisation as rigid mechanism which elongates by rectifying the Brownian motion of
the membrane. According to this model, when the end of an actin filament comes into contact
with a membrane, the membrane would diffuse away and therefore create a gap sufficient for
monomers to be added Peskin et al. (1993); Mogilner (2009). These ratchet models used differential-
difference equations Peskin et al. (1993); Mogilner (2009). Later Mogilner and Oster (1996) made
an improvement to this model to consider the filaments as elastic springs whose behaviour is a
function of the bending modulus of the filament and the angle it makes with a load at its tip.
The thermal fluctuations of actin filaments displaces the actin filaments from the membrane and
creates a gap for the elongation of the filament Mogilner and Oster (1996). This model was
able to predict an optimal angle between the actin filament and the load for the effective force

transmission. In Mogilner and Oster (2003), ratchet models underwent further development when
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it was suggested that some of the actin filaments are attached to the surface they push. This model,
the ’tethered ratchet’ model, explains the mechanism by assuming that the filament attach to the
surface transiently, dissociating fast and growing freely until getting capped and losing contact
with the surface altogether Mogilner and Oster (2003). In Marée et al. (2006); Satyanarayana and
Baumgaertner (2004); Satulovsky et al. (2008), actin polymerisation and depolymerisation were

treated as stochastic processes.

Mogilner and Edelstein-Keshet (2002) developed a mathematical model that describes key
details of actin dynamics in protrusion associated with cell motility. This model was based on the
dendritic-nucleation hypothesis for lamellipodial protrusion in nonmuscle cells such as Keratocytes.
An output of the model was a relationship between the protrusion velocity and the number of
filament barbed ends pushing the membrane. They observed that this relationship has a local
maximum: too many barbed ends deplete the available monomer pool and too few are insufficient
to generate protrusive force. Their result suggested that to achieve rapid motility, some tuning of
parameters affecting actin dynamics must be operating in the cell Mogilner and Edelstein-Keshet

(2002).

Continuum models have also been developed to study cell motility. Examples are: a two-
phase fluid model for cytosol and the actin network in Alt and Dembo (1999), a one-dimensional
viscoelastic model of the cytoplasm and active stress generation in Gracheva and Othmer (2004),
a one-dimensional model for the actin distribution and its reaction in Mogilner et al. (2001), a
two-dimensional elastic continuum model in Rubinstein et al. (2005) and a cytomechanical model
that couples a force balance mechanical equation for actin network to a reaction-diffusion equation
for actin Stephanou et al. (2004). This cytomechanical model was later extended in George (2012)

where they used a cartesian coordinate system.

Another modelling strategy is to use phase-field method Biben and Misbah (2003); Biben et al.
(2005); Liu et al. (2007); Zhang et al. (2009); Lowengrub et al. (2009); Shao (2011); Shao et al.
(2012). In Shao et al. (2010), Keratocyte cell was modelled as a two dimensional sheet with fixed
area. The shape of the cell membrane was determined by the interactions of various forces including
the surface tension, the bending forces and the pressure that constraints the cell area. In Biben
and Misbah (2003); Biben et al. (2005), phase-field method has been used to simulate vesicles’
deformation and tumbling while in Liu et al. (2007); Zhang et al. (2009), phase-field method was
used to study the three dimension deformation of a vesicle membrane using an energetic framework.
An extension of this model to multi-component vesicles was studied in Lowengrub et al. (2009). In
Shao et al. (2012), a phase-field model for the Keratocyte cell that couples actin flow and adhesion
mechanism during cell migration was presented. In the model, both myosin II contraction and
actin polymerisation were treated as active stresses. The adhesion sites could switch between the
gripping mode and the slipping mode and their dynamics were integrated with actin flow. They
also included tension and bending forces at the membrane. The various forces involved in cell
migration are then considered and translated into velocity which then evolve the cell shape. The

model we consider is an extension of this model.
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1.3 Numerical methods for models of cell migration

In many cases models for cell migration contain highly nonlinear reaction terms which make it
impossible to obtain analytical solutions. Numerical methods are therefore a good choice in solving
these models. Numerical methods for partial differential equations consist of two parts: a space
discretisation to transform the system of partial differential equations into a system of ordinary
differential equations and a time discretisation to transform the system of ordinary differential
equations into a system of algebraic equations which can be solved using different techniques of
linear algebra.

For the biochemical dynamics inside the cell, we will consider the well known model that was

proposed by Turing (1952) that take the form

g—ltl = DAu+ F(u), (1.3.1)

where u is the vector of chemical concentrations, F represents the reaction kinetics and D is the
diagonal matrix of positive diffusion coefficients.

Space discretisation include finite differences Morton and Mayers (1998); Mitchell and Grif-
fiths (1980), finite elements Siili (2007); Reddy (1993); Houston et al. (2002), boundary elements
Brebbia (1980) among other methods. The moving grid finite element method was introduced in
Madzvamuse et al. (2003, 2005) to study partial differential equations on complex evolving domains.
It is a robust numerical method that has been applied to compute solutions of reaction-diffusion
equations in continuously deforming domains Madzvamuse et al. (2003, 2005); Madzvamuse (2006).
The finite element method is an efficient method that is able to deal with complex and irregular
geometries and has been widely used for growing and deforming domains. In this thesis, it is
sufficient to use finite differences and finite elements. For detailed theory on finite differences and
finite elements, we make reference to Morton and Mayers (1998) and Siili (2007); Reddy (1993)
respectively.

The space derivatives of (1.3.1) will be approximated by finite elements Reddy (1993) and finite
differences Morton and Mayers (1998) to give a system of the form

88—[; =DA,U + F(U), (1.3.2)
where DA, U and F(U) arise from the diffusion and reaction terms respectively.

Several time discretisation have been used to obtain solutions for partial differential equations
on both stationary and evolving domains. Fully explicit methods require very small time steps
which result in computations that are expensive especially when it comes to multi-dimensions.
Ruuth (1995) presented different IMplicit-EXplicit (hence IMEX) schemes. The key essence of
these schemes is that an implicit scheme is applied to approximate the diffusive term and an
explicit scheme is used to approximate the reaction kinetics. The IMEX schemes presented in
Ruuth (1995); Madzvamuse (2006) include a first order semi-implicit backward differentiation
formula (1-SBDF) which applies a backward differentiation formula to the diffusive term, Crank-

Nicolson, Adams-Bashforth (CNAB) which applies Crank-Nicolson to the diffusive term and second
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order Adams-Bashforth to the reaction terms, Crank-Nicolson Leap Frog (CNLF) which applies
something similar to Crank-Nicolson to the diffusive term and a leap frog to the reaction terms,
the second order semi-implicit backward differentiation formula (2-SBDF), which applies a second
order formula to the diffusive term, the third order semi-implicit backward differentiation formula
(3-SBDF) which applies a third order formula to the diffusive term and the first order backward
Euler finite difference scheme (1-SBEM) which treats both the diffusive term and linear part of the
reaction term implicitly and non-linear part of the reaction semi-implicitly. We note that the 1-
SBDF, the 2-SBDF and the 3-SBDF schemes are known to give strong decay of high frequency error
components while unfortunately the CNAB and CNLF schemes are known to give a weak damping
of high frequency error components Ruuth (1995). From numerical experiments, the 2-SBDF is
recommended as a good scheme to many two dimensional problems Ruuth (1995); Madzvamuse
(2006). Recently, Madzvamuse and Chung (2014) used a fully implicit scheme to solve a system of
bulk surface coupled reaction-diffusion equations. This scheme requires some special linearisation
techniques as shown in Madzvamuse and Chung (2014). For this work, it is sufficient to apply the
second order semi-implicit backward differentiation formula (2-SBDF). Applying the second order
semi-implicit backward differentiation formula to (1.3.2) gives

3U’I’L+l _ 4Un + Un71

5 = DA, U™ 4 2F(U") — F(U™ ), (1.3.3)
-

where 7 = "1 — " is the time-step size Ruuth (1995). This method gives a strong decay of high
frequency components Ruuth (1993).

1.4 Outline of the thesis

Hence, this thesis is structured as follows. In Chapter 2, we introduce some mathematical notations
and formulae that will be used in the later parts of this thesis and formulate the viscous model for
cell migration from conservation laws. This model includes reaction-advection-diffusion equations
for actin and myosin II which represent the biochemical dynamics inside the cell and a force balance
mechanical equation for the actin-myosin system. We also explore the phase-fields method and
formulate the phase-field framework of the viscous model. This method introduces an auxiliary
field, a free energy functional and a double well potential. The auxiliary function takes a value
in one region and another value in another region and varies smoothly in the interface between
the two regions. The double well potential has minima which describe the value of the auxiliary
function in each region. In the context of the cell, one region would mean the interior of the
cell and the other the exterior of the cell. The interface between the two regions of the cell will
be the boundary of the cell. Furthermore, we non-dimensionalise both models and end up with
non-dimensionalised viscous and phase-field models for cell migration.

These formulated model equations comprises of highly nonlinear partial differential equations
with no closed form solutions. Therefore, in Chapter 3, we solve the models numerically. We

start by considering the well studied Schnakenberg model and construct its numerical solvers. The
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rationale behind this is that a lot of analytical results are known for the Schnakenberg model close
to bifurcation points through the use of linear stability analysis. Once we have validated that our
finite element solver is working for such complex nonlinear reaction-diffusion systems, we will then
apply the solver to our original viscous model. It must be noted that reaction kinetics are a key
component of the viscous model. The model equations we derive on growing domains assume that
the domain deforms continuously. The most appropriate numerical technique to deal with domain
growth is the moving finite element method Reddy (1993). Therefore, we outline the theory behind
the finite element method and then apply it to the viscous model for cell migration and present
numerical results for this model.

In Chapter 3, we also solve the phase-field model using finite differences for space discretisation.
The original domain representing the evolving cell is defined inside a larger and regular domain.
With this, we propose to use finite differences Morton and Mayers (1998) to discretise the new
domain. We then solve the phase-field model using finite differences and present some preliminary
results.

Finally, in Chapter 4, we summarise our work and outline possible extensions and future dir-

ections.
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Chapter 2

Model formulation for cell

migration

2.1 Introduction

In this chapter we introduce some mathematical concepts and formulae that will be used throughout
this thesis and formulate model equations for cell migration that take into account the actin-myosin
system as a machinery that drives cell movement. We will formulate a viscous model for cell
motility that takes into account the bio-chemical nature of the cell and its mechanical structure as
was discussed in Chapter 1. In particular, our model is based on two major principles: (i) F-actin
and myosin IT interact together inside the cell thereby generating forces that drive the cell and (ii)
that the actin-myosin network is a viscous gel that exhibits the characteristics of viscous materials.
The model consists of reaction-advection-diffusion equations for the F-actin and myosin II and a
force balance mechanical equation for the actin-myosin system. Once formulated, we construct its

corresponding phase-field framework to obtain a phase-field model for cell motility.

2.2 Mathematical preliminaries

Some basic notations

A two dimensional euclidean space is denoted as R? where
R? = {x = (z,y) | z,y € R}.

We will consider a subset of R? which is bounded and simply connected to be our domain. The
domain representing a continuously deforming and moving cell at time ¢ will be denoted by £2; C R?
with a corresponding boundary denoted by 8€Q;, where ¢t = (0, 7] Madzvamuse et al. (2005). We
also define d€?; = dxdy while ds will be the element of arclength.

Let u(x,t) be a C1(Q; x (0,T]) scalar function, v(x,t) be a C?(2; x (0,7T]) scalar function,

w(x,t) = (wy,ws) be a C1(Q; x (0,T]) vector valued function and n = (n1,n2) denote the unit
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outward normal vector to d€;. We begin by defining the following operators as outlined in Gilbarg
and Trudinger (2015):
The gradient of u is given by

Oou Ou

_ (Ow , w2
V'W_(ax + ay)'

The divergence of w is given by

The directional derivative of u in the direction n is given by

Vu-n= g—z
The Laplacian of v is defined by
v 0%

Theorems

Let €, be a bounded and simply connected domain with C! boundary 8, u(x,t) and g(x,t) be
CL(Q; x (0,T)) scalar functions, v(x,t) be a C?(€; x (0,T]) scalar function, w(x,t) = (wy,ws) be
a C*(; x (0,T]) vector valued function and n = (ny,ns) denote the unit outward normal vector

to dQ;. We then have the following theorems:

Divergence theorem

The divergence theorem is given by
/ V.-wdSd = w-nds, (2.2.1)
Q. o0

where ds indicates the dimensional area element in 8€2; and n is the outward unit normal to 9€2;
Gilbarg and Trudinger (2015). In particular, if u is a C2(€2; x (0, T]) function, we can take w = Vu
and have

ou

Au d€2 = Vu-nds= ds. (2.2.2)
Q a9, o0, On

Gradient theorem

The gradient theorem of scalar function u is stated as Reddy (1993)

Vu d = / un ds, (2.2.3)
Q; o0

where n = (nj,ng) is the outward unit normal to 8€2;. Applying this formula to the product ug

and expanding using product rule for differentiation gives

/ g (Vu) d€y +/ u(Vg)dQ, = / ugn ds. (2.2.4)
Q, Q, g,

Therefore, in x and y directions, the gradient theorem becomes

/ —dﬂt +/ dﬂt / ugny ds, (2.2.5)
Q. a2,
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/ g%dﬂt—i—/ u@dﬂt:/ ugng ds, (2.2.6)
o, Oy Q Oy o,

respectively.

Green’s formula

Let €, be a bounded and simply connected domain with C'* boundary 8€2; for which the divergence
theorem holds and let v and g be functions defined as above. We can select w = ¢gVv in the

divergence theorem (2.2.1), and have

/ gAv dQ, +/ Vv -VgdQ, = / g@ ds, (2.2.7)
Q, Q, a9, On

which is known as the Green’s formula Gilbarg and Trudinger (2015); Larsson and Thomée (2003).

Reynold’s transport theorem

Let g(x,t) be a scalar function in €; defined as above and B(x,t) be a flow velocity field, then

d Dy
— Q; = —= +4gV-03 Q 2.2.
dt thd t /t<Dt g )d ts (2.2.8)

where £ = 2 + 3.V denotes the material derivative Acheson (1990); Madzvamuse (2000). We

will use this theorem to derive the weak formulation of partial differential equations in Chapter 3.

Fick’s first law of diffusion

This law says that the flux, J, of material which can be amount of chemical, cells and so on, is
proportional to the gradient of the concentration of the material. Consider a material and let its
concentration be given by a scalar function g(x,t). Then, diffusion flux, J(x,t) of the material is
directly proportional to the gradient of the concentration g(x,t) of the material. Mathematically,
this law is

J =-DVy(x,t), (2.2.9)

where D is the diffusivity Murray (2002). The minus sign simply means that diffusion takes place
from high to low concentration.
Having stated the theorems and mathematical concepts that we will require in model formulation,

we now go ahead and derive the viscous model for cell migration.

2.3 Derivation of viscous model for cell migration

In many eukaryotic cells, migration is powered by the actin-myosin system and assisted by the
adhesion of the cell to substrates. At the cell’s leading edge, cross-linked actin filaments polymerise
by adding actin monomers to their barbed ends while at the back of the cell myosin II binds to
the bundled actin filaments and exerts contractile stress. The active stresses generated by the
actin-myosin system are transmitted to the substrates through adhesion sites. The model system

we consider is the Keratocyte cell which extends broad Lamellipodia and has a fan-like shape. The
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viscous model for cell migration consists of three coupled partial differential equations representing
three different components of cell movement. The first two equations are reaction-advection-
diffusion equations describing concentrations of actin filaments and myosin II. These equations
have diffusion terms for both actin filaments and myosin II, advection terms due to cell movement
and reaction kinetics which represent polymerisation and depolymerisation. The third equation is
a force balance mechanical equation for the actin-myosin network. For this equation, we will seek
to compute velocity vector for the cell which will be the solution for this equation. The reaction-
advection-diffusion equations are derived from mass conservation laws as outlined in Murray (2002);
Edelstein-Keshet (1988) while the force balance mechanical equation is derived from continuum
mechanics Murray (2002, 2001). The model consists of three variables: myosin IT and actin filament
densities and velocity of actin network. We will first derive reactions-advection-diffusion equations

for F-actin and myosin II followed by force balance equation.

Reaction-advection-diffusion equations for F-actin and myosin II

Reaction-diffusion equations have been used to model different biological phenomena to study
pattern formation on fixed and growing domains Murray (2001, 2002); Edelstein-Keshet (1988);
Madzvamuse et al. (2005). On fixed domains, reaction-diffusion equations generally take the form
Murray (2002)

%;‘ = DAu + F(u), (2.3.1)

with for example zero-flux boundary conditions. Here, u is the vector of chemical concentrations,
F represents the reaction kinetics and D is the diagonal matrix of positive diffusion coefficients. As
we will be considering domain growth in two spatial dimensions, we will derive the equations on a
two-dimensional evolving domain. We will be interested with the case of two species representing

the dynamics of F-actin and myosin II.

Let ©2; C R? be a simply connected, bounded and continuously deforming domain representing
the cell shape at time ¢t € (0,7], T > 0 and 894 be the boundary of the cell with normal n at a
point x(t). At any point x(¢) = (z(t), y(t)) € Q4, let pm = pm(x,t) be the myosin II concentration,
Pa = pa(x(t),t) be the F-actin concentration in Q; and 3 = B(x,t) be the actin flow velocity. We
consider a subset R(t) C €, with boundary OR(¢). Actin polymerisation occurs when actin
monomers are added to the actin filaments at the leading edge of the cell Pollard (2007). Let
this reaction be given by f(pa(x,t), p<¥*(x,t)) which depends on the actin filament concentration,
pa(x,t) and also on the concentration of actin monomers in the cytosol pS¥f(x,t)). We will give the
precise reaction kinetics shortly. Myosin II is bound to the actin bundles at the rear end of the cell
and generates contractile stress. The conservation equation states that the rate of change of the
quantity of a material in R(¢) C € is equal to the net flux of the material through the boundary
OR(t) plus the net creation of the material within the domain Murray (2002); Edelstein-Keshet

(1988); Madzvamuse (2000). Applying the conservation equation to the dynamics of F-actin, we
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have,

d

dtR@m@mdmw—/

J-ndS+ / flpa(x,1), p¥(x,1))dR(t), (2.3.2)
BR(t) R(t)
where J = J(x,t) is the flux of F-actin across the boundary, that is, the amount of F-actin crossing
a unit area per unit time and n is the normal vector to the boundary. Applying the divergence
theorem (2.2.1) to the conservation equation above gives

d

dat R(E) pa(x,t) dR(t) = / (—V -J+ f(pa(x,t)’pgyt(x7t))) dR(t). (2.3.3)

R(t)

By using Reynold’s transport theorem (2.2.8), we further get

M X . X = -V - cyt
/R(t)( Dr T Pax VB ,t)) dR(t) /R(t)( VI + f(pa, p57)) dR(t),  (2.3.4)

where 3(x,t) is the actin flow velocity and % = % + B -V is the material derivative. Upon using

the definition of material derivative to (2.3.4), we arrive at

/ (a;: +B8-VpatpaV - ﬂ) dR(t) = / (=V - T+ f(pa, pS*)) dR(2), (2.3.5)
R(®) R(t)

where J = J(x,t) and p, = pq(x,t). We next assume that actin flow from regions of high
concentration to regions of low concentration and its flux J is proportional to its concentration

gradient. Using Fick’s law of diffusion (2.2.9) and the product rule

V- (paB) =B Vpa+paV - B,

we have

0
/ ( ot Wﬂ)) dR(t) = / (Dalpa + f(pa: p2")) dR(D), (2.3.6)
R(t) R(t)
where D, is the F-actin diffusion coefficient. Finally, bringing the right hand side terms to the left

gives

/ (apa + V- (paB) — Daldpa — f(pa,péyt)> dR(t) = 0, (23.7)

where p, = pa(x,t). Since equation (2.3.7) holds true for any arbitrary R(t) C €, for all time
t and the integrands are continuous, we will have the following equation which represents the

reaction-advection-diffusion equation for the variable p,(x,t)

9pa
ot

+ V- (paB) — Dalpa — f(pa, p") = 0, (2.3.8)

for all x € €.

A relevant boundary condition is the zero-flux boundary condition which specifies that there is
no flow of actin into and out of the domain but it is contained inside the cell. We will consider this
type of boundary condition. The variable p, therefore satisfies the following reaction-advection-

diffusion equation in €2; with zero flux boundary condition on 9€2;

aapta +V- (puﬁ) = DaApa + f(PaaPZyt), X € Qt, t e (0771]7
pul,0) = (%), x €Dy 120, (239)

% — (), x €8, te(0,T),
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with p, = pa(x,t) and B = B(x,t). The second term on the left represents the advection term for

the actin filaments, the first and second terms on the right are the diffusion and reaction terms

respectively. The zero-flux boundary condition %prf = 0 specifies that actin filaments are confined

into the domain and do not cross the boundary, neither are they increased by external sources.
Actin exchanges between active membrane bound (p,) and inactive cytosolic (pS¥!) states. We
use a mass-conserved reaction kinetics f(pq, p<¥*) as in Mori et al. (2008); Camley et al. (2013) to

a

describe the dynamics of p, variable which is

2
C p(l C
F(pas p") = Ky <K2+pz + ka> pe"" = kepa, (2.3.10)

with

vt — P = I, Pa A
¢ fnt Sy '

The first term on the right hand side of (2.3.10) represents the rate of polymerisation which is
a function of p, and p<¥t and the last term is a simple depolymerisation rate. For simplicity, we
have assumed that there is a positive feedback from the active form p, to its own production, i.e
the conversion rate from pS¥* to p, depends nonlinearly on p, whereas the reverse conversion rate
takes place at a constant basal rate. We represent the positive feedback by a Hill function with
power 2. The parameters k, and k. are constant basal rates, k; is the overall activation rate and
K, is a saturation parameter. Since the actin monomers are small molecules and can diffuse fast
Pollard (2007), we assume that they are uniformly distributed throughout the cell. The parameter
pi’" is the total amount of actin in the cell and [, d€ is the area of the cell .

