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Introduction

A burn is a type of injury to the skin that may be caused by heat, electricity, radiation, lasers or chemical
substances. After a burn has healed, mechanical tension remains. A contracture can be defined as a
tightening of the skin caused by a burn. Symptoms may include restriction of movement, a feeling of
tightness, and pain [1].

Insight in the mechanics involved in the wound healing process that occurs after a burn, results in
a better understanding of contractures. Eventually, this could lead to improved treatment. One could,
for example, think of splinting a limb in order to minimize the final tightness of the skin.

To describe the mechanical behavior of skin during wound healing, a so-called morphoelastic model
has been used in [12], [14] and [11]. The idea is to split deformations up into an elastic and a plastic
part.

At the start of this graduation project my supervisor Fred Vermolen told me that he wanted to gain
more understanding in how the morphoelasticity models applied to burns work. To do so, in this thesis
we will loosely reconstruct some of the models from [12] and [11]. We will start with very rudimentary
models, and build on them towards more complicated ones. We will try to understand how most of
the models work by walking through derivations. Additionally, we will present results that will highlight
the most important features of every model. We will also construct a framework to include a means of
heterogeneity in some of the models. Moreover, we will allow for this heterogeneity to be stochastic.

In chapter 2 we will walk through the biology relevant to this project. We will introduce some nec-
essary terminology and we will discuss the effects at play that will be captured by the models.

In chapter 3 we will present some prerequisite theory on stress and strain. Although there are plenty
of books that cover this, the models will rely heavily on this theory. For that reason, it is important for the
reader to be familiar with it. Also, a chapter on stress and strain gives us the opportunity to introduce
some of the notation we will use throughout this thesis.

In chapter 4 we will provide a mathematical derivation or substantiation for each of the models
around which this thesis revolves. We will start off fairly easy, so that the reader can finish the chapter
with a profound understanding of morphoelasticity.

In chapter 5 we will walk through the Finite Element Method applied to some of the more advanced
models. With this chapter, it should be clear how the Finite Element Method can be applied to the
simpler models.

In chapter 6, we present results for the models introduced in chapter 4. Some of these results will
aim at gaining even more understanding in the models. Others will contain relevant quantitative outputs
of the models.

Finally, in chapter ??, we will briefly summarize the findings of the thesis, and provide some recom-
mendations for future work.






Biological background

In this chapter we will walk through the relevant biological background. We will discuss burns, wound
healing, contraction and contractures. We will also provide a timeline for wound healing and contraction.
This timeline will be helpful in the chapters that follow.

2.1. Layers of the skin

Human skin consists of three layers. See figure 2.1.
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Figure 2.1: A simplified representation of the skin, including sweat glands (blue), hair follicles (black),
blood vessels (red), and collagen fibres (brown).

The epidermis is the outermost layer, and is relatively thin. Its main functions are providing protection
against infection from pathogens, regulating perspiration, and the production of melanin to form a barrier
to ultraviolet radiation.

The dermis is the middle layer, and is the thickest of the three. It houses biological structures like
sweat glands, hair follicles, and blood vessels. The dermis itself consists of cells, such as endothelial
cells, immune cells and fibroblasts, and an extracellular matrix. In turn, the extracellular matrix is
made up of components such as collagen and elastin. In figure 2.1 the brown strings running through
the dermis are collagen fibres. It turns out that the arrangement of these fibres strongly affects the
mechanical properties of the skin. In healthy, uninjured skin, the arrangement seems to be random
([12]).

The hypodermis, also refered to as the subcutis, connects the dermis to the tissues underneath the
skin.

2.2. Burns

A burn is an injury to the skin that can be classified as [2]:
* thermal,
* electrical,

* radiation-induced,
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* laser-induced,
» chemical.

All of these types of burns are slightly different from each other. Burns as a class of wound in turn have
different characteristics compared to wounds caused by, for example, cuts or infections. Consequently
every type of wound will heal in its own way. However, to a large extent the process is always the same,
and for that reason in this thesis it will be reasonable to build upon the general wound healing theory.

2.3. Healing of dermal wounds

Superficial wounds, that only affect the epidermis, do usually not cause scars [3]. Therefore the focus
will be on wounds involving damage to the dermis, so-called dermal wounds. The morphoelastic model,
that we will present later in this thesis, will only capture part of the healing process. Also, it will have
a rudimentary character, i.e. only the processes that are known to have a large influence will be taken
into account. In [1] an elaborate description of the healing process of dermal wounds is given. Here
we will essentially give a simplified summary of this description, refraining from introducing too much
terminology that is ultimately not reflected by the morphoelastic model.

The body’s healing response to dermal wounds can be subdivided into four phases, i.e. hemostasis,
inflammation, proliferation and maturation. It is important to note that these phases overlap partially.

2.3.1. Hemostasis and inflammation
Upon injury, the hemostasis phase commences. Reactions in the blood lead to the production of fibrin,
which forms a clot. See figure 2.2. This stops the bleeding, and, additionally, the clot serves as a
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Figure 2.2: Injured skin. A blood cloth (red) has formed during hemostasis.

scaffold for cells to migrate in the absence of an ECM. In the inflammatory phase, blood vessels become
more permeable, and white blood cells make their way into the wounded area. Their main function is
to prevent infection from pathogens, and to remove dead cells, damaged cells and other debris.

2.3.2. Proliferation
In the proliferation phase granulation tissue is formed. Three cell types that play an important role are
macrophages, endothelial cells and fibroblasts.

Through the proliferation phase, macrophages continue the removal of debris from the wound, and
the protection against pathogenic infection.

Fibroblasts are an important type of cell. The two most important phenotypes are the ‘normal’
fibroblast, and the myofibroblast. It is suggested that there is a third type of fibroblast, called proto-
myofibroblast. ‘Normal’ fibroblasts are more mobile than myofibroblasts. However, they are unable to
exert significant forces on the granulation tissue and surrounding skin tissue, as opposed to the other
types. All of the types can excrete collagen fibres. This is very important in wound healing, because
collagen provides scars with the necessary tensile strength. Throughout this thesis we will not distin-
guish between the three types. Instead, we will use only one type of fibroblast that can exert forces
and excrete collagen. We assume that this type is representative for the whole heterogenous fibroblast
population.

During the proliferation phase, the fibroblasts will construct an ECM, by laying down collagen fibres.
The ECM in uninjured skin is of higher quality than what is seen in granulation tissue. Around 80 to
90 percent of healthy skin consists of so-called type I collagen. Type Il collagen comprises ten to 20



2.4. Contraction, mechanical properties and contractures 5

percent [1]. Type | collagen is stronger, while type lll collagen can be produced at a faster rate. In
granulation tissue the collagen composition is skewed towards type lIl, where it now accounts for 30%.