Myosin II is bound to a bundle of F-actin network at the rear of the cell and travels with actin
flow Pullarkat et al. (2007). In this work, we assume that myosin II is advected together with
the F-actin and diffuses inside the cell and is not created with time, that is, we will assume that
myosin IT is not added through reaction. Applying conservation law to myosin II concentration,

Pm, We have
d

— pm(x,t) dR(t) = 7/ J-nds, (2.3.11)
dt R(t)

OR(t)
where J is myosin II flux across the boundary and n is the normal vector to the boundary. Applying

the divergence theorem (2.2.1) to the conservation equation above gives

d
— pm(x,t) dR(t) = — V- J dR(t). (2.3.12)
dt Jr(t R(t)
By using Reynold’s transport theorem (2.2.8) and the material derivative % = % + 8-V, we get
Ipm
/ (” +B-Vom + pmV - 5) dR(t) =~ [ V- -JdR(t). (2.3.13)
R(t) \ Ot R(t)

We now assume that myosin II flows from regions of high concentration to regions of low concen-
tration and its flux J is proportional to its concentration gradient and similarly to the F-actin
concentration and write it as J = —D,;,(pa)Vpm. This gives

pm -
/R(t) <6t +V-(pmB) = V- Dm(Pa)VPm> dR(t) =0, (2.3.14)
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Since equation (2.3.14) holds true for any arbitrary R(t) C Q; for all time ¢ and the integrands

are continuous, we will have the following equation

Dpum
SV - () =V - Dn(pa) Vs = 0, (2.3.15)

for all x € €2; which represents the dynamics of the variable p,,. We prescribe a zero-flux boundary

condition for the variable p,, and have the dynamics of p,, as

% 4V (pB) =V - Dyn(pa)Vpm, x € s, t € (0,T],
pm(x,0) = p0,(x), x € Qy, t=0, (2.3.16)

9om =0, x € O, t € (0,T]

where p,,(x,t) is the myosin II concentration and B(x,t) is the actin flow velocity. The second
term on the left represents advection term for myosin II and the term on the right is the diffusion
term. We have prescribed a zero-flux boundary condition and set initial condition for p,,. The
parameter D,,(p,) is a positive diffusion coefficient depending on F-actin solution p, such that
it decreases with increasing F-actin concentration. We formulate it as was done in Camley et al.

(2013), that is
DO
T

D (pa) ; (2.3.17)

where DY, € RT is the maximum myosin II diffusion coefficient in the absence of p, and Kp is the
myosin II diffusion threshhold.

For our model, actin and myosin II are the main source of active stresses which lead to protrusion
and contraction of the cell. The reaction-advection-diffusion equations derived above will therefore

be coupled to a force balance equation which we now present.

Force balance mechanical equation for the actin-myosin system

We model the network of actin filaments in the cell as a viscous gel as was done done in Murray
(2001). The forces present in the cell are the viscous forces, polymerisation forces and contraction
forces. It is assumed that within the cell, mechanisms adhere to Newtonian dynamics. The inertial
effects are neglible compared to the viscous forces Lewis and Murray (1991). The viscous network
of actin filaments interact with myosin II to generate contractile stress in the cell’s cytoplasm. As
the actin network continue to contract as a result of interaction with myosin II, actin filaments will
become aligned into bundles and this will lead to more contraction because myosin II is favoured to
work in the same direction Pullarkat et al. (2007). Similarly, at the cell’s leading edge, cross-linked
actin filaments polymerise by adding actin monomers to their barbed ends causing expansive stress
at the cell periphery.

At any point x = (x(¢),y(t)) € 4, let B(x,t) be the flow velocity of the elements of the actin
network. When the actin network is at mechanical equilibrium, the sum of all forces acting at
each point x = (x(¢),y(t)) € € will be zero Lewis and Murray (1991); Murray (2001); Rubinstein
et al. (2009); Stephanou et al. (2004); Alt and Tranquillo (1995). Thus, in the quasi-steady state,
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we have the following force balance equation in €2

V- (ou(x,t)+ o X, 1) + Opoty(x,t)) =0, x € Qy, t € (0,7T],
(0u(x,1) + Omyo(X,t) + Opoiy(x,1)) t (0,7] (2:318)

o, n=0,x€ 0, te(0,T],
with stress free boundary condition. The terms (X, t), Omyo(X, t) and opory (X, t) are the viscous,
myosin II driven contractile and actin generated expansive stress tensors respectively as described

below.

Myosin II driven contractile stress

Myosin II generates contractile stress and this stress is considered to have a magnitude proportional
to the density of myosin II. Let 0'pmyo(x%,t) denote this myosin II driven contractile stress, p,,(x,t)
denote myosin II density and 72, be the myosin II contraction coefficient. Then at each point

x = (z(t),y(t)) € Q, we model this myosin II driven contractile stress as

UmyO(Xa t) = ﬁgLPm(X, I, xeQy, te (0,7, 7721 € RJra (2.3.19)
where
1 0
I= . (2.3.20)
0 1

This means that this contractile stress is isotropic and acts proportionately to the density of myosin

IT at each point inside the cell. Thus, the higher the myosin II density, the more the contraction.

Viscous stress

Actomyosin network is treated as a viscous gel. As viscous materials, they deform and spread
when external force is applied to them and do not return to their original state. We assume that
the cell obeys newtonian dynamics in such a way that inertial terms is negligible compared to the
viscous forces Lewis and Murray (1991). At any point x = (z(t),y(t)) € 4, let B(x,t) be the
flow velocity of the elements of the actin network. The viscous stress is proportional to the rate of

strain tensor and we model it as
ou(x,t) = % (VB(x,t) + (VB(x,1))T), x€Qy, t(0,T], vo€RT, (2.3.21)

where % (VB(x,t) + (VB(x,t))T) is the strain rate tensor Acheson (1990); Murray (2001). We
note that we have considered the cell actomyosin system only as a viscous gel unlike in Stephanou
et al. (2004); George (2012) where they considered actin filaments as viscoelastic gel. A feature
of viscoelastic materials is that they deform and spread when an external force is applied to them

but they return back to their original state slowly.

Actin generated expansive stress

Actin filaments are normally confined close to periphery of the cell and point outwards. They

polymerise by adding actin monomers to their barbed ends hence apply protrusive force leading to
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expansive stress at the cell periphery. This actin generated expansive stress is normally confined
to the cell periphery because the actin filaments are oriented in such a way that their barbed
ends, where actin monomers are added, are close to the cell membrane and point outwards Pollard
and Borisy (2003). The polymerisation of actin generates expansive stress which is assumed to
be normal to the membrane (no shear stress) and proportional to the cross linked actin filaments
density. Let opory(x,t) be this expansive stress acting in the domain €, and p,(x,t) be the cross-
linked actin filaments density. We assume that this expansive stress is confined to the periphery
of the cell and is proportional to p,(x,t). Then at each point x = (z(t), y(t)) € Q;, we model the

actin generated expansive stress as
Tpoly (X, 1) = —12pa(x,1)5(DI, x € Qy, t € (0,T], 1) € RY, (2.3.22)

where I is the identity tensor, §(I) labels the cell periphery and 72 is the F-actin protrusion
coefficient. This polymerisation stress only acts in the cell periphery. In order to describe this
stress, we will assume an initial domain of a disk and specify that o poty (X, t) only acts in the region
which is some distance [ from the centre of the disk domain. With this we define the function (1)

to be of the form

1 if the point x is such its distance from the origin of the disk is more than [,

0 otherwise.

This means that far from the cell periphery, only the contractile stress acts on the cell and close
to the cell periphery both the contractile and the actin generated polymerisation stresses act on

the cell.

The viscous model

We have formulated model equations that drives cell migration through the action of the actomyosin
system. This model couples reaction-advection-diffusion of F-actin and myosin II to a force balance

mechanical equation. We hereby give the summary of the model

9 1V - (pB) =V - Dyn(pa)Vm, x € Q, t € (0,71,

%2 4+ V- (pafB) = Dalpa + f(pa, pP), x € Qy, t € (0,7T],

V- (ow

pm(x 0 _pm( )a Pa(X70) ZPg(X)’ x €y, t=0,

Opm
on

4 Omyo(X, 1) + Opoty(X,t)) =0, x €y, t € (0,T],
x,1) yo(X,1) + Tpory (X, 1)) e, t€(0,T] (2.3.23)

= 0, X € Bﬂt, te (O,T],

o, n=0, x9N, te(0,7T],
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Parameters | Description Value Reference

D, Actin diffusion coefficient 0.8um?/s Shao et al. (2012)
DY Max myosin IT diffusion coefficient | 2um?/s Camley et al. (2013)

P8 (x) Initial myosin II density 0.2 — 0.4um=2 | Shao et al. (2012)
Vo Shear viscosity coefficient for actin | 103pNs/um Camley et al. (2013)
nd F-actin protrusion coefficient 560pN pum? Shao et al. (2012)
nY, Myosin II contraction coeflicient 100pN pum Shao et al. (2012)
K, Positive feedback threshhold lum=—2 Camley et al. (2013)
kq Base polymerisation rate 0.01 Camley et al. (2013)
ke F-actin depolymerisation rate 10s~1 Shao et al. (2012)
kpy Overall polymerisation rate 10s~1 Shao et al. (2012)
Kp Myosin II diffusion threshhold 0.5um =2 Camley et al. (2013)
plot Total actin density 800 Shao et al. (2012)

Table 2.1: Dimensional parameters and their values.

where

2
f(pm (C;yt) =ky (ﬁ + ka) p(clyt — kepa,

a
cyt I)EOt—fnt Pa A2
e A TR

a"rnyo(xa t) = U,Onpm(X, t)I, 779n S R+, (2324)

ou(x,t) =% (VB(x,1) + (VB(x,1))") . vy €RY,

Tpoly (X, 1) = —1apa(x,1)0()L, 77 € RY,

where the variables p, = p,(x,t) and p,,, = pm(X,t) are the F-actin and myosin II concentrations
respectively at a point x = (x(¢),y(t)) € Q, the variable B(x,t) = (f1(x,t), B2(x,t)) is the flow
velocity for the actin network, D, is a positive diffusion coefficient for F-actin and D,,(p,) is vari-
able diffusion rate for myosin II. The function f(p,(x,t), pS¥(t)) is a reaction term which depends
on the actin filament concentration, p,(x,t), and also on the concentration of actin monomers in
the cytosol p<¥t(t). We let the initial domain €y to be a disk. The parameters for the dimen-
sional model are listed in Table 2.1. Having formulated the viscous model, we now go ahead and

non-dimensionalise the model. The non-dimensionalised parameters are displayed in Table 2.2.

Non-dimensionalisation of the viscous model

We introduce non-dimensional rescaled variables as follows:

(2.3.25)

where 7 is the scaling factor for time and R is the scaling factor for length. We begin by non-

dimensionalising the reaction-advection-diffusion equations. Substituting the new variables into
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the reaction-diffusion equations for F-actin and myosin II gives

K Opm . KaDO A 1 A
m _ my/ . m | =0, 2.3.2
T Ot (p 6) R? v <<1+ apa>Vp > 0 (2.3.26)
and
K 8pa KgpAa2 G cyt
- +]€bK V (pala) k Ka (W + k +k Kapa — 0 (2327)

Now divide (2.3.26) and (2.3.27) by £= gives

apm N TDm 1 7 _
RV (pinB) — T <<1+ apa)wm>—o,

2 ~2

op. - s T A~ . K e
aﬂ:; —&—kaV-(paB)—DaﬁApa—ka (KQWOK;AQ—&—IG) Ve 4 koTpa =0,

and

0
respectively. Choosmg ’" =1 gives

8P;n kbRZ ~ .2 o 1 A _
97 + Do V‘(Pm,@)—v' 1—1-7“’)” Vom | =0,

and )
0p,  kyR? - . D, . . R%k Pa ot KeRZ
A ! a 77Aa7 ka acy a — U.
8t+D9nv (pﬁ) DY P DY 1+pAa2+ P +D0p 0
Letdzg—g,a: fg;, ks = R;é“’, ky = R?fgkb, b= k[”){fr“ and e = R;OC and have
Opm | ¢ . o 1 .
A+bV~(;n)—v-<< A>V;n>=o,
ot Pl 14 ap, P
and
apa k?)pa

S~ A\ A4 ~ cyt -
8A+bv (paﬁ) dAg, (1+ﬁ2+k>pa +ef, = 0.

Finally, for notational simplicity, we drop all hats to obtain the following non-dimensionalised

system.
0pm B 1
W—’—bv (pmﬂ) =V (<1+apa)vﬂm),
(paB) = dpa + (2211 g e
at pa, pa 1+p3 4 pa pm
with

tot fﬂ Pa th
Ja, A ’

Similarly, the non-dimensionalised force balance mechanical equation is given by

plH(t) =

V- (ou(x,t) + Omyo(X,t) + Opory(x,1)) = 0,

where

a'myo(x,t) = nlpm(x7 t)I7 m € R+a

UV(xa t) = V,B(X, t) + (vﬁ(xa t))Tv

Tpoty (X, 1) = —n2pa(x,1)6(D)L, n2 € RT,
with

2K ,n° 2K, 2
m = I and 7y = n .
k’bl/o k’bl/o

We choose R = 10.0 ym and have the non-dimensionalised parameters in Table 2.2.
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Parameters | a ks k4 b d e m | m2 | piet
Value 2.0 | 500.0 | 5.0 | 500.0 | 0.4 | 500.0 | =5 | 2% | 8.0

Table 2.2: Non-dimensional parameter values for the non-dimensionalised viscous model.

The non-dimensionalised viscous model

The non-dimensionalised viscous model for cell migration is summarised below with parameters as

given in Table 2.2.

% 4 bV - (pB) = (<1+ap )vpm), x €, te(0,T],
% 40V (pafB) = dBpa + (132 + Ka ) pi" — epa, x € R, t € (0,T],

V'quyt + Omyo(X,t) + Opoly(X,t :07X€Q7 te 07T7
(ou(x,1) yo(X,1) + Opoiy (X, 1)) t (0, 7] (2.3.28)

pa(xao) = PS(X)» pm(xao) = p?n(x) , X € Qt7 t= 07
o, n=0, x9N, te(0,7T],

o — Opm — () x € BN, te(0,T),

with

tot fg Pa dﬂt
Ja, A% ’

P () =

o'myo(xa t) = nlpm(xv t)I, m e RJF,
ou(x,1) = VB(x, 1) + (VB(x, )",

o'poly(x7 t) = _772pa(xvt)6(l)l> N2 € R+7

where pg, pm and 3 are the dependent variables for this model. The initial domain is now the unit
disk with radius » = 1. Since the polymerisation force is assumed to work only in the periphery
of the cell, we let it act only in the region where the radius is » > 0.8. For subsequent time, we
assume that there exists a family of bijective functions that map the point n = (7, 7,) of the initial
domain to point x = (z,y) of the current domain ;. Consider the mapping ! : £ x (0,7] — R and
its corresponding mapping [: Q0 x (0,T] — [0,1] on the initial domain €2y where Z(n, t) represents
the distance from the centre of £y and the point 7 with I(x(n, t),t) = I(n,t). To denote the region

where the polymerisation force act, we define a delta function §(1) such that

1 if the point (x,t) with I(x(n,t),t) = I(n,1)
i) = is such that the distance /72 +n2 > 0.8 in the initial domain,

0 elsewhere.

We have now obtained the non-dimensionalised viscous model for cell motility. In order to

solve models such as the viscous model that we have derived, one would need to keep track of
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the boundary. There are several methods that can be employed with no need to track the sharp
evolving boundary. Phase-field method is one of these methods. We will explore this method in
the next section and write the phase-field framework of the viscous model that we have already

derived.

2.4 Phase-field model

Introduction

Phase-field method has been used extensively to solve moving boundary problems. It has been
applied to a number of problems such as crack propagation Karma et al. (2001), diffusional prob-
lems in complicated geometries Teigen et al. (2009); Li et al. (2009); Kockelkoren et al. (2003),
solidification Rappel (2001), problems on mean-curvature flow Du et al. (2005); Deckelnick et al.
(2005), surface PDEs Dziuk and Elliott (2013); Rétz et al. (2006), cell biology Shao (2011) among
other moving boundary problems. This method avoids the tracking of the interface by introdu-
cing an auxiliary field that locates the interface and whose dynamics is coupled to other physical
fields through an appropriate set of partial differential equations. Here, we will give mathematical
concepts used in phase-field modeling and then derive the phase-field framework of the viscous

model.

Theory of phase-field modelling

To construct phase-field models, one needs to introduce an auxiliary field ¢(x,t), a free energy
functional F[¢] and a double well potential G(¢). The auxiliary field ¢(x,¢) (also known as the
phase-field parameter) takes a value say ¢(x,¢) = 0 in one region and another value ¢(x,t) =1 in
another region and varies smoothly between 0 and 1 in the interface between the two regions. The
double well potential has minima which describes the value of ¢ in each region. In the context
of the cell, one region would mean the interior of the cell and the other the exterior of the cell.
The interface between the two regions of the cell will be the boundary of the cell. In this case
one needs to define a double well potential with two minima, such that the first minima would
correspond to the value of the phase-field parameter ¢(x,¢) inside the cell and the second minima
would correspond to the value of ¢(x,t) outside the cell. The phase-field parameter will vary
smoothly from one minima to the other across the region which represents the boundary of the
cell.

On this note, let the inside of the cell be represented by ¢(x,¢) = 1 and the exterior of the cell
by ¢(x,t) = 0. Let ¢(x,t) vary smoothly from 0 to 1 across the boundary of the cell. We note

1

that the cell membrane will be represented by ¢(x,t) = 5. To this end, we define a double well

potential and free energy functional of the form

G(9) = 18¢*(1 — ¢)*,
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Fl¢] = /Q <6|V2¢|2 + G(;b)) dx = /ﬂf(x,gb, Vo) dx, (2.4.1)

respectively where € is the width of the phase field Du et al. (2005). F[¢] is assumed to have
continuous first and second derivatives with respect to ¢. The double well potential has two
minima ¢(x,t) = 1 and ¢(x,t) = 0 which distinguish the inside of the cell from the outside. The
graph for the double well potential is shown in Figure 2.1. We consider the simple case that the cell
only possesses the interface energy (2.4.1) and assume that F[¢] has continuous first and second

derivatives with respect to ¢. The variational relation of the interface energy (2.4.1)

8¢ oF

—_— = —— 2.4.2

“or ~ op ( )
will give rise to the phase-field equation for the cell shape as shown below. Here, % is known as

P 5¢,
the variational derivative of the functional F[¢]. In two-dimensions, the variational derivative is

defined as Gelfand et al. (2000)

i (). (2.4

Following (2.4.3), the variational relation of energy functional F[¢] becomes

3(25 _0F[¢]
“aor T oo

o 2 () )2)>+Gi‘”)

(@) )
ST () ()

€
_ _Ge), % 0%
=T T T

G'le)

=eA¢p —

3

where G(¢(x,t)) is a double well potential with mimima at ¢(x,t) = 1 and ¢(x,t) = 0. The

variational relation is therefore given by

L = eAg—

“at

99 G'(9). (2.4.5)

However, in two dimension, the circle will shrink with time if we only consider the interface energy.
To remedy this, we add a term to balance the interface energy. We follow the formulation in Biben

et al. (2005); Biben and Misbah (2003) and have the following variational relation

99 _ G'(¢)
€

€5 = eAp — + ce|V|, (2.4.6)

where c is the local interface curvature given by ¢ =V - \gﬁl
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12

Figure 2.1: Double well potential for the phase-field.

The model equations for cell migration (2.3.23) can be formulated in a phase-field framework
by adding an additional equation that will track the cell shape. We will summarise the phase-field

framework for the equations governing cell migration.

Phase-field framework for cell migration model

We formulate these equations in phase-field framework where cell shape is tracked by a phase-field
@(x,t) that takes value one inside the cell and zero outside. The phase-field parameter varies
smoothly across the cell boundary, which is set by ¢(x,t) = % The equation for the cell shape is

therefore given by

% + V- (Bd) =T (eAp—G'(¢)/e + ce|VP]), x€Q, te(0,T], (2.4.7)

where 3 is the cytoskeletal velocity , I is a relaxation coefficient, ¢ is the local interface curvature
given by ¢ =V - %, € is a parameter for the interface width and G(¢) = 18¢*(1 — ¢)? is a double
well potential with minima at ¢ = 0 and ¢ = 1 representing the outside and inside of the cell
respectively. The reaction-advection-diffusion equations for myosin II and actin filaments in the

phase-field framework are respectively given by

X9 G - (6puB) = V- (6Dm(pe) Vi), x € R tE(O.T] (24.8)
XOP) L G (89uB) = DuV - (6900) + 0f (pus "), x € Q. te (0T, (2.4.9)

ot
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where Dy, (pg) and f(pa, p¥t) are the variable diffusion for myosin IT and reaction kinetics for actin

respectively and are given by

with
tOt fg ¢pa th
¢ fﬂf, Pd2y

The force balance equation is also written in the phase-field framework as

cyt __

V- (ou(X,1) + Omyo(X,t) + Opoly(x,1)) =0, x€Q, te(0,T], (2.4.10)

where
ou(x,t) = ZA(VB(x,1) + (VB(x,1)"), v e RT
OTmyo(X, 1) = 12, 0pm (x, )L, 19, € RY, (2.4.11)

Opoly (X, 1) = —n90e| Vo *pa(x, )1, 1) € RY,

where €|V@|? labels the cell periphery and e is the width of the interface.

Non-dimensionalised phase-field model for cell migration

We carry out non-dimensionalisation as before by using the following rescaled variables

L Pm o Pa e P X 5 Bt 1. 1.
= Pa= 1> Pa L X==, B=-""i=2, V=2V, A=A, (2412
=g, T K, P K, ° R p kv R - VERY | )

where 7 is the scaling factor for time and R is the scaling factor for length. Substituting the new
variables into the equation for the cell shape (2.4.7) and the reaction-diffusion equations for F-actin

and myosin II gives

10 A A
290 1T (B0) =T (580~ G(0) e+ 12lVdl) (24.13)
K, 0(¢pin - -2\ KaDj, o 2 -
?4((22 ) + kaaV : (¢pm/3) - R2 v ’ <<1_’r€(0/fa> vpm) - 07 (2414)
Kp
and
Ka a Aa - ~ 7 DaKa - = A Kg Aa2 ~C ~
T (gg ) 4 K, (qbpaﬁ) R v (¢Vpa) =9 (kaa (K2+§(22 " k“) A’ = chapa) ’

Now divide (2.4.13) by % and (2.4.14) and (2.4.15) by £« gives
00 & € 4 ,
oF FThY - (B0) = 7T (5580 = G'(0) /e + 25elV9 ).
(¢pm) ~ 7 _TDQnA ¢ = A o
o7 + TV - (¢Pm5) R2 V- 14 Kaba Vpm | =0,
and

O8e) 1 b - (00,8) = Duggs¥ - (%) = o (7 (W Fho) A = ket )

RQ
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0
respectively. Choosing Tgf”” =1 gives

0 kyR%2 . . R?
e+ 5 (80) = 1o T (A0 - G0 e+ 152l

ppm) | kR A ¢ &
o + 521 V- (¢Pm,3) -V <<1+I§§Za> VPm) =0,

and
L o Rk, [ pa” eyt ReR?
it (46.8) - (V) = o e Crrs R O
Let
= 5. a= R,
ks = RDQob, ky = RDkélkb;
h— kuR? R’k
Dy, Dy,
v=% A=E1,
and have
0 A A y e
20V (B9) =189 - AG'(9) + 141V,
APpm) | ;¢ NPAIR ¢ =)
o H 09 (00nB) =V (15705 ) Vom ) =0,
and
((bpa) ~ 7 o - AN _ k&pa .
6V (¢6uB) = dV - (6V5a) =0 ( (5 Rl efa )
Finally, for notational simplicity, we drop all hats to obtain the following non-dimensionalised
system.
¢ B ,
S BV - (68) = A6 — AG'(9) + 7elV o],
(¢pm) ¢
b m = : m |
+bV - (9pmB) =V 1+ ap, Vp
(¢pa) _ ]{73/)3 cyt
5 OV (@paB) = dV - (§Vpa) + ¢ 1+p2+k4 P —€pa )
with

tot j‘ (bpa an
cyt Q
pay (t) fn ¢dQ

Similarly, the non-dimensionalised force balance mechanical equation is given by

V- (0u(X,1) + Omyo(X,t) + Opoiy(x,t)) = 0.

where
Tmyo(X,t) = N30pm(x, 1)L, n3 € RY,
ou(x,t) = d(VB(x,t) + (VB(x,1))7),
Tpoty (X, t) = =1 VP|*pa(x, 1)L, 14 € RT,
with

2K ,n° 2K .1
m d — a .
k‘bl/o anc 7 kaQRQ

n3 =
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Parameters | « ks k4 b d e Aoy | m 4 o

Value 2.0 | 500.0 | 5.0 | 500.0 | 0.4 | 500.0 | 10 | 0.4 | 55 | 50605 | 80

Table 2.3: Non-dimensionalised parameters for the phase-field model.

We end up with the following non-dimensionalised model in €2, ¢ € (0,7] with non-dimensional

parameters values in Table 2.3.

¢ + 0V (#B) = 786 — AG'(9) +7¢| Vo],

2efnd 459 - (9pnB) = V- (1555 ) Vom)

2t 169 - (8puB) = AV - (0Vpa) + 6 (22 + k) o = cpa ). (24.16)
V- (00(%,) + Tanyo(%,) + Tpaty (x,1) = 0,

Ppa(x,0) = ¢p(x), Gpm(x,0) = ¢p),(x), at t =0,

where
P = P,
_ Vo
¢=V e
ou(x,t) = p(VB(x,t) + (VB(x,1))7), (2.4.17)

O'myo(X, t) = 773¢Pm(x7 t)I7 n3 S R+7

UPOly(Xa t) = —774¢|V¢|2:0a(x7t)1a N4 € R+a

with periodic boundary conditions.

2.5 Summary

In this chapter, we derived a viscous model for cell migration using conservation law. The model
consists of three coupled equations, namely, reaction-advection-diffusion equations for F-actin and
myosin II and a force balance equation for the actin-myosin system. The reaction-advection-
diffusion equations assume that actin changes from its active state to inactive state and vice-versa
and is advected inside the cell. Similarly, myosin II is bound to actin bundles and advected inside
the cell. F-actin and myosin II are treated as the source of active stresses and their actions of
polymerisation and contraction generate forces that drive the cell. Actin polymerisation takes
place close to the periphery of the cell and results in expansion of the cell while contraction of
myosin IT leads to the cell being pulled inwards. We also considered the actin system as a viscous
gel that exhibits the characteristics of a viscous material. At quasi-steady state, all the forces
balance off and their sum is zero. The model has three variables, namely F-actin concentration,
myosin II concentration and velocity of the actin-myosin network. Furthermore, we formulated
the phase-field framework of the viscous model by introducing a phase-field parameter. Finally,
we non-dimensionalised both models and ended up with non-dimensional parameters.

Now that we have derived the viscous and phase-field models for cell migration, we would like
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to solve them. The model equations are highly nonlinear making analytical solutions difficult to

get. We will therefore explore numerical solutions for these models in Chapter 3.
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Chapter 3

Numerical methods for the viscous

model for cell migration

3.1 Introduction

The aim of this chapter is to solve the viscous and phase-fields models (2.3.28) and (2.4.16) re-
spectively. Our models, just as in many models for cell migration, contain highly nonlinear terms
which make it impossible to obtain analytical solutions. In such cases where analytical solutions
to mathematical problems are difficult to get, numerical methods serve as good choice to obtain
the approximate solutions to the problems. Numerical methods for partial differential equations
consist of two parts: a space discretisation to transform the system of partial differential equations
into a system of ordinary differential equations and a time discretisation to transform the system
of ordinary differential equations into a system of algebraic equations which can be solved using
different techniques of linear algebra.

There are many numerical methods that have been developed and widely used to study different
problems. When choosing a particular numerical method to solve a given problem, one may
consider the ease in applying the method to the problem being solved, the ability of the method
to generate accurate results in comparison to other numerical methods and the robustness of the
numerical methods. Space discretisation include finite differences Morton and Mayers (1998);
Mitchell and Griffiths (1980), finite elements Siili (2007); Reddy (1993), boundary elements Hall
(1994); Brebbia (1980) among others. Finite differences have been used in different modelling
aspects for example in solving problems in phase-fields Camley et al. (2013); Crampin et al. (1999);
Shao et al. (2010, 2012). Their main advantages are that on fixed domains with simple geometries,
they are simple to apply, easy to implement and can be easily parallelised Morton and Mayers
(1998). However, their application to irregular domains which are continuously changing is usually
non-trivial Madzvamuse et al. (2005). In such situations, finite elements are usually good choice.
The moving grid finite element method was introduced to solve partial differential equations on

complex evolving domains and has been applied to compute solutions of reaction-diffusion equations
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in continuously deforming domains Madzvamuse et al. (2003, 2005); Madzvamuse (2006). In this
thesis, it is sufficient to use finite differences and finite elements to discretise the domains.
Several time discretisation have been used to obtain solutions for partial differential equations
on both stationary and evolving domains. Fully explicit methods require very small time steps
which result in computations that are expensive especially when it comes to multi-dimensions
while fully implicit schemes require some special linearisation techniques as shown in Madzvamuse
and Chung (2014). Ruuth (1995) and Madzvamuse (2006) presented different IMplicit-EXplicit
(hence IMEX) schemes. The key essence of these schemes is that an implicit scheme is applied to
approximate the diffusive term and an explicit scheme is used to approximate the reaction kinetics.
We will explore the second order semi-implicit backward differentiation formula (2-SBDF) scheme
in this thesis. The 2-SBDF is an example of IMEX schemes. We begin by reviewing the theory of

finite elements and then apply it to solve the viscous model.

3.2 The finite element method

3.2.1 Theory of the finite element method

We begin by summarising the main attributes of the finite element method for a partial differential
equation of the form
ou

5 = Lu (3.2.1)

where L is a differential operator containing u and its spatial derivatives and is in general nonlinear.
For such problems, exact analytical solutions are not very trivial to get and therefore numerical
techniques are usually sought in order to find the approximate solution to the problem. The basic
idea behind the finite element method is to discretise the given continuous problem with infinitely
many degrees of freedom to obtain a discrete system of equations with a finite number of degrees of
freedom. The discretisation process begins with the reformulation of the given partial differential
equation (3.2.1) to an equivalent weak form over some space V' which we will define shortly. We
multiply (3.2.1) by a test function v € V and apply Greens theorem (2.2.7) to have the following
problem: find u € V such that

(v, E) = (v, Lu), for allv e V (3.2.2)

where
(u,v) :/ uv d€y, (3.2.3)
Q¢

is the Lo-inner product. To obtain a problem that can be solved numerically, we replace the space
V by a finite-dimensional subspace V}, and seek both the approximate solution and test function
v in this space. We get the following finite-dimensional problem: find u" € V}, such that

h auh

(" =) = (v", Lul), for all v" € V3. (3.24)

Next, we will subdivide the domain into sub-domains K; and define a triangulation 7, to be a

finite union of the K; and seek approximate u” as a linear combination of a basis function of the
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space V. In order to carry out the weak formulation and obtain the semi-discrete problem, we
need to define the space with which to require the solution and also what sort of derivative to use.

We define them below.

Spaces and norms

Let N denote the set of non-negative integers. An n—tuple
a=(ag,..,a,) € N?

is called a multi-index and its length is given by |a| = a1 + ... + .

L,(€;) space

Let ©Q, C R? be an open, bounded and continuously deforming domain with boundary 92, and

let p > 1 be a real number. We define a space of integrable functions L,(€;) on €, by
L,(Q) = {u(x,t) a measurable function : / | u(x,t) |P d < oo for x € Q, t € (O,T]} .
Q

The space L, (€2;) is equipped with the norm

1
lulle, 2 = ( [ luor dnt)

For p = oo, the space Lo (£2:) is equipped with the norm

[l () = ess:supygyeq, | u(x:1?) |,

where ess.supy(y)eq, | u(%,t) | denotes the essential supremum of | u(x,?) | Siili (2007).

Sobolev spaces

Having defined the L,(€;) space, we now introduce a class of spaces which play an important role
in the theory of the finite element method. Suppose that u(x,t) is a locally integrable function
defined on €2; and suppose also that there exists a function we (x,t) also locally integrable on €2,
such that
/ We (%, 1) - v(x,1)d = (—1)I] / u(x,t) - D*v(x,t)dQ; for all v(x,t) € Cg°,
Q Q

then we say that wq (%, 1) is a weak derivative of the function u(x,t) of order || = a1 +...4+a;, and
we write wq (X,t) = D%u(x, t) Siili (2007). With this, we give an explicit definition of a Sobolev

space. Let k be a non-negative integer and suppose that p € [1, co] then
WE(S) = {u € L () | D*u(x, t) € L,(€), |o] <k}

is called a Sobolev space of order k Siili (2007). This space is equipped with the norm

p

lullwe@n = | 32 ID*u(x,IF g, | + fori<p<oc,
|x|<k
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and

[ullwe (@) = Z IDYu(x,t)||L.(e,), Whenp = oco.
la|<k

An important case is when p = 2 which is a Hilbert space W5 (£2;) commonly denoted by H"(€2,)

with inner product

(u, v)r(q,) = Z (D%u(x,t), D*v(x,t)).
lee|<k

Throughout this thesis, we will only be interested with the case k = 1, that is, the case H! (£2;). We
let V = H(Q;) and define a conforming finite element space by Vj, € V = H(£;). The solution
u” is known as the weak solution of the partial differential equation (3.2.1). A summary for finite
element method is therefore to seek solutions of partial differential equations in the Sobolev space
Hl(ﬂ,g)7 discretise the domains using triangular or quadrilateral elements and seek solutions only
in a finite dimensional space V},.

To determine the values of the finite element approximate solutions to the semi-discrete problem
(3.2.4), it remains to integrate the system of ordinary differential equations in time. There are two
broad approaches to time-stepping, namely explicit and implicit methods. The simplest example
of an explicit method is the forward Euler method. The forward Euler method for (3.2.1)is given
by

uvn+1 —um

= Lu”, (3.2.5)

T

t"*+1 respectively and

where 7 is the time-step size, 4™ and ©”T! are the solutions at time t" and
7 ="t — " This method is conditionally stable Morton and Mayers (1998). For a moderately
small mesh size h, this method requires very small time steps. This can be very restrictive. To
avoid such restrictions, implicit methods are a natural choice Morton and Mayers (1998). There

are two broad implicit methods, namely the backward Euler method and the trapezoidal rule. The

backward Euler method for the partial differential equation (3.2.1) can be expressed as
= Lu"Th (3.2.6)

while the trapezoidal rule can be written in the general form as

un+1 _ un

= % (Lu™ + Lu™T). (3.2.7)

T

Both the backward Euler and trapezoidal rule are stable regardless of the time-step. For general
linear diffusion problems, the implicit methods are unconditionally stable. The backward Euler
method is a first order scheme in time while the trapezoidal rule is a second order scheme in time
Morton and Mayers (1998).

Now that we have defined the space on which to seek solutions from, namely, Hl(ﬂt), we are
in a position to solve the viscous model (2.3.28). We take for illustrative purposes the well studied
Schnakenberg model and then construct its numerical solvers. The rationale behind is that a lot
of analytical results are known for the Schnakenberg model close to bifurcation points through the
use of linear stability analysis. Once we have validated that our finite element solver is working
for such complex nonlinear reaction-diffusion systems, we will then apply the solver to our original

viscous model. It must be noted that reaction kinetics are a key component of the viscous model.
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3.2.2 The Schnakenberg model

A lot of studies on reaction-diffusion equations on different domains with different reaction kinetics
have been done and are well understood Turing (1952); Murray (2002); Schnakenberg (1979);
Madzvamuse (2000, 2006); Madzvamuse and Chung (2014); Chung (2016). In particular, reaction-
diffusion equations with Schnakenberg reaction kinetics have been considered and are well known
on both stationary and evolving domains Schnakenberg (1979); Murray (2002); Madzvamuse et al.
(2005); Madzvamuse (2000); Chung (2016). For illustrations, we only consider the Schnakenberg
model on a stationary domain and construct its numerical solvers. We note that this solver can
be extended to include the terms that come as a result of domain growth when one is considering

model equations on evolving domains.

Model equations on a stationary domain

Let © be a convex and stationary domain with Lipschitz boundary 8 and let I = (0,7] be some
time interval. For illustrative purposes, we consider the well known Schnakenberg reaction kinetics

and have the following model equations on €

%—Auzv(a—u—i—u%) =vf(u,v), x€N, tel,

%—dAv:’y(bfu%) =7vg(u,v), x€N, tel,

u(x,0) =u'(x), x€N, t=0,
(x,0) ) (3.2.8)

u—0, xe N, tel,

v(x,0) =1%(x), xeQ, t=0,

=0, xedN, tel,

for concentrations u(x,t) and v(x,t) with a, b, d and v being some real positive constants. Here, d
measures the ratio of the relative diffusivity of the v to u variables while v measures the strength
of the reaction. For this system, we have chosen homogeneous Neumann boundary conditions on
the entire boundary and initial conditions will be chosen to be small random perturbations about

the steady state

(i, 9) = (a +b, (a+bb)2> : (3.2.9)

Conditions for diffusion-driven instability

We derive briefly the conditions for diffusion-driven instability as showed by Turing (1952). In the
absence of diffusion, (3.2.8) becomes

ou ov
i ~vf(u,v) and T ~vg(u,v). (3.2.10)

Define |£] < 1 and |n| <« 1 such that (u,v) = (4 + &, 0 +n) where (4,9) is a homogeneous state of
(3.2.10). Then linearising (3.2.10) about the steady state (u,?) gives

ou 8¢

Ol =% =4 fu B} (€ (3.2.11)

o 2]
S ¢ Gu Gv) \M
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where the derivatives of f and g are evaluated at the equilibrium point (@, o). Here, we note that
in deriving (3.2.11), we have ignored the second order and higher order terms of ¢ and 7. By

calculation, it can be shown that the equilibrium point (@, ?) is linearly stable provided

fut 90 <0 and fugy — fogu >0, (3.2.12)

where the derivatives are evaluated at the equilibrium point (3.2.9) Murray (2002). If one then
allows spatial in-homogeneity, it is possible that the system evolves to an inhomogeneous steady
state. This phenomenon is described as diffusion-driven instability or Turing instability Turing
(1952); Murray (2002). We now consider the model in the presence of diffusion, i.e

Ay =~(a —u+u0) = vf(u,v),
ot gl ) i=f(wv) (3.2.13)

3 — dAw = y(b — uv) := yg(u,v),
and investigate under what conditions the equilibrium point (@, ©) becomes unstable when diffusion

is added. Let ¢ = (¢,1)T and

u  fo 10
J:ff’D: 7

Gu  Gv 0 d
where the derivatives have been evaluated at the equilibrium point (@, 9). Linearising (3.2.13)
about the equilibrium point (%,?), we obtain

¢
5= vJ¢ + DAL, (3.2.14)

with homogeneous Neumann boundary conditions Murray (2001). The partial differential equation

(3.2.14) can be solved by separation of variables to get
Cxt) = > creMG(x). (3.2.15)
k

For each k, cj represents the vector of Fourier coefficients and (i is the eigenfunction of the

Laplacian Murray (2001), that is, it satisfies
V3G + ke = 0, (3.2.16)

with zero flux boundary conditions

(n-V)( = 0. (3.2.17)

Substituting (3.2.15) and (3.2.16) into (3.2.14), we obtain the following eigenvalue problem for
each k
(ML —~J + DE?)c), = 0, (3.2.18)

where I is the identity matrix. As we require nontrivial solutions for cg, the following must be
satisfied Murray (2001)
ML — 4J 4+ DE?| = 0. (3.2.19)

It can be shown that A = \(k?) satisfies the following dispersion relation

A+ b(k?) + c(k?) =0, (3.2.20)
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where

b(k*) = k*(1 +d) —v(fu + 90), (3.2.21)

c(k?) = dk* — y(dfu + gu)k* + 7 (fugo — fogu)- (3.2.22)

We note that the condition (f, + g,) < 0 implies that b(k?) > 0 for all k2. For diffusion-driven
instability to occur, one of the roots of (3.2.20) must have ReX(k?) > 0 for some k% > 0. We see
that ReA(k?) > 0 only when c(k?) < 0 for some k? > 0. Since the equation (3.2.22) is quadratic

in terms of k2, we can show easily that c¢(k?) < 0 for some k% > 0. This is possible if and only if
dfy, + g, >0 (3.2.23)

and
(dfu + gv)2 - 4d(fugv - fvgu) > 0. (3224)

Therefore the conditions for diffusion-driven instability can be summarised as follows Edelstein-

Keshet (1988); Murray (2001); Madzvamuse (2000): In the absence of diffusion
Ju+ 90 <0 and fugy — fogu >0, (3225)

and adding diffusion

dfy + g» >0 and (df, + gv)? — 4d(fugv — fogu) > 0, (3.2.26)

where the derivatives have been evaluated at the equilibrium point. The choices a = 0.1, b = 0.9,
d =10 and v = 29 will lead to diffusion-driven instability Madzvamuse (2000). For linear stability

analysis of this model, we make reference to Murray (2002); Madzvamuse (2000).