Another important process that starts is angiogenesis, which is the creation of new blood vessels
from ones that exist close to the wound area. To this end, endothelial cells, which make up the inside
of blood vessels, proliferate, and migrate into the wound. The new blood vessel network will be very
important in the proliferation phase: it allows for transport of the debris that leukocytes are trying to
remove, and it provides nutrients and oxygen to a variety of cells. Fibroblasts, for example, need
oxygen to carry out their work. Additional leukocytes that are needed in the wound area will also start
using the newly constructed network.

2.3.3. maturation
As soon as fibroblasts enter the wound, they start remodeling the ECM. In the early stages of the
healing process, they break down fibrin and replace it by collagen. As the healing process progresses,
they continue to modify the tissue by removing existing collagen fibres and laying down new ones. This
remodeling of the tissue is called maturation. In this process, which lasts until a mature scar is formed,
much of the type Ill collagen is turned into type | collagen. This will be reflected by the mechanical
properties of the tissue.

In figure 2.3 we present a timeline that shows when the phases approximately commence and end.
An indication is also given for the period in which the wound experiences contraction.

[Hemostasis |
| 1 Inflammation |
i i i 1 Proliferation j
| | Contraction T T | | Maturation |
L8 8 A" \ AY v’z \U.) U'i e
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Figure 2.3: A non-linear timeline including the four phases of wound healing, based on [1]. We also
included contraction, because of the important role in this thesis. It must be noted that the time values
are approximate and may vary from case to case.

2.4. Contraction, mechanical properties and contractures

In view of the change in the composition of the ECM described in subsection ??, it stands to reason that
a scar will have different mechanical properties than uninjured skin. It is not just the type of collagen
that plays a role though, the orientation is also essential. It is known that fibroblasts lay down collagen
fibres predominantly along the axis subject to the highest normal stress. In scar tissue, the resulting
disposition will show a lot of fibres that are roughly parallel to the skin. There is some discord as to
how this compares to collagen arrangement in healthy skin. For example, [12] speaks of a random
alignment, whereas [1] presumes a “basket weave-like pattern”.

Figures 2.1, 2.2, 2.4 and 2.5 are in chronological order. Together, they visualize the process leading
to residual stress and altered mechanical properties of the wounded area.

In terms of strength, it is known that a wound has three percent of its final strength after a week, and
20 percent after three weeks. After three months the strength will be 80 percent of that of uninjured
skin, and it will stay at this level.

It can also be seen that after the wound healing process, uninjured skin is spanning a larger area
than before. This means that there will be residual stress. This stress defines a contracture. Symptoms
are restriction of movement, a feeling of tightness, and pain. Especially contractures resulting from
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Figure 2.4: Injured skin with granulation tissue (pink). Fibroblasts (black dots) induce contraction, and
secrete collagen fibres (brown), oriented along the axis with highest normal stress.

S \ —_—— / =
Figure 2.5: Wound in the final stages of the healing process. The uninjured skin is spanning a larger

area than it did before contraction. Therefore there will be residual stress. Collagen fibres (brown) in
the area that has been injured are now predominantly oriented parallel to the skin.

large burns can lead to serious complications.
In figure 2.6, we can see a contracture.

Figure 2.6: A debilitating case of a contracture. This photo was taken from [1].



Definitions of stress and strain

In this chapter we will give a brief introduction to stress and strain. We will also discuss some other
important topics that would be distracting if we introduced them in other chapters.

3.1. Definition of stress

In physics, stress is a quantity that measures forces that adjacent particles in a material exert on each
other. Stress resulting from a force applied perpendicular to an area is called normal stress. If the
force is applied parallel to the area we call it shear stress. In both cases, stress is defined as the force
divided by the area over which it is exerted, i.e.:

o= —. (3.1)

In three dimensions, there is a total of three normal stresses, and six shear stresses to be considered.
See figure 3.1.

N

y

Figure 3.1: A cube subject to stresses.

The stress tensor is then given by:

_ 011 012 013
0 :=|021 0Oz O023]. (3.2)
031 032 033

7
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3.1.1. Symmetry of the stress tensor
Assume that the cube in figure 3.1 is subject to forces, but it does not rotate. Then the sum of the
momenta must be zero. If the forces are distributed uniformly along the surfaces, we find that:

012 — 01 = 0, (33)
0-13 - 0‘31 = O, (34)
03 — 037 = 0. (35)

This shows that o must be symmetric.

3.2. Eulerian vs. Lagrangian and the material derivative

Let x := x(X, t) be a flow, where X is the initial position of a particle, and x is the position of the particle
with initial coordinates X, at time t. Consider a physical quantity ¢ that depends on space and time.
There are two common ways of looking at the quantity. Firstly, we can look at a specific point, and
see how c evolves over time. In this case, we usually write ¢ := c(x,t). We call this the Eulerian
specification of c.

Secondly, we can follow a particle, and see how c evolves as the particle moves through the fluid.
It is common to label the particle using its initial position. We can write ¢ := c(X,t) := c(x(X,t),t),
where x(X, t) is the position at time of the particle with initial position X. This is called the Lagrangian
specification of ¢, and in this thesis we will call X the Lagrangian coordinates or initial position of the
particle. Similarly, we will call x the Eulerian coordinates or current position of the particle.

In this setting, derivatives depend on the specification we use. If we want to know the rate of change
of ¢ with respect to time at a fixed position x, we simply regard dc/dt. However, if we are interested in
the rate of change of ¢ experienced by a particle as it moves through fluid, we have to consider:

d(c(x,t)) dc dx _.  Oc .

a _6t+dt‘v c—at+v-V c, (3.6)
where VE = (9/0x,0/0y,0/02z)" is the so-called Eulerian gradient operator, and v := v(X,t) :=
v(x(X,t),t) is the velocity at time t of the particle with initial position X. Here we used the chain rule
for differentiation.