Numerical methods

Due to the non-linearities in the Schnakenberg model (3.2.8), its analytical solution is not readily
available and therefore we seek its numerical solutions using the finite element method. The finite
element method is based on the idea of dividing a domain into sub-domains such that the whole
domain is approximated as a collection of these sub-domains. These sub-domains are known as
elements while their vertices are called nodes. The model equations are then described on each
element and solution is approximated over the elements by polynomials in terms of values at
the nodes and then assembled at the nodes to form an approximate system of equations for the
entire domain. For time dependent problems, this formulation renders the problem into a system
of ordinary differential equations and therefore a time discretisation is required to transform the
system of ordinary differential equations into a system of algebraic equations which when solved
gives values of the unknown quantities at the nodes. This temporal discretisation is often achieved
using finite differences. The finite element method therefore involves the following steps: derivation
of weak formulation of the partial differential equations, the finite element spatial discretisation to
obtain a system of semi-discrete equations and a temporal discretisation to obtain fully discrete

equations.
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‘Weak formulation

To derive the weak formulation of the reaction-diffusion equation (3.2.8), we multiply each of the

equations by a test function say 1 (x,t) € H*(Q2) and integrate over  as follows

/ w@dﬂ — / Y AudQ = 7/ ¥ (a—u+uv)d, (3.2.27)
o Ot Q Q
and
/ ¢@dﬂ — d/ PAvdQY = 'y/ P (b — u2v) dsd. (3.2.28)
o Ot o I
ou ov

Now we apply Green’s formula to the above equations and use 3= = g2 =0 on 9% to arrive at

the following weak formulation: find u(x,t),v(x,t) € H' (), t € (0,7] such that

Jo@2edQ + [, Vi - VudQ = v [ 9 (a — u+ u?v) d,

Jo2edQ+d [ Vi - Vod =7 [ ¢ (b— u?v) dS2,

(3.2.29)

for all ¥(x,t) € H(Q).

The finite element spatial discretisation

Let Qp be the computational domain which is a polyhedral approximation to 2. We define T}, to
be a triangulation of €25, made up of non-degenerate rectangular elements K; such that T, = {J,; K.
We call each K; an element of the mesh T} where h is the diameter of the largest element. For
the mesh T}, we require that it is made up of a finite number of elements and the elements must
intersect along a complete edge, or at a vertex or not at all. We carry out the space discretisation
using quadrilateral elements and seek a piece-wise linear approximation of the solution. To this

end, we define the finite element space V;, ¢ H'(€;) by
Vi, = {vn € C°(Q) : wp|x is linear } (3.2.30)

We will seek solutions of the Schnakenberg model in this space. The discretised version of the
weak forms of the reaction-diffusion equations above therefore reads: find u”(x,t),v"(x,t) € Vj

such that

S, "G d + [o, VO Vutd =5 [, ¥* (a = ul + (uh)20h) d€,

(3.2.31)
h
Ja, Yh oAy, + d Ja, vyl - VoldQy, =~ Ja, P (b — (uh)?oh) dQ,

for all ¥ € V,. Since V}, is a linear space, it must have a basis. We introduce the basis function

¢i(X) €EVy, 1=1,2,..., Ny (3232)
such that
1 ifi=y,
bi(p;) = (3.2.33)
0 if i # 3,

where p; is the jth nodal point of the mesh. The basis function ¢;(x) is called piece-wise linear

finite element nodal basis functions. We seek to find the finite element numerical approximations
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ul(x,t),v"(x,t) € V}, expressed as linear combinations of the linear nodal basis functions ¢;(x) as

follows

Ny, Ny,
ul(x,t) = Z U;(t)¢;(x) and oM(x,t) = Z V;(t)o;(x), (3.2.34)

where U;(t) = u"(p;,t) and V;(t) = v"(p;,t). Without loss of generality, we replace the test
functions " (x,t) by ¢;(x) € Vi, i = 1,2, ..., N and have the following equations:

Z/ 0 0(x >ddt dzdy +Z/ | Vi) - Vo, (x) U(t) dody =
Ny,
va [ [ ot daay =33 [ [ o) 05 600;00) dody
Ny, 2 Ny,
+7 / ¢i(x) (Z ¢;(x)U; <t>> > dk(x)Vi(t) dady,
2 j=1 k=1
(3.2.35)
and
Np,
Z// 5129 650 T2 [ V0i6x) - 90,0) V() oy =
Np
w [ [ 610) dady / /n 60 (;@(x) ) Zm 1) dady,
(3.2.36)

respectively, for all ¢ = 1,2,..., N, and x = (z,y). Integrating over the whole computational

domain €2, gives rise to the following semi-discrete equations

du(t) = ~vaH —
M=~ + AU(t) = yaH — yMU(t) + 7C(U (1), V (1)), (3.2.37)

MY L JAV(t) = bH — vC(U(1), V(1))

where U(t) = (Ui(t),Ua(t),...,Un, (1)1 and V(t) = (Vi(t), Va(t), ..., Va, (t))T are the solution
vectors. The matrices M and A are the global mass matrix and the global stiffness matrix while

the vectors H and C(U(t), V(t)) are the global force vector and the non-linear vector corresponding

2

to the term u“v respectively. Their entries are

M = {mi;}: mij = [ [, ¢i(x) - ¢;(x) dudy,

A ={a}: ay=[[q, Voi(x) - Vo;(x) dzdy.

H={h}: hi=[ [ ¢ix) dedy,

C=fe): e[ fo, 000 (S0, 0,005 (0) (S22 (Vi (1)) ddy,

(3.2.38)

respectively for all 7,7 = 1,2,..., N;. We note that the matrices M and A are symmetric and

positive definite.
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Time discretisation

So far we have computed the spatial approximation and ended up with two semi-discrete ODEs.
We are now in a position to approximate the system of ODEs in time using finite difference formula
for the time derivatives.

We subdivide the time interval [0,7] into N uniform subdivisions each of length 7 = % We
denote the initial time by t° and the final time by ¢". Any intermediate time is denoted by #".
For the interval [0, 7], we have t° = 0 and ¥ = T. Any point in this interval is therefore given
by t" = nr and the size of each time interval is 7 = t"*! — ¢". Next, the derivatives with respect
to time are approximated by finite differences. As was discussed in Chapter 1, we propose to use
the second order semi-implicit backward differentiation formula (2-SBDF) as outlined in Ruuth
(1995); Madzvamuse (2006) to (3.2.37). This scheme treats the diffusion terms implicitly and the

reaction terms explicitly at time ¢” and t"~! as follows

M <3Un+1742~5—]n+Un—1) 4 AU — oF” _ Fn717

M <3vn+1_4vn+vnfl) + dAVn+1 —2Q" — G”_l,

2T

where 7 is the time-step and F”, F"~! G" and G" ™! represent the discretised reaction kinetics

and are shown on the right hand side of (3.2.37). We therefore have the following

M <3Un+174Un+Un_l) + AU =2(yaH — yMU" +yC(U", V"))

2T

—(vaH — yMU" ! +7C(U" 1, V™),

M (BVESEVEL) L GAVTT = 9(30H - 4C(U, V™)

2T

—(yPH —4C(U" 1, Vi),
Collecting similar terms and rearranging the equations give the following system of linear equations:

3M + 27A) U™ = AMU"™ — MU 4 27yaH + 2ryMU" !
(3.2.39)
—27yC(U™ L, V") — 47y MU™ + 477 C(U™, V"),
and

(3M + 27dA) V™! = AMV"™ - MV""! 4 2rbH
(3.2.40)
+ 2y C(U™ L, V™ — 4y C(U™, V™).

Here we notice that we need solutions at both times ¢ = ¢ and ¢t = t"~'. Solutions for the last two
time-steps will therefore need to be stored. To start with, we will use a one step backward Euler

method with the reaction terms treated explicitly to solve for the U and V! solutions as follows

(M +7A) U = MU° + 77a¢H — 77yMU° + 77C(U°, V?),
(M + 7dA) V! = MV° + 790H — 77C(U%, V).

and then proceed with the 2-SBDF for all the other time-steps.
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Gaussian quadrature formula

So far we have discretised the space and time and obtained fully discrete system of equations for
the Schakenberg model (3.2.8). Before we can solve the system of equations, we will further need
to obtain the discrete form of the integrals in the matrices and vectors that we have already set up,
namely the mass and stiffness matrices, the global vector and vector representing the non-linear
term of the reaction kinetics. To implement the discretisation, we use deal.II library Bangerth
et al. (2007). Let us begin by reviewing Gaussian quadrature formula very briefly. Consider the

canonical quadrilateral element K = [~1,1] in Figure 3.1.

~

(_17_1) (1,—1)

Figure 3.1: The canonical quadrilateral element K.

We write the Gaussian quadrature formula for the function g(&,n) on the canonical quadrilateral

element K = [—1,1]? shown in Figure 3.1 as

(3.2.41)

where w;, w; are the quadrature weights and ;, 7; are the quadrature points in £ and n directions
respectively. Here, we have used N quadrature points in each direction. For a general quadrilateral
element, we first need to transform it to the canonical element and then apply the quadrature
formula (3.2.41). We consider the general quadrilateral element K in Figure 3.2 with straight

boundary lines and vertices (z;,y;), ¢ = 1,2,3,4 arranged in anticlockwise manner.



Y (-7?3, 113)

(z4,94)

~

(w2,92)

(z1,91)

Figure 3.2: A general quadrilateral element K.

To evaluate the integral

I= //K F(z,y) dzdy,

we first define the nodal shape functions on the canonical quadrilateral element as follows:

$1(6,m) = (1 =91 —n),
$2(&m) = 11+ 91 —n),
a(&,m) = $(1L+&)(1 +n),
Ga(€,m) = F(1 =&)L+ 7).

We note that ¢; takes value 1 at the vertex (=1,-1) and 0 in all the other vertices, b5 takes value
1 at the vertex (1,—1) and 0 in all the other vertices, @3 takes value 1 at the vertex (1,1) and 0 in

all the other vertices and ¢, takes value 1 at the vertex (—1,1) and 0 in all the other vertices and

4
> dil&m) =1
i=1
We then construct a linear mapping to map the general quadrilateral to the canonical element
R = [-1,1)? as shown in Figure 3.3.

A

(-7?47 ?/4)

Transformation

) ) 5
(z2,92)

('7"1:,7/1) (_17_1) (17_1)

~

Figure 3.3: Transformation of a general quadrilateral into the canonical quadrilateral element.
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The mappings can be achieved conveniently by using the nodal shape functions as follows
- P(E’T]) = Z?:] xiéi(faﬁ%
4 .
Yy = Q(ﬁ,n) = Zizl yz@(fﬂ?)
With this transformation, we write the integral I as

I= / F(z,y) drdy = / F(P(€.m), Q(E.m)|3(&,m)| dédn,
K K

where |J(£,n)] is the determinant of the Jacobian of transformation written as

oz Oz

_|9¢ Onm
|J(&,n)| = oy oyl
8¢ om

Applying the quadrature formula (3.2.41) yields

- /K Fla,y) dudy = / F(P(E.n), Q€. n)|3(€, )| dedn

~ZZWJ P(&), Qs )T sy,

i=1 j=1
which is the Gaussian quadrature formula for a general quadrilateral element. Having reviewed the
quadrature formula, we now write down the discrete versions of the integrals (3.2.38). We split the
integrals over the entire domain into integrals over each cell K; and over each cell, discretisation
of the integrals are done. This is achieved by mapping back to the reference cell K where all
the integrations are carried out. The global matrices and vectors will therefore be given as the

contribution over each cell as shown in the equations below

my =y /¢z

KeQy

= /¢z )3 i (X)|dK (3.2.42)
KeQy,

= DD dilk) - b (Ra) [T ke (Rg) W%y,
KeQy q

where (%,) is the qth quadrature point on the reference cell K and w(%,) is the corresponding

weight. Similarly, for the stiffness matrix A, we have

Qi = Z /V(bz ng](x)dK

KeQy,

- / VIR (Ry) - Vs (0I5 (ko)1 e ()R (3.2.43)
KeQy,

= N N Vi) I (%) - Vi (k)T (R T (%)W (%),
KeQy, ¢q

for the global vector H, we have

Ke”h Ke“h (3.2.44)



and for the vector C, we have

Nb Np
=y /K (%) Zcbj(x)Uj(t) (quk(x)vk(t)) dK

KeQy, k=1
Ny, 2 Np,
=Y / ¢i(%) | Y b, (X)U;(t) <Zq$k(5<)vk(t)> 1Tk (X)|dK (3.2.45)
Keq, 'K j=1 k=1
Ny, 2 Np,
= D) dilxg) [ D6 (x)U;(1) <Za§k(f<q)Vk(t)> Ik (Xq)|W(Xq)-
KeQy, g Jj=1 k=1

To implement the discretisation, we use deal.Il library Bangerth et al. (2007) which is an efficient
finite element library written in C++ language. It is an open-source library and provides tools
to solve problems that specifically use the finite element method. We note that both the mass
and stiffness matrices M and A respectively are large, sparse, symmetric and positive definite.
A sparse matrix has very few nonzero entries. This suggests that the classical direct methods
for solving these systems will not be efficient. Iterative methods are therefore the best option
Saad (2003). By iterative methods, we refer to a wide range of techniques that use successive
approximations to obtain a more accurate solution to a linear system at each time step. Here, we
will use iterative methods that use pre-conditioners. The rate of convergence of an iterative method
depends greatly on the spectrum of the matrices, that is, the rate of convergence depends on the
condition number of the matrices M and A Saad (2003). A pre-conditioner is a transformation
matrix that when applied to the matrices M or A will give rise to a more favourable spectrum of the
resultant matrices Barrett et al. (1994); Madzvamuse (2000). Therefore a good pre-conditioner will
improve the rate of convergence of the iterative method Barrett et al. (1994). Since the matrices M
and A are both symmetric, Equations (3.2.39) and (3.2.40) can be solved using a preconditioned
conjugate gradient method (PCG) Saad (2003). This method requires that the matrices M, A and
preconditioners be symmetric and positive definite. For these matrices, we will choose the diagonal
matrices diag(3M + 27A) and diag(3M + 27dA) as the pre-conditioners Saad (2003). Since both

matrices M and A are symmetric and positive definite, so are the diagonal matrices.

Numerical simulations

We now present some numerical simulations for the Schnakenberg model. For our simulations,
the domain € is the unit disk. We discretise the unit disk into 5120 quadrilaterals (elements)
with 5185 degrees of freedom. The initial data is chosen to be a random perturbations from the
equilibrium points (3.2.9). In all the simulations, we choose parameters as displayed in Table 3.2.
To check the stability, consistency and convergence of the numerical solutions of the model, we
verify computationally that the errors between successive finite element approximate solutions
decay with time and that the numerical solutions are bounded. We do so by computing the Lo-

pt oyt ||. For

T

norm || W%“n || for the solutions of the « variable and similarly for the v variable |

comparison of the numerical results to results from linear stability analysis, we refer to Murray

(2002); Madzvamuse (2000); Chung (2016); George (2012). The simulations were allowed to run
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Figure 3.4: Solutions for the u variable of the Schnakenberg model using a 2-SBDF scheme with
7 =2 x 1073, Blue signifies lowest values while red highest values. (a) Initial condition as random
perturbations about steady states for the u variable and (b) solution at a final time step ¢ = 10
showing convergence to an in-homogeneous steady state. Parameters values used are a = 0.1,

b=0.9,d=10 and v = 29.

until a spatially in-homogeneous steady state was reached as shown in Figures 3.4, 3.5 and 3.6.
At each time step, we carry out multiple iterations and terminate computation subject to the
condition that

||uk'|r1 — uk||2 < Tol,

where k is number of iterations and (Tol) is some acceptable tolerance between two successive
iterations. We chose different time-step sizes and compared the Lo-norm ||”"+1+“n|| for the solu-

Furthermore, for a particular 7, we

tions for u variable and similarly for the v variable || M II.

varied the mesh size and compared the Lo-norm. To check the stability region, we computed the

relative error given by

Z |Un+1 _ Un|2
SO

Relative error = (3.2.46)

at the final time ¢ = 10 and displayed the results in Table 3.1. We also varied the parameter vy
and plot the solutions in Figure 3.6. We plot the graph for the Ly-norm with time as shown in
Figures 3.7 and 3.8.

Discussion of the numerical results

The simulations began with initial conditions as random perturbations about the steady states
(3.2.9). Simulation was allowed to run until time ¢ = 10 which was long enough to achieve spatially
varying steady states for the variables v and v. The Lo-norm is related to the rate of change of

the variables. We note that the Lo-norms decay with time indicating convergence of the numerical
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Figure 3.5: Solutions for the v variable of the Schnakenberg model using a 2-SBDF scheme with
7 =2 x 1073, Blue signifies lowest values while red highest values. (a) Initial condition as random
perturbations about steady states for the v variable and (b) solution at a final time step ¢ = 10
showing convergence to an in-homogeneous steady state. Parameters values used are a = 0.1,

b=0.9,d=10 and v = 29.

Time-step 7 No. of time steps Relative error ”“M%n”
2.0 x 1072 500 0.157128 518.582
1.85 x 1072 540 0.00239478 3.81838
1.82 x 1072 550 8.79775 x 10~7 0.00522085
1.33 x 1072 750 2.58141 x 107 0.00141715
1072 1,000 2.34805 x 1077 0.00171531
2.0x 1073 5,000 6.51356 x 10~8 0.00237928
1073 10,000 3.30758 x 1078 0.0024164

Table 3.1: Convergence of the u variable using the 2-SBDF scheme at different time steps 7 showing

the effects of time-step refinement on the magnitudes of errors.
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Figure 3.6: Solutions for the u variable of the Schnakenberg model with 7 = 2 x 1073, a = 0.1,

b=10.9,d=10 and (a) v = 29 and (b) v = 100 showing convergence to in-homogeneous steady

states. Blue signifies lowest values while red highest values.
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Figure 3.7: Convergence history of the simulations of the Schnakenberg model using a 2-SBDF

scheme for the u variable with time refinements.
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Figure 3.8: Convergence history of the simulations of the Schnakenberg model for the v variable

with mesh refinements.

a b d y
0.1 0.9 10 29, 100

Table 3.2: The parameters for the Schnakenberg model.

solutions. We observed three key phases in the numerical process as shown in the plots for the
Lo-norm. These are initial decay, followed by growth and then again decay as the solution converge
to the spatially varying steady states. There was a significant effect of time-step refinement on the
numerical solutions and the magnitudes of errors as seen in Table 3.1 and Figure 3.7. There was
no significant effect of mesh refinement on the numerical solutions.

Our results validate the theoretical results of diffusion-driven instability (Turing instability)
which states that in the absence of diffusion, equilibrium point (3.2.9) is linearly stable provided
that condition (3.2.12) is satisfied but if one then allows spatial inhomogeneity, it is possible
that the system evolves to an in-homogeneous steady state. We began with initial condition as
random perturbation about steady states for both the u and v variables and solutions evolved to
in-homogeneous steady states. For diffusion-driven instability to be achieved, parameters need to

be selected from a space called Turing space Murray (2002).

Summary

We have considered the well known Schnakenberg model. We derived the conditions for diffusion-
driven instability as indicated in Murray (2002); Turing (1952); Madzvamuse (2000). Since the

model is highly nonlinear, we went ahead and sought numerical solution using finite elements.
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We dealt with the weak formulation of the model, then described the standard finite element
method. In our case, we used the Galerkin method which uses the same space of functions for
both the approximate finite element solutions and the test functions. The construction of the finite
element method was done using quadrilateral elements to discretise the space. To discretise the
time, we used the 2-SBDF method. The resulting discrete system of equations was solved using
preconditioned conjugate gradient method. The solution for the discrete system is the approximate

solution of the v and v variables.

In summary, our results validate the theoretical results of diffusion-driven instability which
states that in the absence of diffusion, equilibrium point (3.2.9) is linearly stable provided that
condition (3.2.12) is satisfied but if one then allows spatial inhomogeneity, it is possible that the
system evolves to an in-homogeneous steady state. We began with initial conditions as random
perturbation about steady states for both the w and v variables and solutions evolved to in-
homogeneous steady states. Now that we have demonstrated that our solver works for the standard

and well known Schnakenberg model, we apply it to the viscous model for cell migration.

3.2.3 The viscous model for cell migration

In this section, we aim to solve the full model for cell migration that was formulated in the previous
chapter. We will use the unit disk as our domain representing the cell at the initial time. We will
apply the finite element method that we discussed to discretise the space and the second order
semi-implicit backward differentiation formula (2-SBDF), see Ruuth (1995); Madzvamuse (2006)
for the time discretisation to transform the system of partial differential equations to a system of
algebraic equations. We will first consider the model equations on a stationary cell and solve the
biochemical model for F-actin and myosin II. Once we have solved the biochemical model, we will
incorporate the force balance equation in order to solve the full model for cell migration. We begin

by rewriting the non-dimensionalised viscous model for cell migration.

The non-dimensionalised viscous model for cell migration

Y 4 bV - (pfB) = V - ((ﬁ) me), x €y, te(0,T],

2
a(;;“ + bV - (paB) = dAp, + (fj’_pp‘% + k4) PVt —ep,, x € Qy, t€ (0,7,

V- (ou(X,t) + Omyo(X, 1) + Opory(X,t)) =0, x€ €y, t € (0,T],
(ou(x,1) yo(X,1) + Tpoty (X, 1)) t (0, 7] (3.2.47)

pa(xao):pg(x)v Pm(Xzo):Pgn(X)v x €y, t=0,

o, -n=0, x€dQ, te (0,7,

Opa — Oom — (), x € Y, te(0,T),



o1

ith
W1 ot tut fn Pa AU
() = W’

Omyo(X,t) = mpm(x,t)I, m € RT,
GV(Xv t) = V/@(X? t) + (V,@(X, t))Tv

Upf’ly(x7t) = *772pa(xv t)5(1)17 M2 € RY.

(3.2.48)

Biochemical model for F-actin and myosin II

We consider a stationary domain £ C R? representing the cell. This means that we consider the

case B(x,t) = 0 in (3.2.47). The reaction-diffusion equations for actin-myosin system on 2 now

reads
O _ . ((HM )me), xeQ, te(0,T],
pm(x,0) = pp,(x), x€Q, t=0, (3.2.49)
9m =0, x €89, te(0,T],
and
%e = Ay + (28 + k) pV" — epay X ER, L€ (0,T)
pa(x,0) = pO(x), x€Q, t=0, (3.2.50)
% _ 0 xean, te(0T)
with

cyt _ *Of fQ Pa s

which is the biochemical model for myosin IT and F-actin respectively.

Weak formulation for the reaction-diffusion equation on a stationary domain

To derive the weak formulation of the reaction-diffusion equation (3.2.49) and (3.2.50), we multiply

by a test function say 1 (x,t) ¥2(x,t) € H(£2) respectively and integrate over €2 as follows

Opm
/ Y1— p dst = / V1V - (Din(pa)V o) dS2 (3.2.51)
apa cyt
tag td = | (d2Dpa+taf(par p")) A (3.2.52)
Q Q
Now we apply Green’s formula to the above equations and use % =0 and %’i;’ =0 on 99N.

This gives the following weak formulation: find py,(x,t), pa(x,t) € H (), t € (0,T] such that

/ Y1 ap A = / Do (pa) V1 - VprndS2, (3.2.53)
IR ‘9”“ 4= [ (~dVuz-Vou +baf (o) A (3.2.54)
for all ¥4 (x,t), a(x,t) € Hl(Q), where
Dope) = T
f(pa, p¥") = (ﬁi‘; +k ) Pt — €pa,

pcyt _ tOt fﬂ Pa s
@ fn dQ? '
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Space discretisation

To be able to apply a numerical method, the continuous domain needs to be discretised and
only be defined at some finite number of points. We do this by using finite elements which is
well adapted even for irregularly-shaped domains. Let €25 be the computational domain which is a
polyhedral approximation to 2. We define T} to be a triangulation of € made up of non-degerate
rectangular elements K; such that T}, = J, K;. We call each K; an element of the mesh T}, where
h is the diameter of the largest element. For the mesh T}, we require that it is made up of a finite
number of elements and the elements must intersect along a complete edge, or at a vertex or not
at all. The space discretisation is carried out using quadrilateral elements and a piece-wise linear

approximation of the solution is sought. We define the finite element space Vj, ¢ H' () by
Vi, = {vh € C%Q) : wylk is linear} (3.2.55)

We will seek solutions of the reaction-diffusion equations (3.2.49) and (3.2.50) in this space. The
discretised version of the weak forms of the reaction diffusion equations above therefore reads: find

pl (x,t), pl(x,t) € V}, such that

)
vt 5;” dsy, Do P2V -V plh, dSU, (3.2.56)
Q; Q
9pq
/ﬂ v apt dsty, /Q (—dVeh - Vol + 05 f(pl)) dS, (3.2.57)

for all 7 (x,t), 8 (x,t) € V},, where

1

D (pa> 1+ap

ks(ph)?
Flol, pth) = (1i((p;3)2 +ka | pRE" —epl,

tot
pcyt o fﬂh Pa Sy )
@ fﬂh (978

Since V}, is a linear space, it must have a basis. We introduce the basis function

¢i(x) €V, i=1,2,...,Np, (3.2.58)
such that
1 ifi=j,
(03) = (3259
0 ifi+# 7,

where p; is the jth nodal point of the mesh. We seek to find the finite element numerical approx-
imations of the form pf (x,t), pf(x,t) € V}, expressed as linear combinations of the linear nodal

basis functions ¢;(x) as follows

Np,
t) = ij(t)¢j(x and pl'(x,1) ij (t)o;(x (3.2.60)
j=1
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where w;(t) = pt (pj,t) and p;(t) = pl(p;,t). Without loss of generality, we replace the test
functions 1} (x,t), ¥4 (x,t) by ¢i(x) € Vi, i = 1,2,..., N}, and have the equations approximated

by

N},, Nh,

A dwa( ) ar — Véi(x)  Voj(x) wi(t) .o 5
2 Jo, #0940 T o Tr ey e M G20
and
Np
Z [ 660 0,00740 i = a3 [ Vo) V5,00 () dy

—€ Z ¢i(x) - ¢5(x)p;(t) dS2,

j:1 Qh

+k4amon(t) o ¢z( )dﬂh

(3.2.62)

7

3i(x) (S5 it >2
+ k3@mon(t) /Qn 1+ (Z;V)H p;(t )¢J( x))?

respectively, for all ¢ = 1,2, ..., N}, where x = (z,y). The parameter a,,on(t) represents the well
mixed actin monomers concentration. Integrating over the whole computational domain €2;, gives

rise to the following semi-discrete equations
M——= = —P(t)w(t), (3.2.63)

and

MM = —dA

7 p(t) — eMp(t) + katmon (t)H + k3amon (t)L(t), (3.2.64)

where w(t) = (w1 (t),wa(t),...,wn, ()T and p(t) = (p1(t), p2(t), ..., pn, (t))T are the solution vec-
tors. Here, M is the global mass matrix, A is the global stiffness matrix, H is the global force
vector, P(t) is a variable matrix while L(¢) is a variable vector. The mass and stiffness matrices

are respectively given by

M = {m;;}: my; = /Q ¢i(x) - ¢;(x) d,,

A= {az—j} : aij = /n ng)l(x) . qu](x) dﬂh,
h
which are symmetric and positive definite. The global force vector is given by
H = {hz} . hl 2:/ QSZ(X) dQ}“
Qp

while the p, dependent matrix is given by

V. Voi(x) - V,(x)
P =1l by /n L+aY 0" pe(t)dr(x) A

and is non-symmetric. The nonlinear vector is given by

ST o VTCT) Y
T a1 o et m( ))?
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Time discretisation

So far, we have computed the spatial approximation and ended up with two semi-discrete ODEs.
We can now approximate the system of ODEs in time using finite differences for the time derivat-
ives. We subdivide the time interval (0, 7] into N uniform subdivisions each of length 7 = % We
denote the initial time by t° and the final time by t¥. Any intermediate time is denoted by t".

We employ the second order semi-implicit backward differentiation formula as follows

3n+1_4n n—1
M(w w" 4+ w

= _P@" n+1
2T ) ()™,

and

n+1 _ n n—1
M <3p 4p™ + p
2T

) — AP 42 (—eMp" + katmon (t"VH + Fsamon (E)L(E"))
- (—eMp"71 + kglpmon (1" HH + kgamon(tnfl)L(tnfl)) )

Simplifying the above system of equations yields
(3M + 27P(t")) w(t" ™) = AMw (") — Mw(t" 1), (3.2.65)

and

(3M + 2d7A) p(t" ') = AMp(t") — Mp"~*
+ 47 (—eMp" + ksmon (t")H + k3@pmon (t")L(t")) (3.2.66)

- 27 (—eMp”f1 + kalmon (t""HH + kga,,wn(tnfl)L(tnfl)) )

where w", w"*! are the myosin II solutions at time ¢” and ¢! respectively while p”, p"*! are
the F-actin solutions at time ¢” and ¢"*! respectively. Here, we need solutions at both times ¢t = "
and ¢t = t"~!. Solutions for the last two time-steps will therefore need to be stored. To start with,
we will use a one step backward Euler method where the reaction terms are treated explicitly to

solve for the w(t!) and p(t') solutions as follows

(M + 7P (t%)) w(t') = Mw(t°),

(M +drA) p(t') = Mp(t”) + 7 (—eMp(t°) + kaamon (t°)H + kzamon (t°)L(t%))

and then proceed with the 2-SBDF for all the other time-steps.

Quadrature formula

Before we are able to implement an algorithm to solve the discrete system above, we further need to
discretise the integrals in the matrices and vectors. To implement the discretisation, we use deal.Il
library Bangerth et al. (2007). Let each quadrilateral be mapped onto the canonical quadrilateral
K by a bi-linear transformation. We split the integrals over the entire domain into integrals over

each cell K; and map each cell to K. The global matrices and vectors will therefore be given as
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the contribution over each cell. The quadrature formula for the mass matrix is given by

mi; = Z /d%

KeQy,

S / $i(%) - 6, (R)| T (R)|dK (3.2.67)
KeQy,

= DD bR - 6 (R Tk(Rg) W(Xyg),
KeQy, q

where (%,) is the qth quadrature point on the reference cell K and w(X,) is the corresponding

weight. Similarly, the quadrature formula for the stiffness matrix is

A5 = Z / V(i)z V¢g )

KeQy,
-y / V(3T (%) - Vs (0I5 (5 [T (%) dc (3.2.68)
KeQyy,

= D D Vi) (%) - Vb, (k)T (3g) T e () [ W),

KeQy, q

while for the force vector, we have

Z/@ dK—Z/¢, ) ke ()| dK

KeQy, KeQy

(3.2.69)
Z Z@ |JK Xq |W Xq)
KeQy q
For the p,-dependent matrix, we have
— Vi(x V¢J (%) dK
" KZQ/K L+ a 0 pr(t)on(x)
V(ZSZ v¢j >
:K Q / 1+(I2k)1pk( )( )(X)( : Gl (8.270)
_ @Qg ()A(q)'];(l(f(q) @ng(iq)'lf?l(f(q) I (%) wix
Kglzq: L+ a0 pil(t)dn (%) i) )
and the nonlinear vector by
Zk 1pk )2
l; = dK
th/ L+ (Cpr, ot )¢)k( ))?
) (S0 ok (004(50)) A
= I (NdE (3.2.71)
KES;/K o mmee

3u(%) (S0, ok (5))
il Xq 1 Pk
=2 > -

)¢
Kea, ¢ 1T (Zk ' o () (%q))2

[k (%q) W (%q)-
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To implement the discretisation, we use deal.Il library Bangerth et al. (2007). We note that both
the mass and stiffness matrices M and A respectively are large, sparse, symmetric and positive
definite while P is sparse and non-symmetric. A sparse matrix has very few nonzero entries.
Iterative methods are the best suited for such systems Saad (2003). Here, we will use iterative
methods that use pre-conditioners. The rate of convergence of an iterative method depends greatly
on the spectrum of the matrices, that is, the rate of convergence depends on the condition number
of the matrices Saad (2003). A pre-conditioner gives rise to a more favourable spectrum of the
resultant matrices Barrett et al. (1994); Madzvamuse (2000). Since the matrices M and A are both
symmetric and positive definite, the system (3.2.66) can be solved using a preconditioned conjugate
gradient method (PCG) Saad (2003); Barrett et al. (1994) with a diagonal pre-conditioner. The
system (3.2.65) will be solved using a generalised minimal residual method (GMRES) with a
diagonal preconditioner as illustrated in Freund et al. (1992); Saad (2003).

Numerical simulations

Next, we present some results for the biochemical model. The implementation of the model equa-
tions (3.2.65) and (3.2.66) was carried out by extending the library in deal.Il. We use the unit
disk to denote the domain and seek solutions of the p, and p,, inside this unit disk. We start
by illustrating triangulations of the unit disk by carrying out global mesh refinements. We note
that as the number of global refinements increase, the triangulations converge to the unit disk as
shown in Figure 3.9. The initial data for both variables is chosen to be random perturbation about
pm = pa = 1.0 in the entire domain. The simulations were allowed to run until time ¢ = 6 which
was long enough for convergence to take place. We have chosen the second order semi-implicit
backward differentiation formula, 2-SBDF, scheme with 7 =2 x 1072, 7 = 1073 and 7 = 5 x 10~*
and compared the Lo-norms ||,{)ZH+;)Z|| for the solutions of p, variable as shown in Figure 3.13.
Mesh refinements is also performed and comparison for Lo-norms done. We note that solutions
for both the p, and p,, variables converge to homogeneous steady state as shown in Figure 3.10
and Figure 3.11. This is expected because of the nature of our model equations on stationary
domain. Our reaction kinetics for actin is only a function of F-actin p, and actin monomers pS¥!
and is independent of p,,. That is, actin only converts from active state to inactive state and
vice-versa. Since the total amount of actin is conserved, p, and p¥' concentrations will reach
equilibrium states. We plot the conservation of mass for actin in Figure 3.12. We note that p,
and p,, equations are coupled in the diffusion of p,, in such a way that diffusion of p,, variable is
reduced when the concentration of p, is high and vice-versa. This implies that solutions for the
pm variable will converge to a homogeneous steady state when the p, solution has converged. We

also plot the graph of the diffusion of p,, variable versus time in Figure 3.12.

Discussion of the numerical results

We summarise this section by discussing the results for the biochemical model for F-actin and

myosin II. We have developed a finite element method by deriving the weak formulation of the
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refinements, (b) three global mesh refinements, (c) four global mesh refinements and (d) five global

mesh refinements showing convergence to the unit disk.
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Figure 3.10: Solutions for the p,, variable on a stationary unit disk using 7 = 2 x 1073, Blue
signifies the lowest values while red the highest values. (a) Initial condition for mysoin II (b) p.,

solution at time ¢ = 0.8 and (c¢) p,, solution at time ¢ = 3 showing convergence to a homogeneous

steady state.
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Figure 3.11: Solutions for the p, variable on a stationary unit disk using 7 = 2 x 1072, Blue
signifies the lowest values while red the highest values. (a) Initial condition for F-actin (b) p,

solution at time ¢ = 0.8 and (c¢) p, solution at time ¢ = 3 showing convergence to a homogeneous

steady state.
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Figure 3.12: (a) Conservation of mass for actin and (b) diffusion coefficient for myosin II. We used

time-step 7 = 2 x 1073 and mesh size h = 0.055126.

7=0.002

0 0.02 0.04 0.06 0.08 0.1

Figure 3.13: Convergence of the p, variable with different time steps 7.
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reaction-diffusion system, then discretised the space using finite elements. The resulting semi-
discrete equations were then discretised in time using the second order semi-implicit backward
differentiation formula to obtain a fully discrete system. We then carried out implementation of
the discrete equations using deal Il software. The integrals for the global matrices and vectors were
discretised in deal.Il using quadrature formula. The resulting linear systems were solved using a

preconditioned CG and GMRES methods to obtain solutions for F-actin and myosin II variables.

Initial conditions for the model was assumed to be random perturbation about p, = p,, = 1.
We ran simulations until homogeneous steady states was reached. We expect the solution for
the two variables to converge to homogeneous steady states with time. This is because of the
nature of the biochemical model. The reaction kinetics for F-actin is only a function of F-actin
(pa) and actin monomers (p<¥') and is independent of p,,. That is, actin only converts from its
active state to inactive state and vice-versa. Since the total amount of actin is conserved, p, and
p¥t concentrations will reach equilibrium states. Also, the reaction-diffusion equations are only
coupled at the diffusion term for p,, in such a way that diffusion of p,, variable is reduced when
the concentration of p, is high and vice-versa. This implies that solutions for the p,, variable will

converge to a homogeneous steady state when the p, solution converges.

We now turn attention to the full viscous model for cell migration which couples reaction-

advection-diffusion equations to a force balance equation.

The non-dimensionalised viscous model

In the previous section, attention was made to solve the biochemical model for F-actin and myosin
II. Here, we aim to solve the non-dimensionalised viscous model for cell migration that couples
reaction-advection-diffusion equations of F-actin and myosin II to a force balance equation on an
evolving domain ;. We start by restating the model on €2;. The non-dimensional parameter

values are displayed in Table 3.3.

Og% +V (p7n,6) =V. (ﬁvpm>7 X € Qt, te (O,T],

2
8th + V- (paB) = dAps + (fi’;% + k4) pZyt —epa, XE, L € (OvT]v

V- (ou(X,t) + Omyo(X, 1) + OTpoty(X,t)) =0, x € Qy, t € (0,7,
(x,1) yo(X,t) + Tpoty (X, 1)) t, t € (0,T] (3.2.72)

,OCL(X,O) = Pg(x), Pm(Xa O) = P?n(x)a x €y, t=0,

o, -n=0, xe€d, te(0,T],

9a = % = 0, x €8, te(0,7T],

with

pZOt - fgt Pa th

cyt t) =
pa ( ) fnt dﬂt
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Parameters | Description Value
a Corresponds to diffusion threshold for myosin II 2.0
ks Corresponds to actin polymerisation rate due to positive feedback | 500.0
ky Corresponds to base polymerisation rate 5.0
b Coefficient for advection 500.0
d Diffusion ratio 0.4
e F-actin depolymerisation rate 500.0
m Contraction coeflicient rate %
M2 Protrusion coefficient rate %
plet Total amount of actin 8.0

Table 3.3: Non-dimensional parameters for the non-dimensionalised viscous model

The terms o, (xX,t), Omyo(X,t) and Opory(x,t) are the viscous, myosin II driven and F-actin

generated stresses respectively and are given by

ou(x,t) = VB(x,t) + (VB(x,1))7,

Omyo(X,t) = mpm(x, 1)L, n1 € RT, (3.2.73)

Opoty (X, ) = —n2pa(x,1)0(D)L, 12 € RT,
where 3(x,t) is the actin network flow velocity. The protrusive stress o pory (X, t) is assumed to be
confined to the cell periphery because F-actin are oriented in such a way that their barbed ends,
where the new actin monomers are added are close to the cell membrane and point outwards.
The dot product o, - n = 0 represents the stress-free boundary condition. The myosin II driven
contractile stress, Omyo(X,t), is assumed to be isotropic. The diffusion for myosin II, Dy, (p,), is
assumed to depend on F-actin density. We will use the unit disk €2 to represent the cell at initial
time with radius » = 1. Since the polymerisation force is assumed to work only in the periphery
of the cell, we prescribe some region of the disk where this force acts. We let this force act only in
the region where the radius is » > 0.8. For subsequent time, we assume that there exists a family
of bijective functions that map the point 17 = (#;,7,) of the initial domain to point x = (z,y) of
the current domain €2;. Consider the mapping [ : ©; x (0,7] — R and its corresponding mapping
[: Q% (0,T] — [0,1] on the initial domain £y where I(1, t) represents the distance from the centre
of Qy to the point i with I(x(n,t),t) = I(n,t). To denote the region where the polymerisation

force act, we define a delta function (1) such that
1 if the point (x,t) with I(x(n,t),t) = i(n,1)
o) = is such that the distance /72 + 72 > 0.8 in the initial domain,
0 elsewhere.

We proceed as we have done before with the other models, that is, derive the weak formulations

and discretise the domain and the time using finite elements and finite differences respectively.
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Derivation of the weak formulation
Weak formulation of the reaction-advection-diffusion equations

Reaction-advection-diffusion equations for myosin II and F-actin are respectively given by

% 1V (puB) = V- (5 Vom )

(3.2.74)
% V- (pafB) = dDpa + (£ +ks) o' — epa,

where p, = pm(x(t),t) and p, = pq(x(t),t) are the myosin IT and F-actin concentrations respect-
ively and 8 = B(x(t),t) = (81(t), B2(t)) is the flow velocity of the actin network. Here, we note
that the reaction kinetics of F-actin only depends on p, variable and no reaction kinetics for the
myosin IT equation.

In order to obtain the weak formulation, we will rearrange (3.2.74). We apply product rule for

gradient to the advection terms and write the equations as

dpm
gt +B:-Vpu+pmV-B=V" (1+ap me>, (3.2.75)
and
Opa kspg, ¢
8'0 +B:Vpa+paV-B=dAp, + <1ipp2 + k4 >payt €Pa- (3.2.76)

We recall that the quantities 8” m + 3. Vp, and 8”“ + B - Vp, are called material derivatives of

pm and p, and we write them as DD’);" = ag;” + 8- Vp,, and Dp“ = % + B Vp,.. Now, using this

definition for material derivatives above, we write (3.2.75) and (3.2.76) as

Dpm
mV V- A\ 3.2.77
o | V- B= (1+ap pm>, (3.2.77)
and
Dpa k3P2 t
WV - B =dAp, ¢ ky ) pY o 3.2.78
o TPV B p+(1+pg+ py" —ep ( )

In order to obtain the weak formulations, we multiply (3.2.77) and (3.2.78) by test functions
V1(x,t), Ya(x,t) € HY (), t > 0 and integrate using Green’s formula (2.2.7) in the domain £,

and use the boundary conditions %" @ = 88’);:‘ = 0. This yields

/. (wl

1
=+ 1pm V- ﬂ) dd; = —/ Vi1 -V, d€, (3.2.79)
o, 1 +apa

and

o (0

V. ﬁ) dQ, = —/ dVg - Vp,d§d
Q

—|—/ P (( bl +k‘>pcyt—ep> dQ
Q; ? 1+p3 ! ¢ ¢ v

We further use product rule for the time derivatives in the equations (3.2.79) and (3.2.80) and

(3.2.80)

write

D(wlpm) le / 1
- ' Q= - - Q 2.81
/ﬂt ( Dt Pm Dt + ’lplpmv ﬂ d t Q, 1+ apa vw]_ me d ts (3 8 )
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and

(P g T s vapav - 8) st == [ avvn- Vo
Q. $he

Dt * Dt
) (3.2.82)
—|—/ P M—i—k Pt —epy | A2
Q ? 1 + pg ! ¢ ¢ v
Finally Reynold’s transport theorem (2.2.8) gives
d Dy / 1
— m A — m—— A€l = — Vip1 - Vo, d€, 3.2.83
p Qtwlp ¢ /n,,p Tk o, T+ ap Y1V, d ( )
and
d D
G | vwadeu= [ p 22 d = - [ Vv, Vo any
dt Qt Qt Dt Qf
' s (3.2.84)
3Fa cyt
+/m v <(1 02 +k4> o ep") e
The weak formulation of the reaction-advection-diffusion equations therefore reads:
find p,, (x(t), ), pa(x(t),t) € H'(Q;), t > 0 such that
d Dy / 1
— m dSY — m—— dSd = — Vi1 -V, dS, 3.2.85
dt Qt¢1p t /mp Dt t o, 1+ apa P p t ( )
and
d D
G | vwadeu= [ p 2=~ [ aVv. Vo any
dt Qt Qt Dt ﬂ,«
' s (3.2.86)
3Fa cyt
" /n v <(1 T2t k4> Kl ep"’) s
for all 1y (x,t), ¢a(x,t) € H' ().
Weak formulation of the force balance equations
The force balance equation on an evolving domain £2; representing the cell is given by
V- (o,(x,t) + 0o (x,t) + Opory (x,1)) =0, x€Qy, te(0,T],
V( ) myo ) po y( )) t ( ] (3.2.87)

o, - n=0, xe€dQ, te(0,T],

where 0, (X, 1), Omyo(X,t) and opoiy (X, t) are the viscous, myosin II driven and F-actin generated

stresses respectively and are given by

ou(x,t) = VB(x,t) + (VB(x, 1),
Tmyo(X,t) = mpm(x, 1)L, m € RT, (3.2.88)

a'pol'y(xvt) = _772pa(X7 t)(S(l)I, 2 € RT.
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In order to write the weak formulation of the force balance equation above, we first decouple the

stresses into x and y directions as follows.