Because the distinction between the two types of derivatives is so important, the latter has its own
notation in most texts; the material derivative is defined by:

Dc dc

= . VE
YRlFT: +v-Vec. (3.7)

3.3. Definition of strain
Displacement is defined as the difference between a particle’s current and initial position. The distinc-

tion between Eulerian and Lagrangian coordinates comes in handy now. We have, in one dimension:
u(x)=x-X, (3.8)
where u is the displacement of a particle with current position x and initial position X. In three dimen-
sions we have:
u(x) =x-—2X, (3.9)

where u is the displacement of a particle with current position x = (x,y,2)T and initial position X =
(X,Y,Z)T. Strain is a measure of deformation. One can define strain for a body as a whole. In one
dimension, if a body with initial length [ undergoes a stress such that it has current length I, then a
possible definition is:
I'—1

T
Often more useful is a local definition of strain. The local analagon of (3.10) is:

_ ou
e

(3.10)

€:=

€: (3.11)



3.3. Definition of strain 9

As the derivative is taken with respect to X, we call this the Lagrangian strain. Similarly, the Eulerian
strain is given by:

. ou

€= ——. (3.12)

In three dimensions we have for the Lagrangian strain:

- €11 €12 €13 1
€ = 621 622 623 = E(VLu + (VLu)T), (313)
€31 €32 €33

where V! = (0/0X,0/0Y,3/0Z)T is the Lagrangian gradient operator. The three-dimensional Eulerian
strain is defined as:

= 1
€= S (Vut (V). (3.14)
There are plenty of other definitions of strain. In [14], for example, the following is considered:
€ := (Vix)? — VEX. (3.15)

It can be seen that the latter suggestion is non-linear, as opposed to the ones listed before.

3.3.1. Symmetry of the strain tensor

The stress tensor is always guaranteed to be symmetric. The same cannot be said for the strain tensor,
where this depends on the definition used. For definitions (3.13) and (3.14) taking the transpose easily
shows that symmetry holds. If we use another definition, symmetry may either be hard to prove, or
not true at all. We will later see that this is an important caveat to keep in mind, and once we have
established the morphoelasticity model we will show that the strain tensor that is involved is indeed
symmetric.






Mathematical models

In this chapter we will consider some models that are well-known in elasticity theory. We will start with
the simplest, and build from there. Because we desire to gain qualitative insight in the morphoelastic
models that will follow later in this chapter, a solid foundation is necessary. Therefore, we will give
derivations for most of the one-dimensional models. The three-dimensional derivations can be tedious
whilst not providing a lot more insight, so we will omit them most of the time.

4.1. Pure elasticity in one dimension

4.1.1. Hooke’s law
If we assume that there is a function mapping € to o, we can write

o = f(e). (4.1)

For small values of ¢ it is justified to linearize this equation. Since we expect zero stress to correspond
to zero strain we have:

o = Ek, (4.2)

where E := f'(0) is called the Young’s modulus. This constant is material-dependent. The above
equation is known as Hooke’s law. Although quadratic and higher order approximations are also used
in the literature, Hooke’s law is most popular. For small deformations it is accurate, while being simpler
than higher order approximations. This is particularly helpful when we build upon it to construct more
advanced models.

Consider figure 4.1. An example of a stress-strain curve is presented that could be observed in
reality. Note that away from € = 0, the relationship is non-linear. However, closer to the origin, Hooke’s
law is accurate. We assume that all the materials that we will consider in this thesis obey Hooke’s law,
if we consider small enough strain values.

11
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€

Figure 4.1: An example of a stress-strain curve.

4.2. Pure elasticity in three dimensions

As we have seen in chapter 3, in three dimensions there are six distinct stresses to be considered. For
the normal stresses, we have already established (4.2). For shear stresses a similar linearization can
be stated:

=G (4.3)

Ushear eshear'

As it turns out, the so-called shear modulus G can be expressed in terms of E, and another parameter,
v. We will define v first, and then we will derive the expression for G. After that we will be ready to
establish Hooke’s law in three dimensions.

4.2.1. The Poisson effect

Consider Poisson’s effect, depicted in figure 4.2. The figure illustrates what happens if a beam is

(a) A beam in two dimensions, subject to expansion in (b) A simplification that is justified when looking at a
the horizontal direction. Contraction occurs in the verti- small piece of the beam, making the definition of Pois-
cal direction. son’s ratio intuitive.

Figure 4.2: Figures illustrating Poisson’s effect. In dashed we have the stress-free shape of a beam.
The solid lines show the shapes that result when stresses are imposed.

elongated in a certain direction: compression will happen in the two other directions. Conversely,
compression in one direction will induce elongation in the other two. This effect can be quantified using
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Poisson’s ratio:

de, de,
Vi= —E = —dex. (44)

In figure 4.3a we present a simulation of Poisson’s effect, performed using model 4.42. The Pois-
son’s ratio used is v = 0.48. In figure 4.3b the body forces are presented that give rise to the deforma-
tion.

2 1 2 1
=
>~ 0 : X 0
S
_2 [ — _2 - |
| | | | | |
-2 0 2 -2 0 2
X x
(a) An unstrained square (blue) gets deformed to the red (b) Body force F,(:,y) for —3.5 < y < 3.5.

shape, displaying Poisson’s effect.

Figure 4.3: A simulation illustrating Poisson’s effect.

4.2.2. Relationship between elastic constants
The so-called shear modulus G can be expressed in terms of E and v. We will loosely follow a derivation
from [16].

We consider figure 4.4a, which shows a side view of a cube with side length a. The lengths of the
diagonals (of the face of the cube) are d; = d, = V2 - a. In figure 4.4b we see the shape that results

N

d ’ N

s N
1,

’ N

s N

a

(a) A side view of an unstrained cube (b) A side view of the cube after shear force
F; has induced strain a

Figure 4.4

when shear force F; is exerted. We assume that the force is uniformly distributed. The shear strain is
usually defined by the angle between the strained shape and the unstrained shape. In our case we
have €, = a. The lengths of the diagonals are now denoted by d; and dj.

Let us consider the change that d, experiences through the straining of the cube. In figure 4.4b we
see that the top right corner has moved a distance of a tan a to the right . For small deformations we
have that atan a =~ aa. This means that:

d) = Ja? + (a + aa)? = 242 + 2a%a + a?a? ~ /2a? + 2a%a. (4.5)
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Now d} can be linearized around a = 0 using Taylor’s theorem:

dj ~ [\/Ed\/l + a] + [%\/E\/%] ‘a
a=0 A lg=0

- x/Ea(1 + %) (4.6)

Let us denote Ad, :=dj — d; and Ad, = d} — d,. It follows that the following linearization holds:

Ady  di—d; aa a

— = = = _. 4.7
& 4 Vavaa 2 “n
We can write the shear strain in terms of the shear stress o, so that:
Ad, 1 1o, 1 F
ady 1 _ 1o _ 15 4.8
d, 25726 T 2Ga? (4.8)

Analogously we can show that Ad,/d, has the same magnitude, but opposite sign.