23,31 B2 + 981
o, (x,1) = (3 + %) :
(% + aﬁl) 908>
mpm 0
Cmyolx )= | ; (3.2.89)
0 mpm
_772pa§(l) 0
Tpoty (X, 1)
0 —m2pad(l)
The force balance equation in = and y directions is therefore
9 (0B 0 (0By OB Impm) O
= — | ==+ = - = 0(1)) =0, 3.2.90
8x(3x>+8y(ax+8y + Ox 8x<n2p ®) ( )
B2 | OB 0B Ompm) 0
Pt - — .0(1)) = 0. .2.91
g (24 ) v (252) + 2 = 2 b)) =0 (3:2.91)

We then multiply the decoupled equations (3.2.90) and (3.2.91) by a test function ¢3 € H'(2,),
use Green’s formula to integrate in the domain and apply the stress free boundary condition given.
The boundary terms will vanish and the weak formulation thus reads: find 81 (x(t),t), B2(x(t),t) €
H'(Q,) such that

s (OB O3 (0P OB _ f
LR R R mefo(m

Os (02 | OB , ,0s (052 _ of
/Qt ( o (ax+ By ) 2%, (3y)> s —/ ws( y) s, (3.2.93)

for all ¥5 € H'(Q;), where

and

f=0)n2pa — mpm-

We find it convenient to rewrite the right hand sides of equations (3.2.92) and (3.2.93) such that we
have the derivatives of the shape function 13 instead of function f which depends on the solution
values. We do so using the gradient formulae (2.2.5) and (2.2.6). This gives the following weak
formulation: find B1(x(t),t), B2(x(t),t) € H'(€,) such that

03 (0B O3 (0B2 0B 57l23
/nt (2(‘33: (89:) + By (83: + 9y )) sy, = — d + /am (n1fys) dS, (3.2.94)
and
OY3 (0B OB O3 (02 ail&s

for all ¥5 € H'(Q;), where

f=0)n2pa — mPm,

and n = (n1,n2) is the outward unit normal to the boundary.
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Finite element discretisation

Solutions for the weak formulations are defined in an infinite dimensional space H'(£2;). The
essence of the finite element method is to seek solutions in a finite dimensional space. We start by

restating the weak formulations of the coupled problem:

find pm(x(t)7t)a pa(X(t),t), 51(X(t)7t)7 BQ(X(t)at) € Hl(ﬂt) such that

d Dy 1
7 ¢1pm ds — /Q rp B 1= /Q t 1+apaw” -V A2, (3.2.96)

d Dty

— o Y — o A = — - Vpa dS2

i [ v [ o SRt dge == [ avu,. Vo, a0,

(3.2.97)

+/ 1/}2(( k?3p<21 +k4>pcyt_ep> dQ
Q 1+p; ¢ ‘ "

51/)3 0p1 s (0B OB s
/ < g (&c) oy (895 ay )) A dﬂﬁ/mt (n1fis) dS, (3.2.98)

and

Ovs (05 0B . s (05 o
(G (G 3) 25 (5)) a1 ans [ s ds. 209

for all {¢y}3_, € H' (), where
[ =06()n2pa — M pm-

We let €2, ; be the computational domain which is a polyhedral approximation to £2;. We define
T3 (t) to be a triangulation of Qj ; made up of non-degerate rectangular elements K, such that
Ty (t) = U, Ki. We call each K; an element of the mesh T}, (¢) where h is the diameter of the largest
element. For the mesh T},(t), we require that it is made up of a finite number of elements and the
elements must intersect along a complete edge, or at a vertex or not at all. The space discretisation
is carried out using quadrilateral elements and we seek piece-wise linear approximation of the

solution. We define the finite element space Vj,(t) by
= {vn(t) € C°(2) : vn(t)|x is linear} (3.2.100)

We will seek solutions of the viscous model in this space. The discretised version of (3.2.96)-(3.2.99)

therefore reads: find

P (x(8),1), pa(x(t),0), By (x(1),1), B (x(t), 1) € V(1)

such that

d th
dt e m D e = / n A 3.2.101
dt Qp ¢ wl pm ot /S\lh.t Pm Dt hit Dt 1 + aph Vw vpm h,ts ( )

d Dy
al dQ o h 2
dt s ’po pa h,t /Qh’t Pa Dt

k3(Ph) ) t,h h)
- b (a+k cvbh _epl ) dSdy, 4,
/:ﬂ”( T+ (ph2 T Pa ) @lns

A=~ [ avuh- Vel i
e (3.2.102)
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ovy (0Bt oy (opy 9Pt / 5 Oy
p0Ws (0P OVs (O L 9PN g o AL RPTY
/Qw< Ox <6m * oy \ Oz + Ay n.s thﬁtf Ox dn.e

(3.2.103)
[ mtagas
O ¢
and
h h h h h h
[ (8 (2 ) 22 (55 ) s [ 2,
@ Y v\ oy . Y (3.2.104)
[ maphuas
O ¢
for all {yh}3_, € Vj(t), where
= 6(Wm2ply — mpl,. (3.2.105)

We define a basis function for the space V,(t) by ¢;(x,t) € Vi (t) for i = 1,2, ..., N}, such that

1ifi=j,
0 if i # 4,
where x;(t) is the jth nodal point of the mesh and NN}, is the total number of degrees of freedom

of the nodes. We seek finite element approximations of the form

Pl (k) = S0 wj (1) (x, 1),
ph(xt) = Y0 pi(t)ei(x, 1),
Bl (x,t) = 33 Uj()65(x, 1),
B3 (x,1) = 332 Vi(£)95(x. 1).

(3.2.107)

We note that the shape function ¢; is now a function of time ¢. We will make use of the following
Lemma:

Lemma: Transport property of the basis functions: The finite element space on the discretised
domain is a space of continuous piece-wise linear functions whose nodal basis functions have the

remarkable property
D(ﬁl (X, t)

= 2.1
D1 |k =0 (3.2.108)

on element K for all ¢; where the derivative denotes the material derivative Dziuk and Elliott

(2007).

Proof: Each quadrilateral K(t) € €, with vertices xx, k = 1,2,3,4 can be parametrised using
co-ordinates in the canonical quadrilateral K. If we let the co-ordinates in the canonical element
be given by (£,7n) and the shape functions in this canonical element be q@k, then we can write any

point on K (t) by

4
x(t) = > xk(t)dr(&n). (3.2.109)
k=1
Also, each ¢;(x,t), i = 1,2,3,4 can be transformed as ¢;(x,t) = éi(f(f, 7)). Now we have

Dod0 e = Lo _ S0FEI)) 5. D sE (32110)
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and have

Dgi)i(x,t)‘ Doy (f(€, 77))|A —0
Dt KT Dt KT

(3.2.111)

which completes the proof

Semi-discrete equations for the reaction-advection-diffusion equations

In equations (3.2.101) and (3.2.102), we substitute {1} (x,t)}2 | by ¢i(x,t), i = 1,2,..., N, and

pl . p" by their corresponding finite element approximations and use (3.2.108). This gives

Np Np

Voi(x,t) - Vo;(x,t) w;i(t)
} : ; (%, H)w; (t) dQ2 § dS, 1,
dt thd) %)+ (06 £ () € /ﬂht 1+a2k 1 Pe(L)dr(x, 1) "

and
d
% Z s ¢z X, t ¢j(xa t)p](t) dﬂh,t = _dz . v¢z X t) v¢j(X,t) p](t) dﬂh,t
Nh
- eZ $i(%, 1) - b (x, 1)p; () Ay
Q¢

+ k4amon (t) ¢z (X7 t) dnhi
Qe

6u0e,1) (S0 (165, 1))

o dQp ¢,
+ ksa (t)/ﬂh,t 1+(Z§y:h1pj(t)¢j(xvt))2 "

respectively, for all ¢ = 1,2,...,Ns. The parameter a,o,(t) represents the well mixed actin
monomers concentration at time ¢. Now, integrating over £2; ; yields the semi-discrete equations

for the reaction-advection-diffusion equations as

2 (M(tw(t) = ~S(p()w(t) (3:2.112)
and

— (M(t)p(t)) = —(dK(t) + eM(t)) p(t) + amon (t)kaH(t) + ksamon (t)L(p(t)), (3.2.113)
where w(t) = (w1 (t),wa(t),...,wn, ()T and p(t) = (p1(t), p2(t), ..., pn, (t))T are the solution vec-
tors and amon(t) is actin monomers concentration at time ¢. M(¢) is the time-dependent global

mass matrix, K(t) is the time-dependent global stiffness matrix, H(t) is the time-dependent global

force vector and S(p(t)) and L(p(t)) are the time-dependent matrix and vector respectively which
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are functions of the solution vectors. These are given by

M(t) = {mi;(t)} = my;(t) = o di(x,1) - pj(x,1) dQp ¢,

K(t) = {klj (t)} : ku(t) = /Q ngl(x,t) . V¢J (X, t) dﬂh,t,

S(p(t)) = {si(t)} :

h,ty

oo (1) = Voi(x,t) - Vo;(x,t)
o /ﬂ T+ a0 ety (%, 1)

Ny, 2
Li(t) = / di(x,1) (Ek:Ll Pk(t)(bk(x,t))
i Qn: 1+ (Eg:hl Pk(ﬂ(ﬁj (X7 t))2

H(t) = {hl(t)} : hi(t) = o ¢i(X7t) thJ,-

Semi-discrete equations for the force balance equation

In (3.2.103) and (3.2.104), we substitute 1?(x,t) by ¢;(x(t),t), i = 1,2, ..., N, and gk, g&, ph = ph
by their corresponding finite element approximations and integrate over €2 ;. The semi-discrete

equation in x direction will be

S (5 () 5 (- ) -

(3.2.114)
i
(PG ) amns [ st ds,
Qh,t 4 8Qh,,t
for all : = 1,2, ..., N and can be rearranged as
Nj
- 0¢; Op;  0d; O 0¢; 0
Z/ 900100; | 00i00;) dnht+Z/ (b %V (t) S =
Q, 8:17 Jr dy Oy Q. Ox
" (3.2.115)

¢i
-/ (fh(X(t)) ) dut [ (s o) ds,
Qp e € (o197
for all i = 1,2, ..., N;,. We note that (3.2.115) can be written as

ar1 (U1 (t) + a12(t)Ua(t) + - -+ + a1, (U, () + bra (VA (E) + -+ + bin, () Vi, () = FL (1),

a21 (UL (t) + aa () Ua(t) + - - - + azn, ())Un, (£) + b2r (VA (E) + - - + ban, (£) Vi, (1) = Fy (1),

a‘Nhl(t)Ul (t) + aNh,Q(t)UQ(t) +otan, N, (t)UNh (t) + bNh,l(t)Vl (t) et bNh,Nh (t)VNh, (t) = F]bh (t)v

where a;;(t), b;;(t) and F}(t) are integrals over €2, ;+ which we will describe shortly. This means
we can split the left hand side of the above system of equations into two parts: one with U;(t) and

the other with V;(t).
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Similarly, the Y direction of the force balance equation is

A [ 06i0¢; 09: 0¢; ,06: 06
Z/ﬂm oz ay it dﬂhf+z/ﬂ, , (ax o Ty a])v(t) e =
. (3.2.116)
h D¢ h _
- (e [ st as
for all i =1,2,..., Ns, and expanded as
et (OUL(t) + cra()Us(t) + -+ + cn, () Un, () + dun (V) + -+ + da, (6) Vi, (1) = FE(1),
o1 (O)UL(t) + coa()Ua(t) + - - - + can, (D)Un,, (£) + dar (E)VA(E) + -+ + dan, (1) Vi, (1) = F3 (1),
CNh,l(t)Ul (t) + CNhQ(t)UQ(t) + ot eN N, (t)UNh (t) + th,l(t)Vl (t) +oeeet th,Nh (t)VNh (t) = FJ%/;L (t)a

with ¢;;(t), d;j(t) and F?(t) integrals over €2, ;. These systems of equations can be written more

compactly in matrix-vector form as follows

a1 a2 ain, b1 b1z bin, Ui (t) F(t)

as1 a2 asn, b1 ba ban, Us(t) F3(t)
aN,1  AaNg,2 ANy, Ny, anl an2 bN;LN;L UN;L(t) _ F]{[h(t) ’ (3.2'117)
c11 C12 C1N,, din di2 din, Vi(t) F2(t)

Co1 €22 con,  dor  dao dan, Va(t) F3(t)

CNy1 - CNj2 CNu Ny, ANy A2 dn,n, ) \Vn,(t) FR, (t)

where a;j, b;j, c¢;; and d;; are functions of time t. The vectors (U (t), Ua(t) ,---,Up, (t))T and

(Vi(t), Va(t) ,---,Vy, (t))T are the solution vectors. We let
@11 ai2 1Ny, bi1 b1z b1Nh,
a1 G2 - G2N, bar  bao ban,

A = . . . . ) B - . . . . ?
aN,1  aNp2 ANy Ny, bNhl bNh2 bNhNh
ci1 12 CIN, dyy di2 din,

C21 C22 CaNy, da1 dao d2N;L

C= . ) D= ’
CN,1 CNp2 CN, N, dn,1 dn,2 dn, N,

U(t) = (Ul(t)v U2(t) ) > UNh (t))Tv
V(t) = (Vl (t)v V2(t) ) 3 VN;L (t))Tv
Fl(t) = (Fll(t)v FQI(t) ’ ) FI{/,l(t))Ta
F2(t) = (F12(t)7 F22(t) ’ ) Fl%ih(t))T7
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and write (3.2.117) in block-vector form as

F'(1)
. (3.2.118)
F(1)
We define the matrices and vectors by

0p; 0p;  O¢; 0¢;
A(t) = {a”(t)} . aij(t) = A (2 8¢;‘ % + a(;; ;;j) dﬂh,t,

O0¢; 0¢;
B() = (b0} : by(t) = [ o aq,

Op; O ;
C(t) ={cij(t)} : ciz(t) = /Q 51 al;j Ay, ¢,

(O () — 09, 09; | 00 99;
D) = (a0} )= [ (GG 42t o

0¢i
PO = (0} RO=- [ (a5 )de [ o) oo,

P = {0} o=~ [ (o) [ s x0)e) o,

with
Np Np
r=0m > pit)d; —m Y w;(t)d;,
j=1 j=1

We also note from (3.2.115) and (3.2.116) that C(t) = (B(t))” and write (3.2.118) as

A B\ (VD) _ [F(1) . (3.2.119)
B()" D)) \ V() F(1)
A - ( A(t) B(t)) et = (U(t)) CF- (F:(t)) 7
(B())” D(t) V(t) F(t)

and have the following semi-discrete equation for the force balance equation

We let

A(tE() = F(1). (3.2.120)

Semi-discrete equations for the coupled problem

The semi discrete equations for the reaction-advection-diffusion and force balance equations are of

the form

L (M (t) = —S(p(t)wl(t), (3.2.121)



71
and

& (M(W)p(1) = (K () + M) pl0) + amon (DEH(D) + Bsamon (L), (32122)

and

A()E(t) = F(t). (3.2.123)

Fully discrete model

To obtain fully discrete equations for the coupled problem, we discretise the time interval (0, 7]
into a finite number N of uniform sub-intervals with sub-interval size 7 = t"*! — ¢” and write

t" = tn. From the semi-discrete equations

& (M(t)e(t)) = ~S (o)),

and
d

2 M(B)p(1)) = —(dK(2) + eM(2))p(t) + amon (t)kaH(t) + kzamon ()L (p(1)),

we employ the 2-SBDF as follows

BM(t" T w (™) — AM(t")w (™) + M(t" Hw(t" 1)
27

= —S(p(t")w(t™H),
and

SM(t"H)p(t" 1) — 4M(t")p(t") + M(t"~1)p(t" 1)
2T

2 (=eM(E) (") + kaayon (" VEL(E™) + ksymon (") L(p(t"))

— (=eM(t" p(t" 1) + katpmon (" HHE ) + kzamon (") L(p(t" 1)) .

= —dK(t" )p(t" )

For (3.2.123), we compute A(t) and F(t) at time step t™ as follows
A(t™)E T = F(t").
The above equations yield the following fully discrete equations
(BM(t"1) 4+ 27S(p(t"))) w(t™ ') = AM(t")w(t") — M(t" Dw ("), (3.2.124)

(BM(™H) + 27K (1)) p(t" 1) = 4AM(t")p(t") — M(t" 1) p(t" 1)
+ 47 (=eM(t")p(t") + katmon (t" )H(t") + k3amon (t")L(p(t"))) (3.2.125)
=27 (—eM" D p(t" ) + kamon (" HH(E" 1) + kzamon (" HL(p(t" 1)),

AT = F(t"), (3.2.126)

with 7 as the time-step size, p(t"*1) and w(t"*!) are the actin filaments and myosin II solutions

at time t"T! and €™ is the velocity solutions at time 1.
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One-step backward Euler scheme

We will need solutions at the last two time steps in order to implement the 2-SBDF. We therefore
implement a one-step backward Euler method to solve for p(t!) and w(t!) and then proceed with

2-SBDF scheme. A one-step backward Euler scheme for (3.2.121) and (3.2.122) is given by

(M(tY) + 7S(p(t°))) w(t!) = M()w (1), (3.2.127)

(M(t") + drK (")) p(t') = (1 — er)M(t°)p(t°) + Tha@mon (t°)H(t?) + Thsamon (t°)L(p(t%)).
(3.2.128)

Displacements of the nodes

We now describe how the nodes of the mesh will be displaced to obtain a new nodal location. The
position of any new node will be a function of its current position and the amount of displacement
it has achieved. Let t"*' = ¢" + 7 and consider the points x(¢") € €, 4» and x(t" ') € @y, pn+1
in the respective domains. We can define a first order linear approximation of the flow velocity as

follows:
x(t") —x(t")

E(x(t),t™) = . (3.2.129)
This means that the new domain can be approximated by
x(t" ) = x(t") + TE(x (™)), (3.2.130)

where &€(x(t™)) is the solution of the force balance equation at time ¢t™. We note that 7&(x(t™)) is
the displacement from point x(¢") to x(¢"*1). Thus, the new nodal position will be given as the

sum of the current node and its displacement.

Quadrature formula

It now remains to discretise the integrals in the matrices and vectors. To implement the discret-
isation, we use deal.Il library Bangerth et al. (2007). Let each quadrilateral be mapped onto
the canonical quadrilateral K by a bi-linear transformation. We split the integrals over the entire
domain into integrals over each cell K; and map each cell to K. The global matrices and vectors
will therefore be given as the contribution over each cell. The quadrature formula for the matrices

and vectors are given by

my = Y / Bi(x(),8) - by (x(2), 1) dK

Il
RSN
;
"

IS
=~
\.\/
=
>
<7
2
<
—~
~
:—/
=
[
=
—~
»
<
—
N
2
»
<
~—~
N



KeQp ¢

= Y| Veilk(t), I (X(E), 1) - Vo k(1) )T it (K(0), )T s (X(1))| dK
KeQ ¢ K

= YD) Vi), DI g (8),1) - Vb (Rq(8), )T (g (1), 1) T e (R (1)) [w(Rg (1)),
KeQnt 4q

Vi(x(t),t) - Vo (x(t), 1)
8i5(t) = g dK
( ) Keq, 'K 1+ aZk 1 pk( )Cbk(x)
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= D | Vaulk(t), )T (%) G-V, (R(1), DI ! (R(8) T s (%(t)] A

- 0i 0¢;  ,00i 0¢;
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Gi(x(0),6) (S0 pr(B)on(x(0),1))
li(t) = dK
" KZQ/K L (0% or(t)o (x(6), )2

Bu((0),1) (T2, pr()3u((0), 1))

3 Jr(x(1)| dK
KGXQ:’W/k 1+(Z}’cvﬁ]_ pr(t) o (%x(1),1))? [k (%(2))]

oy gl ) (S pr)6(5,(0).)

kém, T T (SR ae(t)dk(%g(1),1))2 |95 (% (1)) w5y (1).

r=- 5 [ (reoge)as S [ ureme) i
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Kenh,t q =1

Y Y (G )B (1)) WG ()] Wiy (1),
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and
204\ h(x 09; no £ (x ,
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ey 3 28 06 :
_> / (nzf"(ﬁ(t))@(ﬁ(t))) 340 42
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To implement the discretisation, we use deal.Il library Bangerth et al. (2007). We note that
both the mass and stiffness matrices M(t) and K(t) respectively are large, sparse, symmetric and
positive definite while matrices A(t), B(t), D(t) and S(t) are large, sparse and non-symmetric. A
sparse matrix has very few nonzero entries. Iterative methods are the best suited for solving such
systems Saad (2003). Here, we will use iterative methods that use preconditioners. The rate of
convergence of an iterative method depends on the spectrum of the matrices, that is, the rate of
convergence depends on the condition number of the matrices Saad (2003). A preconditioner gives
rise to a more favourable spectrum of the resultant matrices Barrett et al. (1994); Madzvamuse
(2000). Since the matrices M(t) and K(¢) are both symmetric and positive definite, the system
(3.2.125) can be solved using a preconditioned conjugate gradient method (PCG) with a diagonal
preconditioner Saad (2003); Barrett et al. (1994). The systems (3.2.124) and (3.2.126) will be
solved using a generalised minimal residual method (GMRES) with a diagonal preconditioner as
illustrated in Freund et al. (1992). Since the computational domain will change at each time ¢, the
matrices and vectors have to be updated at each time ¢t. We summarise the numerical algorithm

that we use as follows:
1. Initialise parameters to be used and the initial conditions for the variables.
2. Discretise the initial domain €2y, ;0.
3. Assemble matrices at initial time t°.
4. Solve (3.2.127) for w', (3.2.128) for p' and one step of (3.2.126) for &'
5. WHILE t < Final time

(a) Compute the computational domain Qp ¢n.
(b) Assemble matrices and vectors at time ™.

(c) Solve the discrete system (3.2.126) for the force balance equation to obtain solution at

tn+1

(d) Compute the new domain €2, yn+1.
(e) Assemble new matrices and vectors at time ¢"*1.

(f) Solve the the discrete systems (3.2.124) and (3.2.125) for the reaction-advection-diffusion

equations to obtain solution at "1,
(g) t=t+T.

(h) Old solution=new solution.

6. END.

Computation of the unit normal vector to the boundary

In the integration over the boundary of the domain, we need to compute the unit normals n(x, t) =

(n1(x,t),n2(x,t)) to the boundary. We hereby describe techniques for computing the normals at
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a point on the boundary 9€2, ;. We check whether the numerically computed normals converge to
the analytical normals as the number of boundary nodes increase, that is, as h tends to zero.

On the boundary 09, ; of the domain €, ;, any two nodes are connected by a straight line. For
a general point P; (i = 1,2, ...,nq) where ng is the total number of nodes on the boundary 02 o,

we have the outward pointing unit normal vector to the line joining any two points as

n— Yi — Yit+1 : Tit1 — X4 7 (3.2.131)
VWi —yir1)? + @1 — 2% /(Y — yir1)? + (i1 — 24)?

Zill et al. (2011). We note that there will be two outward pointing unit normals at each node P; on
the boundary as a result of intersection of the two line segments. The numerically computed unit
normal will therefore be obtained by using the paralellogram law of vector addition. The equation
of the unit circle centred at the origin is given by f(x,y) = 22 +y? — 1. The exact outward pointing
unit normal at any point (z,y) of the unit circle is given by n(z,y) = % Zill et al. (2011).

To check the accuracy of the computed normals n,,,, at the nodal points, we compute the L?

norm ||Peum—Rezect|| where Negzqet is the exact normal at the nodes. Table 3.4 shows that as the
number of refinements increase, the numerically computed normal converge to the exact normal

to the unit circle.

Mesh | mesh diameter h | ||Peum—Tezact ||,
1 1.08239 0.517638
2 0.709704 0.234199
3 0.404102 0.114279
4 0.211681 0.056795
5 0.109097 0.028355
6 0.055126 0.014172

Table 3.4: The numerical normals to a circle converge to the exact normal to a circle as the mesh

is refined.

Numerical simulation of cell movement

Here, we present some numerical results for the non-dimensionalised viscous model. The solution
for this model is in form of F-actin and myosin II concentration and the speed of the cell. F-
actin and myosin II solution are the solution for the reaction-advection-diffusion equations while
speeds of the cell come from solution of the force balance equation. We begin simulations on a
unit disk to represent the cell at initial time with zero initial speed. We consider different data
for the initial conditions of F-actin and myosin II concentrations. The first set of initial conditions
for the concentrations are: for myosin II, we consider random perturbations about p,, = 1.0 as
is in Figure 3.14 and for F-actin, a nonzero concentrations of p, = 1.0 only in one half of the
cell as shown in Figure 3.15 while the second set of initial conditions are random perturbations

about p, = p,, = 1.0 as is in Figures 3.17, 3.18, 3.20, 3.21 and 3.22. We also vary the following
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parameters at a time while keeping all the other parameters constant: (i) total amount of actin

ptet Figures 3.20, 3.21, 3.22 and 3.23 and (ii) contraction coefficient for myosin II 7, Figure 3.23.

Actin polymerisation causes polymerisation stress at the cell periphery which results in expan-
sion of the cell. We observe that the initial conditions chosen determine the dynamics of F-actin
and cell shape. Choosing a perturbation about p, = 1.0 as the initial condition for p, variable
leads to a uniform expansion of the cell as shown in Figures 3.19 and 3.22. For this case, actin
polymerises around the cell periphery and depolymerises in most of the other parts of the cell.
Choosing a non-zero initial concentrations of F-actin only in one half of the cell leads to symmetry
breaking where the cell identifies its front and rear. Actin polymerises at the cell front and results
in protrusion stress at the front while it depolymerises at the rest of the cell. This leads to an
irregular expansion of the cell as shown in Figure 3.16 and hence in a directed migration of the

cell towards the direction with high F-actin concentrations.

We note that in our model, myosin II only diffuses inside the cell and exerts contractile stress
in the cell. Its total concentration in the entire cell is conserved. Myosin II exerts contractile stress

in regions where protrusive stress does not act. This stress helps in propelling the cell forward.

Actin changes from the active state (F-actin) to inactive state (G-actin) and vice-versa through
polymerisation and depolymerisation processes and hence the total amount of actin is conserved
at all time. F-actin assembles together causing expansive stress on the cell. We varied the total
amount of actin in the cell and observed that the more the total amount of actin, the more the
expansion of the cell. Figures 3.16, 3.19, 3.22 and 3.23 show change in the area of the motile cell
with time. Figures 3.14, 3.15 and 3.16 show one set of solution with initial data for myosin II as
random perturbation about p,, = 1, initial condition for p, nonzero only in one half of the cell
and all other parameters as in Table 3.3 while Figures 3.17, 3.18 and 3.19 is a solution set with
initial data for the concentrations as random perturbation about p,,, = 1 and p, = 1 while all other
parameters as in Table 3.3. Figures 3.20, 3.21 and 3.22 is a solution set with initial data for the

concentrations as random perturbation about p,, = 1 and p, = 1, total amount of actin increased

tot

ot — 16 while all other parameters unchanged, Figure 3.23 part (a) is a graph when contraction

top
coefficient is chosen to be 71 = 0.2 while all other parameters unchanged and Figure 3.23 part (b)

is the graph of area of cell with time when total amount of actin is reduced to pt* = 5.
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Figure 3.14: Graphical displays of the numerical results of the myosin II concentration p,, using
a 2-SBDF scheme with 7 = 0.001. Blue signifies lowest values while red highest values. (a) Initial

condition as random perturbation about p,, = 1.0 (b) p,, at time ¢t = 0.004, (c) p,, at time t = 2
and (d) solution at final time ¢ = 4.
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Figure 3.15: Graphical displays of the numerical results of the F-actin concentration p, using a
2-SBDF scheme with 7 = 0.001. Blue signifies lowest values while red highest values. (a) Initial
condition as non-zero only in one half of the cell (b) p, at time ¢ = 0.004, (c) p, at time ¢ = 2 and

(d) solution at final time ¢ = 4.
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Figure 3.16: Graphical display of the speed of the cell as the solution of the force balance equation

for the cell. Blue signifies lowest values while red highest values. (a) Cell at initial stationary state

(b) cell speed at time ¢ = 0.004, (c) cell speed at time ¢t = 2, (d) cell speed at final time ¢t = 4 and

(e) area of the evolving cell as a function of time showing increase in the area.
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Figure 3.17: Solutions for the p,, variable using a 2-SBDF scheme with 7 = 0.001. Blue signifies
lowest values while red highest values. (a) Initial condition as random perturbation about p,, = 1.0,

(b) pm at time ¢t = 0.004, (¢) pm, at time ¢t = 2 and (d) solution at final time ¢ = 4.
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Figure 3.18: Solutions for the p, variable using 2-SBDF scheme with 7 = 0.001. Blue signifies
lowest values while red highest values. (a) Initial condition as random perturbation about p, = 1.0
(b) pq at time t = 0.004, (c) p, at time ¢t = 2 (d) p, solution at final time ¢ = 4 and (e) surface
plot for the p, solution at final time t = 4.
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Figure 3.19: Graphical display of speed of the cell as the solution of the force balance equation for

the cell. (a) Cell at initial stationary state, (b) cell speed at time ¢t = 2 and (c) cell speed at final

time ¢t = 4 and (d) area of the evolving cell as a function of time showing increase in area of the

cell with time.
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Figure 3.20: Solutions for the p,, variable using 7 = 0.001. Blue signifies lowest values while
red highest values. (a) Initial condition as random perturbation about p,, = 1 (b) p,, at time

t = 0.004, (c) pm, at time ¢ = 2 and (d) solution at final time ¢ = 4.
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Figure 3.21: Graphical displays of the numerical results of the F-actin concentration p,

with
increased total amount of actin p°® = 16 using a 2-SBDF scheme with 7 = 0.001 and all other

parameters held constant. Blue signifies lowest values while red highest values. (a) Initial condition

as random perturbation about p, = 1.0 (b) p, at time ¢t = 0.004, (c) p, at time ¢t = 2 and (d)
solution at final time ¢t = 4.
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Figure 3.22: Speed of the cell as the solution of the force balance equation for the cell. (a) Cell at
initial stationary state (b) cell speed at time ¢ = 0.004, (c) cell speed at time ¢t = 2, (d) cell speed
at final time ¢ = 4 and (e) area of the evolving cell as a function of time showing increase in area

of the cell with time with increased total amount of actin pi°* = 16.
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Figure 3.23: Area of the evolving cell as a function of time. (a) area of the cell with contraction

coefficient 77 = 0.2 while all other parameters held constant and (b) decreasing area of the cell

tot

with a reduced total amount of actin p);

= 5 while all other parameters held constant.

Discussion of the numerical results

We have illustrated the numerical solution for the non-dimensionalised viscous model for cell migra-
tion which consists of reaction-advection-diffusion equations for F-actin and myosin II and a force
balance mechanical equation. The variables for the model are F-actin and myosin IT concentrations
and flow velocity of the actin-myosin system. We observe that our domain which represents the
cell evolved in shape and size with time and the concentrations for myosin II and F-actin reached
in-homogeneous steady states. Unlike the biochemical model that we solved earlier, these con-
centrations do not reach homogeneous steady state. This is because in addition to diffusion, we
now have advection of the two quantities following evolution of the cell. We note that the advec-
tion term drives cell movement. As F-actin and myosin II assemble inside the cell, they lead to
polymerisation and contractile stresses inside the cell. The polymerisation stress causes protrusion
forces which extend the cell forward in the region with high F-actin concentration. On the other
hand, contractile stress results in cell being pulled inwards isotropically. These two forces play a
major role in cell movement. We note that the initial conditions we start with determine greatly
the evolution and movement of the cell. Taking a random perturbation about the steady states for
F-actin and myosin II resulted in the cell expanding uniformly at the cell periphery while choosing
a nonzero F-actin concentration only in one region of the cell resulted in symmetry breaking where
the cell determined its front and back and was able to attain a directional movement. Another
important parameter in our model is the total amount of actin, i.e, the total F-actin and G-actin
concentrations. By varying the parameter for total amount of actin, we arrived at different profiles
for the solution. Other parameters that determines the profile of the solution are contraction and

polymerisation coeflicients. We also plotted graphs which show increase (and decrease) of cell area.
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Summary

In summary, we have solved the non-dimensionalsed viscous model (2.3.28) for cell migration. The
model comprises of reaction-advection-diffusion equations for actin and myosin II coupled to a
force balance equation. We began by deriving the weak formulation of the model followed by
space discretisation to arrive at semi-discrete equations. In order to get fully discrete equations,
we discretised the time derivative. The fully discrete equations were solved to get solution in terms
of concentrations of F-actin and myosin II and speeds of the cell at various points in the cell.
Furthermore, we varied some parameters (total amount of actin, contraction coefficient and initial
conditions) and obtained different profiles.

In our implementation of the viscous model, we specified a way to update the mesh and we
had to keep track of the boundary at every time-step. To avoid this, phase-field methodology can
be used. A phase-field function is introduced to distinguish the inside of the cell from the outside.
This method is able to find cell shapes without the need of tracking the evolving boundary and
has been applied in different modeling aspects Shao et al. (2010). We aim to solve the phase-field

model as an alternative model using finite differences in the next section.

3.3 Finite differences for the phase-field model

3.3.1 Theory of finite difference method

We begin by summarising the theory of finite differences for partial differential equations of the

form

ur = Lu, (3.3.1)

where L is a differential operator in two dimensions which is nonlinear in general containing u and
its spatial derivatives. Finite differences involves subdividing a given domain into sub-domains
with grid spacing say h; in the z direction and grid spacing h, in the y direction, approximate
the derivatives with finite differences at grid points and seek solutions only at the grid points. We
denote any point in the grid by x; ; = (x;,y;) where ¢,j denote indices in the x and y directions
respectively while solution at any grid point is denoted by w; ; = u(z;,y;). Below, we summarise
the finite differences formulae in two dimensions following Morton and Mayers (1998); Jain (1983)

that will be used throughout this section.

Forward difference

The forward difference for the gradient of u is given by
Qu) Mg Uiy o) (3.3.2)
ox ), N he e e

8u o Uj, 541 — g5
( ay)@j = » + O(hy). (3.3.3)
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Backward difference

The backward difference for the gradient of w is given by

Qu\ Uiy — Ui

( ax)m = W 1 O(h), (3.3.4)
Qu  _ Wij = Uijo1

( a;,)m = B 1 O (3.3.5)

Therefore, both the forward and backward differences are first order methods in space.

Central difference operator

The second order central difference for the gradient of w is written as

ou Ui4-1,5 — Ui—1,5 2

RN = 7 0 h, O,
(5) ="ttt w002 (3.36)

ou Uj j41 — Ui j—1 9

— = = hZ). 3.
(&U)M S+ 0) (3.3.7)

while the second order central difference for the laplacian of w is given by

Uit1,j — 2Uij + Uim1j | i1 = 2Uij + Uij—1
(Au);; = +

h2 hZ

+ O(h2, h?). (3.3.8)

z 'ty

Next, we consider the time discretisation of the PDE (3.3.1). We subdivide the time interval (0, T
into IV equal subintervals of size 7 = % There are two main approaches to time-stepping, namely
explicit and implicit methods. The simplest example of an explicit method is the forward Euler

method which we define as follows

Forward Euler method

ou™ un—i—l —um

with u evaluated at point (x;,y;). Therefore, the forward Euler scheme for (3.3.1) is written as
= Lu". (3.3.10)

This method is conditionally stable Morton and Mayers (1998) in that it requires very small time
steps if the mesh size is moderately small. This condition can be very restrictive especially in high
dimensional problems. To avoid such restrictions, implicit methods are a natural choice. Examples

of implicit methods are the backward Euler method and the trapezoidal rule.

Backward Euler method

n n _ ,n—1
ot _ WL o, (3.3.11)
ot T

with u evaluated at point (x;,y;). Therefore, the backward Euler scheme for (3.3.1) is written as
un+1 —un

= Ly (3.3.12)
-
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Trapezoidal rule

The trapezoidal rule takes the form

un—i— 1 _ u™

= %E (u™ +u™t), (3.3.13)

T

which is a second order method in time. We note that both the forward Euler and backward Euler
are first order methods in time. Now that we have stated the finite difference formulae, we go ahead

and solve the phase-field model for cell migration. We begin by rewriting the model equations.

The non-dimensionalised phase-field model for cell migration

52+ 0V - (88) = YA — MG (¢) + 1| V9|, x€Q, t€(0,T]

256 4 49 - (9pnB) =V - (15557 ) Vom) - x €9, L€ (0,T],

200s) 10V - (9paB) = AV - (6Vpa) + 6 (122 + k1) p" —epa), x € R, tE (0,7],
V- (ou(X,t) + Omyo(X,t) + Opory(x,t)) =0, x€Q, t e (0,T],

¢pa(x7 0) = ¢p2(x), ¢pm(x7 0) = ¢p21(X), xef, t=0,

(3.3.14)
where
Pt (t) = P’ = Jg Opa dQ7
[o $dS2
G(¢) = 180°(1 - ¢)*,
Vo
c=V: =7,
V|
O'V(X,t) = (b(Vﬂ(X, t) + (Vﬂ(x7 t))T)’ Vo € R—’_7
O'myo(x,t) = 773¢pm(x7 t)L n3 € R+7
o-poly(xat) = _n4¢|v¢|2pa(xvt)la N4 € R—i_'
a b d e ks ky plot A v 73 N4
2 500 | 0.4 | 500 |[500 |5 8 10 0.4 = a2

Table 3.5: The nondimensionalised values of the parameters used in the model.

3.3.2 Finite differences for the phase-field model for cell migration

We let Q = [—3,3] x [—3,3] be the domain and Z = (0,7] be the time interval. We subdivide

the square domain into Ng uniform grids of grid size hy = hy = h = NLQ in each direction and

divide the time interval Z = (0,T] into sub-intervals with fixed time step 7. We begin with initial

conditions ¢, pg,?), p,(lo) and ,8(0) and denote solutions at time t"*! by ¢("+1), pS,?H), p((an) and
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(n+1) __ (n+1) A(n+1) . . . . . . .
B = (6 2 By ). The derivatives will be approximated by finite differences as illustrated

above.

Discretisation of the phase-field equation

We begin by discretisation of the phase-field equation

09 117 (6B) = ¥D0 ~ AG'(6) + 7¢IV

We employ time discretisation of the form

¢n+1 ¢n

T

= —bV - (¢"B™) + yA¢" ! — NG (") + 7™ | VT, (3.3.15)

where the Laplacian term is treated implicitly. We discretise the Laplacian, divergence and gradient

terms using the central difference formula as follows

¢(”+1 ¢(”+1) +¢(n+1) +¢(n+1) +¢(@+1)

[A¢(n+1)] i+1,j ih_;J i,j+1 4,j—1 , (3316)
(n) (n) (n) (n) (n) (n) (n) (n)
ROY N Piv1, P41, — Pic1,iPrim1  Pig41Prig41 — Pijo1P2i -1 1
[V - (o™ B™)]ij o - o . (3.3.17)
(n) ¢ o ¢(n)1 (b( 0 ¢ ") 1
n)y.. — ? ’.] 1 a.] 2,7 7.7 . .1
Vo) ( - - ) (3318)
and end up with the discrete scheme (3.3.19).
¢n+1 _ A0
% = —b[V - (¢"B™)]ij + [A¢" i — MG/ (¢")]ij + 7[c™ V" [li5, (3.3.19)
with
[G"(6™)]i; = 366" (1 — ") (1 — 201")), (3.3.20)

fori,7=1,2,3,..., Ng + 1. The curvature term is calculated by

A\
Vo]’

M —vy.
when [V¢(™| > 0.01, and set to be zero otherwise. Rearranging (3.3.19) gives

o5 = A0y = o) — b7V - (6B + 7 (<AE ()]s + 1™ [V )

(3.3.21)
fori,j =1,2,3,..., Ng + 1. We use the periodic boundary conditions as follows
n+1 n+1
o5 = o
(n+1) (n+1)
¢iﬁ - ¢inNg+1’
(n+1) _ ,(n+1)
¢ ] gb 9
. zV“’J (3.3.22)
n+1 n+1
(ZS djl ,Nq
¢(n+1) _ i (n+1)
No+2,5 = ¥2,5

n+1 n+1
¢E‘,NQJ)F2 = ¢£ 2 g
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Incorporating the periodic boundary conditions and letting r = 5 gives the following system of

equations
where
with
(1+ 4r)
—ry (1
0
A =
0
—ry
and
B =

The vector a("+1) = (qﬁﬁ“), 2,1

Aot = p{, (3.3.23)
A B 0 0 B
B A B 0 O
0O B A --- 0 O
A= : (3.3.24)
0o 0 O A B
B 0 0 B A
-7 0 e 0 -7
+ 4ry) —ry e 0 0
—ry (I1+4ry) --- 0 0
, (3.3.25)
0 0 (14 4ry) —ry
0 0 —ry (1 +4ry)
—ry 0 0 0 0
0 —ry 0 0 0
0 0 —ry 0 0
(3.3.26)
0 0 0 —-ry 0
0 0 0 0 —r7y

(n+1) (n+1) ¢(n+1)

» P31 No+1,No+1

and the right-hand side of (3.3.23) is given by

)T is the solution vector at time ¢(**+1)

) —br[V - (6B 11 + 7 (NG (™)1 + ™[V )1 1)

b{" =

¢§\7r2+1,1v9+1 — b7V (6B Ngr1.n0+1 + T (<G (0] g 41,8041 + Y[ [V g 41,8041)

with the finite differences as given above.