Now we will consider four of these shear forces, that will add up in such a way that they can be
viewed as normal forces. This will allow us to compare normal strain to shear strain. So, consider
figure 4.5a. In both the x and the y-direction the strained shape will make an angle of 2a with the

AT

F F
— <+—
— > <+

F F

Rl

(a) Side view of a strained cube subject to four (b) Side view of the strained cube with the shear

shear forces forces decomposed into forces that can be per-
ceived as normal if we imagine them working on the
faces of an imaginary embedding cuboid

Figure 4.5: Side views of an unstrained and a strained cube.

original cube, since there are two shear forces working in each direction. The total shear strain is the
sum of these angles, hence we have €, = 2a+2a = 4a. The shear stress is also four times as big now,
we have g, = 4F,/a?. Itis easy to show that in this case the deformations of d, and d, are respectively
equal to 2a and —2a.

Each of the shear forces can be decomposed into an x- and y-component. The magnitude of these
components must be F = %ﬁFS because only then we have VF? + F2 = F;.

Now imagine the cube embedded in a bigger cuboid, see figure 4.5b in which we show a side view.
We will apply the forces with magnitude F to the faces of the cuboid. This gives the same strain as
applying them to the cube. To see why, observe that the normal forces F are distributed uniformly,
since the shear forces are, and recall that Lagrangian strain is defined relative to original length.

Now both in the x- and y-direction we have a stress with magnitude:

F V2F,  4F,
4 == (4.9)

o=4 I =45 =
Ex/fa E\Ea a
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The signs of these stresses are opposite. Now, taking into account the Poisson effect, the deformation
in the y-direction is:

e= B, (DB TEVE (4.10)
So now we have two expressions for the deformation of d;. We can equate them, and see that:
1;1/%=2a=%(4{1):%(65):%(4%):26122. (4.11)
From this it follows that:
G = L (4.12)
2(1+v)

N.B.: Assume that an unstrained cube has a vertex that is located in the origin, and three of its
edges are on the x-, y- and z-axes. Then here we defined strain as the sum of the angles that the
strained cube makes with the axes. This is quite common in the literature. However, some texts use
strain a for a strained cube that makes angle « in all three directions. Consequently, they find E /(1+v)
as an alternative expression for the shear modulus.

4.2.3. Hooke’s law in three dimensions
We have now established that:

611 1/E _V/E _V/E 0'11

622 = _V/E 1/E _V/E 0'22 (413)
€73 —v/E —v/E 1/E ||o33
Inverting the matrix gives:
011 E v/i(l-2v)+1 v/(1-=2v) v/(1—=2v) €11
opl=——| viA-2v) v/A-2v)+1 v/(1-2v) || (4.14)
os| TV v-2v) v/(1=2v)  v/(1—2v)+1||ess

For the shear stresses we have, with our derived expression for G:

012 E €12
013| = 577 1 .~ |€13 (4.15)
2(1
023 d+v) €23
Assuming the strain tensor is symmetric, it now follows that:
T=t+ —Tr@! 4.16
=€+ r(e)l, (4.16)

where Tr@ = €11 + €5, + €33 is the trace of €. This is the three-dimensional analogon of Hooke’s law.

4.3. Viscous stress

A highly simplified one-dimensional sketch of a dashpot is presented in figure 4.6. A rod is connected
to a piston, which is immersed in some fluid. The piston is almost as wide as the outer cilinder, so it
leaves little space for fluid to flow through. As we try to move the piston by pushing or pulling on the
rod, it is hindered by the fluid. Stress results, which in turn slows down. It may be clear that now stress
and strain are not related via Hooke’s law, because if the rectangle is not moving there should not be
any stress. Also, it seems intuitive that moving faster will induce higher stress values. Indeed, it turns
out that the stress is proportional to the rate of change of strain, i.e.:

de
o=pg (4.17)
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Figure 4.6: A highly simplified sketch of a dashpot

where u is the dynamic viscosity. The occurrence of this parameter reflects that moving the rectangle
through a viscous fluid like honey would induce much larger stresses than moving it through something
like water.

If we use € = du/dx, then if follows that:
66_0 6u_6 Ju _Ov 418
ot at\ox ) ox\ot) ox’ (4.18)

4.4. Viscoelasticity

4.4.1. One-dimensional

Although the purely elastic and the viscous laws can both be very useful, a lot of materials do not obey
them. Rather, they behave like something in between a solid and a fluid, and a so-called viscoelastic
law is appropriate:

dv
Jzua+Ee. (4.19)

This is commonly refered to as the Kelvin-Voigt law. In [14] it is argued that a viscoelastic law will
be most appropriate in the development of the morphoelastic model. They base this statement upon
experimental findings showing that skin re-expansion in the later stages of wound healing is not instan-
taneous. Therefore, viscosity should not be ignored.

4.4.2. Three-dimensional
The viscoelastic stress-strain law can be extended to three dimensions. In [11] the following is used:

- E\B
= \% V-v)l
5 = msym(Wv) + (¥ - V) + T

(F++ - —Tr@1). (4.20)

Here v = (u,v,w)T, where u, v and w are the velocities in the x-,y- and z-direction respectively. We will
not further derive or substantiate this expression. Note however, that compared to the usual elasticity
model, here E,/p is used, by means of which a density-dependent Young’s modulus is incorporated.

4.5. The Cauchy momentum equation

The Cauchy momentum equation can be viewed as a transcription of Newton’s second law to the
framework of stresses. It provides a relationship between accelleration, stress, and body forces. In
this section we will derive this equation in three dimensions.

Consider a small cube Q := [x,x + Ax] X [y,y + Ay] X [z, z + Az] € R3. The impulse in the x-direction
is given by:

f pudV. (4.21)
Q

The forces on Q can be subdivided into external and internal forces. The external ones can be ex-
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pressed in terms of normal and shear stresses:

z+Az y+Ay 0
011
011 X X)— 011 X = .
f f (011 (x + Ax) (x))dA f dv (4.22)
2 v q 0x
z+Az x+Ax 0
021
[ ] uv+ay-omoias [ T2av (4.23)
z X Q y
y+Ay ~x+Ax Kol
031
f ] (021(z + Az) — 031(2)) dA ~ j dav. (4.24)
y x q 0z

For the internal forces we can write:
f fdv, (4.25)
Q

where f represents force per unit volume, also known as body force. Now, by Newton’s second law,
the rate of change of the impulse with respect to time should be equal to the sum of all forces. So:

d
—f pudV =f (V-o,+f)dv. (4.26)
For the left-hand side we have, using Reynolds’ theorem:
d _ mw
— | pudv = dV+ | (@plerar = (wpwle) dA (4.27)
_ a(pu) f "o upu)
= fﬂ 9t av + | Tox dv (4.28)
0 a
f (05 + p (6"”) + u—)dv (4.29)
—f (6u+ au)cu/ 4.30
=)o P\ar Tax (4.30)
L 4.31
=, Poe (4.31)
Here we used that t;_p + a(apxu) = 0. This equality is known as the continuity equation. It now follows

that:
f (p— -V-g,—f)dV =0. (4.32)

Since the choice for Q was arbitrary, the integrand must be zero. Doing the work for all three dimensions
now gives the convective form of the Cauchy momentum equation:
Dv -
pD—=V-a+f. (4.33)

The continuity equation in three dimensions reads + V. (pv) = 0. We can use this to rewrite the
left-handside of (4.33):

D D a
0 D: - p—v + (a/t) +V- (ov)) (4.34)
6 d

=P50 +pv-Vv+ (a—f +p(V-v)+ (v- Vp))v (4.35)
_ a(pv)
=% +pv-Vv+ (v-Vp)v+ pv(V-v) (4.36)
_a(pw)
= %1 +v-V(pv) + pv(V-v) (4.37)
_ DY) v, (4.38)

Dt
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This gives us the conservation form of the Cauchy momentum equation:

D(pv)
Dt

+pv(V-v)=V-G+f. (4.39)

4.6. A purely elastic model

Here we consider a simple static model based on pure elasticity, in one dimension. We have:

_9o

ax b
o = Ee,

e=3t0<x<lL (4.40)
u(0) =0,
o(L) =0.

This model describes a tissue (or other material) in one dimension, with length L. The second
equation can be obtained by taking (4.39) and setting Dv/Dt = 0. The solution of this model therefore
corresponds to the equilibrium state reached due to the exertion of body force F,. The fourth equation
is a boundary condition corresponding to the tissue being tethered to say a petridish on its left end.
The fifth equation is also a boundary condition and indicates that the tissue can move freely on its right
end. With these conditions, we have a tissue that can contract and expand, while at the same being
fixed in place on one end. This way we do not have to worry about the tissue drifting away because of
numerical inaccuracies.

4.7. A one-dimensional dynamical viscoelastic model

Here we consider a dynamical model incorporating viscoelasticity, in one dimension. We have:

a=,ug—v+Ee,
LICL NP L L
Dt pvax T ax b
~ ou
- ’{L’ (4.41)
v = D—t,0<x<L,
u(0) =0,
o(L) =0.

We see that the second equation is the one-dimensional analagon of (4.39). We also use the vis-
coelastic law (4.19) now. This model is dynamical, and this allows us to investigate more closely the
interaction between elastic and viscous stresses.

We will vary u in the simulations. For now, we will use constant density, p = .... For the other
parameters we use the same values as for (4.40).

4.8. A two-dimensional dynamical viscoelastic model

Here we consider basically the same model as (4.41), but in two dimensions. In order to get the most
accurate results, a three-dimensional model would probably be desirable. However, when we get to
morphoelasticity, the models will start to get quite computationally expensive. Therefore we choose to
work in two dimensions.

Consider (??). We set €;3 = €31 = €,3 = €3, = €33 = 0. Furthermore we take (4.39), and set
v; = 0. LetQ := {(x,y) € R® : —L/2 < x < L/2,-H/2 <y < H/2}. Then we can establish the
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following model:

D(pvy)

+prV-v=V- 04+ (F),
D(]l)“’z)

+pv2V v=V-0,+ (F),
011—1113 L+ Ve V"‘_( €11+ 15, (511"‘522))

v av 1Et/v_

— 1 gv2

012 = 3 1(5 a ) 1+v €12,
_ l 172 171

021 = 2.“1( )"‘ 1+v

G20 = 1 2 2y =+ sz v+ m(fzz (611 +€3)), (4.42)
_ 0y

611_ ox ou ou

612:'521—‘( 1+a_x2‘

du
622—5, EQ,
v =1, =0, x €0Q,

01120-1220'21:021:171:172:0,t:().

This model does not contain boundary conditions analogous to the zero-stress conditions imposed
on the one-dimensional models presented so far. However, we can emulate the stress-free boundary
condition simply by using this model, and considering deformations that happen far away from the
boundary.

4.9. One-dimensional morphoelasticity

Here we will introduce morphoelasticity. The fundamental idea is to decompose deformations into an
elastic and a plastic part. This idea was first presented in [5]. In [12], it was cast into a bio-mathematical
framework. In this section we will walk through the derivation of a one-dimensional morphoelasticity
equation.

We will loosely follow the construction of the model in [14].

Imagine a tissue that undergoes both plastic and elastic deformations. We denote the initial co-
ordinates of a point in the tissue by X, using Lagrangian coordinates (see section 3.2). Similarly, we
denote the current coordinates of a point by x, using Eulerian coordinates. We assume that initially no
stresses are imposed on the tissue.

The deformation gradient F that maps X to x is now given by:

PRk 4.43
_aX' (‘ )

This mapping captures both plastic and elastic deformations. We now decompose F as
F=ay, (4.44)

where elastic effects should be described by a, and growth effects by y. Since initially the tissue is
stress-free, we infer that the image of y contains the coordinates of the so-called zero-stress state of
the tissue. This is an imaginary state in which the tissue has experienced growth, but no stresses are
imposed. The coordinates of the tissue in the zero-stress state will be denoted by z.

Using the chain rule for differentiation we see that:

dx dz 0x

Tox  axoz Y (4.45)

where a = dx/0z is the local size ratio between the current state and the zero-stress state, and y =
dz/0X is the local size ratio between the zero stress state and the initial state.

Figure 4.7 summarizes the above.

In ([14]) it is argued that y should be of the form:

Dy
Df = Fg(x,t), (4.46)
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Current
state:
X

Zero-stress
state:
Z

Initial state:
X

Figure 4.7: The three states underlying the fundamental morphoelasticity assumption, the correspond-
ing coordinates, and the mappings connecting them.

where g(x, t) represents the growth rate of the tissue at position x and time t.
The strain is chosen according to definition (3.12). The main reason for this is that this will result in
an elegant equation. Substitution of (4.44) into (4.46) gives:

LI L 4.47
pt % Y (4.47)
This means that:
Da? | a-ip12F _ 4.48
pr ¢ pe I (4.48)
It holds that:
g1 DF _ D (0x)0X 4.49
Dt Dt\dXx )ox (4.49)
_ 0 (Dx\o0X 450
~ 9X\ Dt ) ox (4.50)
_ ov aX (4.51)
T 90X dx ’
v
= (4.52)

=%
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Substituting this we can write our equation as:

D1 —a™)

gt o 453

For the Eulerian strain we have:

_6u_6x—X_1 6X_1 1 4.54
T Tox ax @ (4.54)
from which it now follows that:

De - - 455

This equation can be viewed as an evolution equation for the elastic strain. In the remainder of this
thesis we will refer to equation (4.55) as the strain evolution equation.