$) = br [V (6B )]a + 7 (~AG(6)]a1 + A [VH™)]]a,1)

Discretisation of the reaction-diffusion equations for myosin and F-actin

We first note that we can write

V - (@Dmn(pa)Vom) = V(@D (pa)) - Vom + dDim(pa) Apm,

V-

(6Vpa) = V¢ - Vpa + ¢Apq,.
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We apply a forward Euler method to the reaction-advection-diffusion equations for myosin II and

F-actin and have

= V(DM ™M) . VpM 4 pm) D A pn
= ( ) (3.3.27)

v <¢<n> i) ﬁm)) ’

and

(n+1) gn+1) _ 4(n) (n)
A PP DT - Vel + M AP
T (3.3.28)

— 69+ (6™p0B™) + 6 1 (o).

Next, we use central differences to approximate the spatial derivatives as follows

(w) 4p¢(1nl)_] + p((znz) 1,7 + pz(znz)]-i-l + p¢(1nz)_] 1

n paz 1,5
[Ap(M)];; = Tur = : (3.3.29)
I N R O N Ol
[Apgg)] Pm ,i+1,7 Prm ,1, pm thl,j Pm m,i,j+1 Pm,w71 7 (3330)
(n) (n) (n) (n) (n)
[v . ((b(n)pgﬂ)ﬁ(n))}z _ ¢z+1,] Pa ,i41 jﬂl 1+1,7 2h¢1 1 jpa 1—1,771,5—1,7
(3.3.31)
¢zg+1paz]+162z]+1 (sz 1pazj 1621] 1
2h ’
(n) (n) (n) (n) (n)
[v . (¢(n)p7(77:)ﬂ(n))] ¢z+1,j m1+1,gﬂ1,i+1,j - ¢l l,jpmz 1,jM1,i—1,5
(n) (n) (n) 2 (n)  (n) (n) (3.3.32)
¢ ,J+1Pm z,g+152,i,j+1 ¢ i,j—1Pm.i,j— 152,1‘,]‘—1
2h ’
pm (n) D™ () po) (n) D™ (n)
(n) (n)1.. _ m ’L+1,]¢’L+1 Yy m i—l,j¢i—1,j m Z7j+1¢ g+l T m 0, — lq5 i,j—1
(VD 6™ )i =
Mg J 2h ’ 2h
(3.3.33)
This gives the following schemes
oy oty = (VD™ - Vol + 61 DI [806):)
o o (3.3.34)
+ (bz] pm i, bT[V : <¢(n pgjzl ﬂ(n))]lﬁ
and
n+1 n+1 n n
o o) = Dar (V6™ - V)i + 67 [80(7):y)
oo (3.3.35)
+ o0l = bV - (¢<">pg">ﬁ<" Yis + 765 Foii ),
where
(n) 2
1 n k a,i n
Drij= ¢y and f(pfz,i),j) = L(n;) +ka | ply €P¢(z,i),j- (3.3.36)
1+a‘pa,i,j 1+(pa Z,j)
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We use periodic boundary conditions of the form

(n) _ (n)
Pa,1,5 = Pa,No+1,j°

(n) _ (n)
Payil = Pa,i,No+1>

n) _ (n)
Parfo,j = PaT,LNu NE

(3.3.37)
(n) _ (n)
Pa,i,0 = Pa,i,Ng>
(n) _ (n)
Pa,No+2,5 = Pa,2,5
(n) (n
PaiNo+2 = pa,i),27
n) _ (n)
Pmnj = Pr:,Nsm,jv
m) _ (n)
Pmil = Pm,i,No+1
(m) _ (n)
Pm,0,5 = Pm,Nq.j° (3.3.38)

) _ (n)
Pn?,z‘,o = pr:LL,i,Ng’

(n) _ (n)
Pm,No+2,j = Pm,2,5

p'(r:,)i,NQ+2 = /-)7(7?,)1',2-

Equations (3.3.34) and (3.3.35) respectively give rise to the following systems of equations
Ayt — bé”) and Agp(th) = bén), (3.3.39)

where Ay = Aj are given by

1

(b 0 - 0 0
0 A | 0 0
0 0 (b 0 0

Ay=As=| . S . (3.3.40)
n+1

0 0 A VI
00 0 0 el

The vectors p™+1) and w(™*1) are the solution vectors and bén) and b:(),n) are the right hand sides
of (3.3.34) and (3.3.35) respectively with the periodic boundary conditions (3.3.37) and (3.3.38).
On the right hand side of (3.3.34) and (3.3.35), we note that we have used a Laplacian term of the

form
L P O 0 0 P
P L P 0 0 O
0O P L 0 0 O
) (3.3.41)
0 0 O P L P
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where
—dry  ry 0 - 0 0 Yy
ry —dry ry - 0 0 0
0 ry  —4dry 0 0 0
L =
0 0 0 ry —4dry oy
Ty 0 0 0 ry  —4dry
and
ry 0 O 0 0 O
O ™ 0 -~ 0 0 O
0o 0 rv - 0 0 O
P =
0 0 O 0 » O
o o o0 -~ 0 0 ry

Discretisation of the actin flow equation

To solve the actin flow equation
V- (ou(%,t) + Omyo(X,t) + Opory(x,t)) =0,

we construct its corresponding parabolic problem as follows

8

2 =V (005, 8) + Comyo(%,1) + Tpoty (x,1))

(3.3.42)

(3.3.43)

(3.3.44)

(3.3.45)

If the solution converges to a limit as ¢ — oo, then this limit will be the solution of the force

balance equation (3.3.44). We will therefore solve (3.3.45) for multiple iterations until we reach a

steady state. We first expand the terms in the force balance equation (3.3.44) as follows:

2058 + o5 20 + 2

V- (8(VB(x, 1) + (VB(x,1))T)) =

(6/32

o
o o 06 08y | 0

O%t + 2050 + 25000 + 52

¢ (652
T 0.

o
V- (n3¢pm(x,t)I) = 13 55 (6pm) |

13 (% ((bpm)

_m, 9 W0
V- (=melVel*pa(x, )I) = M55 (9Pads) |

*774%(@7(1%)

where for convenience we have used J4 to denote the interface term |Ve|?.

(3.3.45) into x and y directions give

5) + o5

9 %)
5) +od;

(3.3.46)
Splitting equation
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=255 tba g T2t o S o

0B 32ﬁ1 5251 8¢ 0B, | 0¢ (862 351) +¢3252

ot dr dxr Oy \ O oy Oyox (3.3.47)
+ Mg 8 —(9pm) — 774%(@@%),
and
o= 20 e o (G ) o,
(3.3.48)

0
+ 773 (¢pw) 77487y(¢pa5¢)7

respectively. To arrive at the discrete versions of (3.3.47) and (3.3.48), we apply central differences
to approximate the space derivatives and use a time discretisation as shown in (3.3.49) and (3.3.50).
This implies that at each time step n + 1, we solve discrete equations (3.3.49) and (3.3.50) until

convergence has been achieved. For these equations, we note that we set ﬁii:jo) = YZ) ; and

Békfjo) = ,857? ; and solve the equations iteratively until convergence is achieved. The converged

solution will therefore be the solution at time ¢tV i.e ﬁﬁtl) and ﬂ;ﬁ;l). We also note that we

(n+1) (n+1) (n+1) th
®i; s Pay; and py, ;. Here k represents the k

make use of the already computed solutions
iteration while n represents time. Therefore, at each time n + 1, we apply a number of iterations

until the solution at time n + 1 converges.

825§k+1) a2ﬁ§k+l) *)

ﬁlk-H 2T ¢(n+1)[ 20 527 + ¢ 02 ]ij Ioh g T

a¢(n+1) 85§k) ]
ij

Ox ox
. De(n+1) aﬁ§k>+a/3§’“>
oy Ox oy g
()
F gl 0°p" (3.3.49)
Oyox
ij

0
+ 73 {&C(éf’(nﬂ ggﬂ))] -
1]

a n n n
— TNy {&C(éf’( H)P((l +1)5§> +1))} )

j

and
(k+1) 2 k1) (n+1) 5 a(k)
(k1) o (nt1);, OBy 0”3 ' (k) 9¢ 9P,
B2 27 ¢ [¢ 8952 +2¢ 8:[/2 ]7,] 52 +2 8y 8y
)
L [aet (a5 s
or or oy 3
ij
ronty o p (3.3.50)
0xdy

0
+ 7 {%(aﬁ("“)p%“))] )
ij

a n n n
— T [ay(aﬁ( s, H))} :

ij
where

(3.3.51)

(k+1) k+1 (k+1
8255k+1) 612+1J_2ﬁ§ )+Blz 1)]
a2 h? ’
ij
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(k+1) (k+1 (k+1
aZﬁikJrl) _ 1 z,]+1 - ﬁl ) + ’81 Ji,J )1 (3 3 52)
dy? h2 | h
)
_ - (k) (k) (%) (k)
9265 _ By~ Privig1 — B i (3.3.53)
Oyox | Ah? | h
L ER)
_ : (k) (k)
825§k) ﬁ1 Jit1,j+1 ﬁl i1~ Bl B (3.3.54)
oxdy | 4h? | h
L dij

5 2 and 8 5 2 All the other derivatives can be obtained as before. We

and similarly to the terms

use periodic boundary conditions of the form

(k+1) (k+1)
51 = B No41,57
(k+1) k+1
1 7,1 IB§ z,Nzﬁ-l’
(k+1) (k+1)
B0 = B s (3.3.55)
(k1) _ gkt e
1 ,2,0 1,i,Nq>
(k+1) (k+1)
B akas = Bl s
(k+1)
51 A No+2 — P1,4,2
(k+1) ﬂ(kﬂ)
2’17J 2,No+1,5°
(k1) _ glk+D)
2,1 = P24 No+1
(k+1) (k+1)
52ly) = By (3.3.56)
(k+1) ﬂ(kﬂ)
2 7,0 2,i,No>
(k+1) (k+1)
52 Na+2,5 — P2,2,5 9
(k+1) (k+1)
52 i NQ+2 2,i,2
and have the following system of equations
AU = b and A;VOHD = bl (3.3.57)
where
Cl D1 0 O 0 D1
D; Cz; D 0 0 0
0 D; C; --- 0 0 0
A= T : (3.3.58)
0 0 0 -+ Dny,-1 Cno-1 Dnga

DNQ 0 0 T 0 DNQ CNQ
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with
1+ 6r ¢(n+1 o ¢ln+1 0 0 _or ¢1n+1)
20yt 1 6relTY —2rgltY 0 0
0 —2rg"tY 14 6r¢("+ 2 0 0
C; =
0 0 0 1+ 6row ) —2ref)
—org (Y 0 0 —2rg Y 1ol
and
—r¢iV 0 0 0 0
n+1
0 —rgyy 0 0 0
(n+1)
0 0 — 0 0
D, = 57 ,
0 0 0 —réoGt 0
0 0 0 0 —rol Y
while
E1 F1 0 0 0 Fl
F, E, F, 0 0 0
0 F; E; 0 0 0
A = , (3.3.59)
0 0 Fyo1 Eng1 Fnga
Fu, 0 0 Fr, En,
with
1+ 67”(;55?;'1) ¢(”+1) 0 0 _r ETLJ+1)
—rg T 1 ereyt ety 0 0
0 —r¢3’;.“) 1+ 6roy 0 0
E, = ’
0 0 0 1+ 6roy ) o —relt
—roGtY 0 0 ) DN Y T el
and
—2rg{"+V 0 0 0 0
0 —2rg{Y 0 0 0
0 0 —or qs("“) 0 0
F, =
n+1
0 0 0 ~2rg T 0
0 0 0 0 —2rg{tY
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The vectors U™ and V") are the solution vectors and bfl") and bé”) are the right hand sides

of (3.3.49) and (3.3.50). The equations we now seek to solve are

Ala(n-‘rl) — bgn)7
Aspth) = bén),

A, UMD = b,

AV — pi),

The matrices in these systems of equations are large and sparse and can therefore be solved by

iterative methods e.g preconditioned conjugate gradient and GMRES methods.

3.3.3 Numerical simulation

We will only show preliminary results for the phase-field model. Let © = [—3,3] x [—3, 3] be the
domain and the unit disk denote the cell at the initial time. We let ¢ = 1 inside the cell and ¢ =0
outside the cell. We also allow ¢ to vary smoothly between ¢ = 1 and ¢ = 0 across the boundary
of the cell. We start with initial conditions as random perturbation about the point ¢p,, = 1 for
myosin II and consider a non-zero concentration of F-actin only in one half of the cell at initial
time. The parameters used are as shown in Table 3.5. The domain is subdivided into 100 equal
sub-intervals in each direction. We allowed the simulation to run until ¢ = 5. All the simulations

were carried out in Matlab. Figure 3.24 shows evolution of the cell shape with time.

Discussion of the numerical result

We have attempted to solve the phase-field model as an alternative method for solving model for
cell migration. We note that we have only given preliminary results for the phase-field model, i.e,
the results for the cell shape. The disk representing the cell is now embedded into the domain
Q =[-3,3] x [-3,3]. Our preliminary result for the phase-field model shows that the cell evolves
with time and maintains the value ¢ = 1 inside the cell and ¢ = 0 outside the cell. The diffuse

width of the cell is such that ¢ varies smoothly between ¢ =1 and ¢ = 0.

3.3.4 Summary

Here, we considered the phase-field model as an alternative model for cell migration. The main
advantage of this method is that it avoids the need of tracking the boundary. The model comprises
of reaction-advection-diffusion equations for F-actin and myosin II coupled to a force balance
equation. To show evolution of the cell, we use an additional equation for the phase-field. This
was done by introducing an auxiliary field ¢(x,t) which takes the value ¢(x,t) = 1 inside the cell
and the value ¢(x,t) = 0 outside the cell and varies smoothly between 0 and 1 in the interface
between the two regions, a free energy functional F'[¢] and a double well potential whose minima

describes the value of ¢ in each region. We discretised the space using central differences and
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()

Figure 3.24: Cell shapes at different times showing the cell evolving with time. Red indicates
highest values and blue lowest values. (a) cell shape at initial time, (b) cell shape at time ¢t = 2

and (c) cell shape at time t =5

considered forward and backward Euler methods to discretise the time and ended up with systems
of linear equations. The systems of equations were then solved iteratively in matlab to obtain the
solution for the phase-field model. We have only displayed preliminary results for this model.

In Chapter 4, we will give a summary, discuss the findings from our work and outline future

directions.
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Chapter 4

Summary and future directions

In this chapter, we summarise and discuss the general results from our work and outline future

research.

4.1 Summary

Cell migration has become one of the areas of much interest to many researchers. It is a funda-
mental process in many biological systems, for example wound healing, development of embryos,
inflammation, cancer invasion, physiological process among others. In this work, we proposed a
model and implemented numerical methods to study cell migration.

We began with a detailed review on the biology of cell migration and outlined various mod-
elling strategies that have been applied to study cell migration. The cell’s cytoskeleton is largely
responsible for force generation that drive cell migration. It does so through the actin-myosin
system. Rapid polymerisation of actin network at the cell periphery leads to the growth of lamelli-
podia. This leads to expansion of the plasma membrane and thus to the development of a contact
area with the substrate. Also, the development of stress fibres and networks that are contractile
due to the action of myosin II that tend to slide actin filaments relative to each other leads to
contraction of the cell . These active forces from polymerisation of actin and contraction of stress
fibres are eventually transmitted to the substrates thereby providing the necessary forces required
for cell propulsion. Actin filament and myosin II are therefore responsible for force generations
that drive the cell forward. We therefore derived models based on the idea that F-actin and myosin
IT are the main active stresses in the cell.

We constructed two models for cell migration. The first model is the viscous model which treats
the actin-myosin system as a viscous material. This model is composed of reaction-advection-
diffusion equations coupled to a force balance mechanical equation. The reaction-advection-
diffusion equations for actin and myosin II are derived from conservation laws. The reaction
kinetics for actin depends on the concentration of F-actin and actin monomers. We assumed that

the total amount of actin is conserved in the entire cell. Actin converts from its active state to
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inactive state and vice-versa and is independent of myosin II concentration. Since actin monomers
are small molecules and they can diffuse fast, we assumed that they are well mixed inside the
cell. We assumed that myosin II only diffuses inside the cell and that the two reaction-advection-
diffusion equations are only coupled at the diffusion term for myosin II. For our models, actin and
myosin II are the source of active stresses. Therefore at quasi-steady state, all the forces balance

off and is equal to zero.

During numerical simulation of the viscous model, we note that we had to specify a way in
which the mesh moves and keep track of the boundary at all time steps. To avoid this, one could
explore the phase-field framework. We therefore formulated the corresponding phase-field model
as an alternative model for cell migration. We introduced a phase-field function ¢ which takes the
value ¢ = 1 inside the cell and ¢ = 0 outside the cell. The phase-field function was allowed to vary
smoothly from ¢ = 1 to ¢ = 0 across the boundary of the cell. We note that this method avoids
the need of tracking the boundary every time step. In addition to the reaction-advection-diffusion
equations and force balance equation, we now have a phase-field equation which gives the shape of
the cell. In both models, we carried out non-dimensionalisation and ended up with dimensionless
models. For the viscous model, we proposed to discretise the space using finite elements. The finite
element method is well suited for domains that are irregular and evolving. To obtain fully discrete
equations, we used the second order semi-implicit backward differentiation formula and solved the
model. To begin with, we considered the well studied Schnakenberg model and constructed its

numerical solvers. We summarise our observations in the next paragraph.

Actin filaments and myosin IT are the main sources of stresses in the cell and are responsible for
driving cell migration. We varied the parameter for total actin and observed a linear relationship
between the cell expansion and total amount of actin. The more the total amount of actin, the
more the expansion. A decrease in the total amount of actin beyond a certain threshold leads to
cell shrinking. Myosin II is responsible for cell contraction. By varying the contraction coefficient
for myosin II, we observed effect in contraction of the cell. Our results validate the theory that
myosin IT and actin are the main ingredients that drive cell motility. The initial condition also
played a role in the dynamics of cell migration. We considered two sets of initial conditions for the
F-actin and myosin II variables. A random perturbation about p, = 1 led to uniform expansion
of the cell where the periphery of the cell expanded or contracted uniformly. By considering a
non-zero initial concentration of F-actin only in one half of the cell, we observed a directed growth
of the cell where the cell expanded in the direction with more concentration of actin and began to

migrate in that direction.

The findings and conclusion from our work is therefore as follows: in the absence of advection
of actin and myosin II and domain evolution, the biochemical model for F-actin and myosin II
will reach steady state. The advection terms drive cell movement. F-actin and myosin II are the
main sources of active stresses in the cell and are responsible for driving cell migration. Some of
the parameters and variables that are important in the dynamics of cell migration are: the initial

conditions for F-actin, the total amount of actin inside the cell, the contraction and polymerisation
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coefficients.

For the phase-field model, we proposed to use finite differences to discretise the space. This
is because finite differences are simple to work with on simple geometries, which is our case. We
note however that on complicated geometries implementation with finite differences is not trivial.
We used a forward and backward Euler method to discretise the time derivatives and solved
the resulting system of linear equations using iterative methods, for example the preconditioned
conjugate gradient and GMRES methods. Our preliminary results for this model was able to give
cell shapes at different times. We note that the boundary is now a diffuse layer and the phase-field
function distinguishes the inside of the cell from the outside. Our result is able to depict some
aspects of cell migration. We note however that some aspects of the results for the phase-field

model are missing including the dynamics of F-actin and myosin II and velocity solution.

4.2 Future directions

Cell migration is a very complex area and include different modules, for example signalling path-
ways, actin polymerisation, myosin II contraction, adhesion among others. Our models were able
to describe some aspect of cell migration although this is just a few of the many aspects of cell
migration. Our model results show consistency with experimental studies but we note that it has

several limitations.

e First, the cell is treated as two-dimensional. As much as this is a reasonable approximation
for the lamellipodium, it is not sufficient to describe the bulbous cell body. Extension to

three dimensions are in principle straightforward, albeit computationally more intensive.

e Secondly, our numerical results indicated expansion of the cell with time. An improvement to
the model would be to introduce extra mechanisms for volume conservation which is missing

in our models.
e It would be interesting to investigate the effects of different other parameters on cell velocities.

e Furthermore, our reaction-advection-diffusion model can be extended to include more com-
plicated actin-myosin dynamics. For example, it has been suggested that myosin II can
disassemble actin filaments at the back of the cell. A modification for the reaction-advection
equations would be to introduce a reaction term to the myosin II equation which depends on
actin and myosin II and similarly, a reaction term to actin equation that depends on both

actin and myosin II.

tot

o S0 as to

e Also, it would be interesting to include extra pathways to control the quantity p

enable the cell to polarise.

e It would be interesting to incorporate adhesion mechanism and to investigate the effects of

barriers on the cell velocity.
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e Finally, an extension of the numerical simulation of the phase-field model in terms of com-
puting the steady state shapes and velocity of the cell and the steady state distributions of

F-actin and myosin II can be done in order to compare the two modelling framework.
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