4.10. Three-dimensional morphoelasticity
Every matrix A can be written in terms of a symmetric part and a skew part:

A = sym(A) + skw(4), (4.56)

where
sym(A) = %(A +AT), and (4.57)
skw(4) = %(A — AT). (4.58)

Note that sym(4) and skw(A) are respectively symmetric and skew-symmetric, i.e. [sym(4)]T =
sym(A) and [skw(A)]T = —skw(4). In [12] the morphoelasticity equation is extended to a three-
dimensional one. It reads:

De = = = =
T eskw(Vv) — skw(Vv)e + (Tr(€) — 1)sym(Vv) = —g (4.59)

Here € is the three-dimensional strain tensor, and E is the three-dimensional growth tensor, analogous
to g. The derivation of this equation is very technical, and therefore we will omit it here.

4.10.1. Symmetry of the strain tensor

In section 3.3.1 we noted that symmetry of the strain tensor is not always guaranteed. Having derived
amodel in € and v, we observe that symmetry would be a convenient property. Indeed, it would reduce
the number of variables we have to solve for. As we will see in 5, finding a numerical approximation for
the solution of the model is quite a tedious task. We can state the following:

Theorem 1. Let é be defined by (4.65). Suppose that E is symmetric for all t = 0, and é is symmetric
att = 0. Then é is symmetric for all t > 0.

Proof. By definition € satisfies:

2 4 Eskw (V) — Skw(V)Z + (Tr(@) ~ Dsym(¥v) = 3. (4.60)

We can take the transpose on both sides, to obtain:
T
De

T T T T
or t skw(Vv)Te —€ skw(Vv)T + (Tr(e ) — 1)sym(Vw)" = —g . (4.61)



22 4. Mathematical models

Now, because skw(Vv)T = —swk(Vv), and sym(Vv)T = sym(Vv), we have:

T

pe skw(Vv)e
Dt (Vv)e

T

+ ETskw(vV) + (Tr(e) — Dsym(Vv) = —g. (4.62)

Here we also used the symmetry of 3 Subtracting (4.62) from (4.60) gives:

D(e — ET) - T |
Dt + (¢ — € )skw(Vv) — skw(Vv)(e —€ ) = 0. (4.63)

—_ T —_ —_
We see that, if e = € , then De/Dt = 0. Since € is symmetric at t = 0, symmetry holds forallt > 0. O

4.11. A one-dimensional morphoelastic model

By replacing the third equation of (??) by our newly established strain evolution equation (4.55), we
can obtain the following morpholelastic model:

o= ug—; + E¢,
D(pv) v _ 0_6
pet ,D'Uaav— o o

Note that now € is defined as the second element of the solution pair (v, €) of model (4.64). This model
describes the morphoelastic behavior of a one-dimensional tissue, with one edge fixed in place, and
one edge moving freely.

4.12. A three-dimensional morphoelastic model

Similarly to the one-dimensional case, we can state a three-dimensional morphoelastic model, by com-
bining mechanics and strain evolution. We have:

D(pv)
Dt

E—f + eskw(Vv) — skw(Vv)e + (Tr(e) — 1)sym(Vv) = —3,
7= uisym(Vv) + (u,V-v)l + %(§+ ﬁTré)I), x €Q,
v=20,x €90,

+pv(V-v)=V-3+f,

(4.65)

where Q := {(x,y) € R? : —L/2 < x < L/2,-H/2 <y < H/2,-W/2 < z < W/2}. This model
describes the morphoelastic behavior of a three-dimensional tissue, fixed in place on its edges.

4.13. A two-dimensional morphoelastic model

We will be working a lot with a two-dimensional model, and for that reason we explicitly state it here.
It can be derived from (4.65). Note that we use €,; = €;,, which is allowed because we have proven

that € is symmetric.
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23

We have:
D(pv1) +pV-v=V-04+ (F)1,
D(sz) +p1V-v=V-0,+ (Fb)Z'
D : : :
;;1 +e V-v=>01- 622) -t €115 &t (31;1 - vz) (€1 ¥ er2) = gun

De v 6v 1 v
D_12+612V'U2612< 1+ ;)"‘2((1 2611) 1

€13 =€31 =€23 =€3; = €33 =0,

011 =#1 4‘.112V v+ \/_(611 Py (611+€22))
1 (aﬂ+aﬁ) EL_

012 = 3 gy gx 131 €12,
_1 vy 171) E\/p
021 = 2#1( ax Ty )T _1\/+_v 21,
v
Or2 =ty 22 2y =+ uVov+ (522 + €t 522))' x €Q,

vy =v,=0 x€0Q,

- 262)%2) - gua,

Dey, _ avz vy, 1(dv;  0vy _
ot T €,V-v=(~1- 611) teng 3 3y ax (€12 + €21) — G22,
€21 = €12,

(4.66)

where Q := {(x,y) € R? : —L/2 < x < L/2,—H/2 < y < H/2}. This model describes the morphoelastic

behavior of a two-dimensional tissue, the edges of which are fixed in place.






Numerical methods

In this chapter we will derive Finite Element Method (FEM) approximations for some of the models
presented in chapter 4. From there it should be clear how FEM approximations for the other models
can be derived. If the reader is not familiar with the Finite Element Method, [7] can be consulted for an
elaborate description.

5.1. Finite Element Approximations in one dimension

Consider model (4.64). We work through the Finite Element Method (FEM) applied to this model. From
there, it should be clear how the same can be done for more rudimentary models.

5.1.1. Weak forms
First we will derive two weak forms: one for the mechanical equation, and one for the strain evolution
equation. First we consider:

D(pv) dv do

T+pva—a+Fb. (51)
We will assume that p is constant. We multiply the above equation by a test function y € I’ :=
{v smooth : v(0) = 0} and integrate over Q.. We get:

Jl(t) D w297 g liax=o0 5.2
. 1D TPV "ok Pprdx= (5.2)

It can be proven that Dy/t = 0, if y is a basis function (see [6]). This means that we can pull y through
the material derivative. If we then work out the material derivative, we get:

1(t)
fo {p(a(v)() 4 a(vy) av) _ a_ax _ FbX} b0 (5.3)

ot TV ax T"ax)  ax

This can be written as:
1(t) 9 3 (12 p) 0
f {p wo) 0 3o Ox }dx=0
0

+o0——-Fyx (5.4)

at P ox ox ox

Now we apply Leibniz’ theorem to the first term, and Gauss’ theorem to the second and third term. We
get:

1(t) w5
= = = X
(a f puydx — [pv2x]§=f§”) + [pr?aize” + [oxlize” + f (oo —Fxjdx=0  (55)
0 0

Now we use the boundary conditions. Since o(I(t)) = 0 and y(0) = 0 since y € X', we get, after tidying
up:

d fl(t) l(t){ 9 }
— pvy dx +J- o=——Fyidx =0. (5.6)
dt J, 0 ax P

25
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Recalling that 0 = Ee + yg—z, we find as our weak form:

d 1(t) 1(t) v aX 1(t)
&f pv)(dx+f (E6+;1a )a—dx—f Fyx dx. (5.7)
0 0 0
Secondly we will work towards the weak form of:
De
Dt + (e — 1)— = —(e. (5.8)

We multiply by a test function n € X := {e smooth} and integrate over Q.. We get:

J.l(t){DE }
—+(6—1) +(€ n dx = 0. (5.9)

As we will later pick n to be a basis function, we can again pull it through the material derivative. We
get:

jl(t) DM 4 e =12 4 el dx = 0 (5.10)
0 Dt 1 ax o1 ' '

Working out the material derivative, we get:

HONE d(e
JO { E;tn)+v ((37))+ e —1)—+€n6} -0 (5.11)

This is equal to

RO den  0(ven) v
fo {F-l_ P —na+(ne} dx=0 (5.12)

To the first term within the integral we can apply Leibniz’ theorem, and to the second term Gauss’
theorem (which is the same as the Fundamental Theorem of Calculus in this one-dimensional case).
We obtain:

d '® dx  qx=l® ey . [P ov ]
afo en dx — T + [venli=o +f0 { U +(ne} = 0. (5.13)
Since v := dx/dt, this simply reduces to:
df(t) d +fl(t){ v, Jdx=0 (5.14)
a J, en dx . nax {neg dx = 0. .

Note: although the original equations are nonlinear, we have established linear weak forms.

5.1.2. Discretization
Now the weak forms that have been established are going to be discretized. Three methods to go
about this are:

1. A segregated approach, i.e. we do something like:
fort =0,At, .., T — At, do
determine € attime t + At
determine v at time t + At
end for

2. The same segregated approach, but at every timestep we first find v, and then e.

3. A monolithic approach: instead of working segregatedly, we construct a single system from which
we can derive both € and v at t + At.
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We will work through all three methods, and explore which one will be most suitable.

For both segregated approaches, we will use a forward-in-time method for one of the variables, and
a backward-in-time for the other.

To avoid akwardly long equations, we will agree on the following: if an integral is evaluated over
Q,, then the whole integrand should be evaluated at time s. For example, instead of fﬂrm €20 (x(t +

Ab), t + At)n(x(t + At), t + At) dQ we will simply write fﬂmm €51 dQ.

Method 1
Subdivide [0, I[(t)] into n elements, denoted by ey, ..., e,, so that we have n+1 gridpoints: 0 = x4, ..., Xp41 =
L(t). Let v;(t) be the approximation for v in x = x; at time t, so v;(t) = v(x;(t),t), forj = 0,...,n. Now
we will approximate v by:

n

V(x,t) ~ 2 v (Op; (%, B). (5.15)

j=0

where the ¢; are basis functions. Note that they depend on time because x does (we have D¢; /Dt = 0,
butd¢;/at # 0). Because of the boundary condition v(0) = 0, it makes sense to impose that v, (t) = 0.
So:

n n n

D 08,000 = OG0 + ) v O = Y (O (x0). (5.16)

j=0 j=1 j=1

We will implement Euler Forward, so that (5.7) results in:

|

Now we will choose y = ¢;, i = 1, ...,n, and fill in the discretization for v. The resulting system is:

p]Z:vj(t+At)fo

I(t+At) 1(®)

11 v\ Iy 1)
pvxdx=f0 pv)(dx—AtJ;) (Ee+,ua)§dx+Atfo Fyx dx. (5.17)

I(t+AL) n+1 n+1 HO)

i dx—vaJ(t)fl(t)qu]qSl dx—AtEZEJ(t)f ¢J 6

n+1

1) 5 ®
—At,qu](t)f d +Atf Fydidy, i=2,..,n+1 (5.18)
We simplify this a bit, and get:
n+i1 1(t+At) n+1 1(t) 1(t) d¢; db;
L
pE vt + At)f ¢, ¢by dx = Z v (t) [p ¢, ¢by dx — At,uf L dxl
j=2 0 =2 0 0
w LORNFYS (t)
—AtEZE](t)J- ¢] axl dx+Atf Fb¢i dx, i = 2,...,TL+1. (519)
- 0 0
j=1

We can now do the same for the strain evolution equation. We will approximate e by:

n

€ t) ~ Z €,(O)b; (1, £). (5.20)

j=0

We will use Euler Backward for the strain evolution equation. This way, (5.14) can be expressed as:

I(t+AL) 1(t)
J- Endxzf endx+Atf
0 0 0

L(t+At) v

— {ne} dx. (5.21)
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This is equivalent to:

I(t+At) U(t+AD) 5.,

1(t)
endx = f endx + Atf —ndx. (5.22)
0 0

(1 + Atd) fo -

Now we will choose n = ¢;, i =0, ...n, and fill in the discretization for €. This results in the following
system:

1(t+At) n 1(t)

n
(1+At()ZEj(t+At)f i dx=ZEj(t) ;b dx
j=0 0 j=0 0
1(t+At) v
+Atf —¢;dx, i=0,..,n (5.23)
0 0x

Because the integral with the dv/dx-term appears by itself, i.e. it does not have € in it, we could
leave it as it is for now. If v is known, we can decide how we compute the corresponding integral in
the above equation. For example, we could use forward differences to compute dv/dx in x, ..., x,
and then use, for example, the trapezium rule to find the value of the integral. However, in order to
respect the element-based character of the Finite Element Method, it makes more sense to substitute
the approximation for v in terms of basis functions, see (5.16). This gives:

n 1(t+At) n 1t)
(1+At()zej(t+m)f ididr =) @) [ ¢ dx
j=0 0 j=0 0

n 1(t+At) a6,
+Atz vi(t+ At)f a—’¢>i dx, i=0,..,n (5.24)

=1 0 *

We will write (5.19) in matrix-vector form as

pMEFLpEL = (oMK — tuME)vE — TEMEER + TF, (5.25)

where v¢ = (vy((k — 1)AL), ..., v, ((k — 1)At)), € = (€o((k — 1AYL), ..., €,((k — 1)AL)), My, M,, M5 and
M, are (n+ 1) X (n+ 1)-matrices, and F,, is a vector of length n + 1. They are defined by the following
element matrices and element vector:

(Mi)g = %f ;] (5.26)
(M5) g = %_11 _11] (5.27)
(M5)g = %_11 _11] (5.28)
GHNE g Ff&%@) (5.29)

where h := hk is the length of element el with vertices x¥, and x¥_.,. Note that k%! needs to be
determined for all elements before we can compute v**1. This means that we have to use a forward-

in-time method to compute x{**, ..., x{*" at every timestep. We use x[** = x} + Atv, which we can

use to compute the spacing, hi™t = xX ; — xk.

The full matrices can be found by summing all the element contributions, and then including the
boundary condition v(0) = 0. To do this, observe that if we set v} = 0, we can just take vk*1 = v¥.
This amounts to replacing the first row of M¥ by [1,0, ..., 0], and the first rows of M¥ and M¥ by zeros,
and then replacing the remainders of the first columns of all three matrices by zeros.

Similarly, we will write (5.24) in matrix-vector form as

(1 + AtNKFLekF1 = Nkek 4 Nkpk+L (5.30)
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where N, N, and N3 are (n + 1) X (n + 1)-matrices. For the element matrices we get:
o2 1
WDt = [1 2], (5.31)
NDat 511 1| (5.32)
The full matrices can be found by summing all the element contributions. Notice that there is no bound-
ary condition to be implemented. This is because there is no direct boundary condition imposed on the

strain evolution equation. In fact, this equation can be viewed as an ordinary differential equation as it
only involves derivatives with respect to t.

Method 2
We will implement Euler Backward, so that (5.7) results in:
I(t+AL) 1(t) L(t+At) dv\dy L(t+At)
Jo pvydx = Jo pv)(dx—Ath (Ee+,ua)a dx—AtJO Fyx dx (5.33)

Now we will choose nn = ¢;, i = 1, ...,n, and fill in the discretization for v. We then obtain:

pi vj(t + At) fo
j=1

I(t+At) 11¢2)]

B dx = pz v | dybidx

l(t+At) n+1 I(t+AD) 64) 6¢>
L
AtEZe,(HAt)f szv,(HAt)f 2224
L(t+A0)
+Atf Fppidx, i=1,..,7, (5.34)
0

or equivalently:

I(t+Ab) E+AD) 3 I eb
f ¢ dx + At/.tf & P dxl =
0

vaJ(t+At) 22

i (t)[ fl(t)d)]qbldx —AtEZe]f

1(t+At) 1(t+At)
¢Ja—dx+‘rf F,¢; dx,

i=1,..,n (5.35)
If we use Euler forward, (5.14) can be expressed as:
L(t+AD) 1(t) 1O gy
f endx = f endx + Atf n=— — (nedx, (5.36)
0 0 0 0x
or, equivalently:
L(t+At) 1(t) 10 gy
f endx = (1 — AtQ) f endx + Atf —ndx (5.37)
0 0 o Ox

Now we will choose n = ¢;,i = 1,..n + 1, and fill in the discretizations for € and v. This results in
the following system:

n 1(t+At)

zej(t + At)fo

j=0

1163
b dx = (1 - Atoz G0 | #piax

1t 5
+7 ) v; (t)f cpl dx, i=1.,n+1 (5.38)
]_
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We write (5.35) in matrix-vector form as:
Nf+Leh+l = (1 — AtQ)NKeF + AtNKvK, (5.39)
and (5.38) as:
(PME*Y + AtuME YR+ = pMEvE — ALEMEY R + AtFETT, (5.40)
where all the vectors and matrices have the same definition as in 5.1.2.

Method 3
For method 3 we combine the backward-in-time approximations from methods 1 and 2, (5.35) and
(5.24). We write this as a matrix-vector system:

~ k+1
NEFLRHL = pMRwk 4 AeF, (5.41)

where wk = [k, ..., ek, vk, ..., vK]T, and N¥ and M¥ are 2(n+1) x2(n+1)-matrices that can be composed

by matrices defined earlier as follows:

v _ |+ Ac)NF —AtN¥
NE=10 AcEME ~ pME + Acumk |’ (5.42)
NE 0
k _— 1
M¥ = [ 0 le], (5.43)

where 0 is in this case the (n + 1) X (n + 1)-matrix consisting of only zeros. Similarly, we define
~ k
F, :=10,..,0,(FOTT.

5.1.3. Choice for the method
The plots in figures were obtained using method 1. Clearly, there is something wrong. It turns out that
Euler Forward applied to the mechanical equation is very unstable.

Methods 2 and 3 both give good results. In this thesis we will follow [11], and use a monolithic
approach. Hence we choose method 3.

10

9, |

Figure 5.1: Plots of (X, x(X,t)) (blue) at t = 0.25, using method 1, and (X, X) (red) as a reference.
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10

Figure 5.2: Plots of (X, x(X,t)) (blue) at t = 0.3, using method 1, and (X, X) (red) as a reference.

5.2. Finite Element Approximations in two dimensions

In the one-dimensional case we have compared three methods to discretize a morphoelastic model.
We chose the monolithic approach. For the two-dimensional case, we will not walk through different
methods again. We will use the monolithic approach straight away. In this section we will walk through
the Finite Element Method applied to model (4.66), using a monolithic approach.

5.2.1. Weak forms
We multiply each of the v-equations by the test function n and we integrate over Q,. We get:

Dyy ) —V. _
fﬂz {pE -tV v) % 0.1%77 da = fgt(Fb)ln dQ, (5.44)

D
Jo, 1P (57 ndQ = [, (F)zn dQ.

E+U2V'v)_V‘O'.2
To the stress terms in each equation we can apply the product rule. This gives:

Jo, Epn E% + 0,V vg —V-(oan) + 04 (Vn)% d = Jo, (F)an dQ, (5.45)

D
Jo, 1P (57 =V (0om) + 02 (V)] dQ = [, (F)on dQ.

E + ‘UZV v
Now we can apply Gauss’ theorem, to obtain:

Jo, {em E% + 0V v) 0 (V) dQ = foo n (@am)dT = [ (B)inde, (5.46)

D
Jo {on (B2 + 029 v) + 0, - (W)} d@ = [y 1+ (@2m) dT = [ (F)2n A0,

where n = (nq,n,,n3)7 is the unit vector pointing away from the surface. Now we will proceed by
performing some manipulations that we have seen many times before: pull n through the material
derivative, expand the material derivative, apply Reynolds’ theorem and tidy up. Some terms cancel
out nicely, like in the one-dimensional case, so that we obtain:

d
{5 Jo, vindQ+ fo a1 - (V) dQ = [3q - (04m) dT = [y (Fy)1ndQ, (5.47)

d
5 Jo, vandQ+ [ 0o (V) AQ - [0 n- (0n) dl = [y (Fy)an dQ.
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Now we will derive the weak form for the strain evolution equations. We multiply each of the e-
equations by a test function ¢ and integrate over Q,. We get:

fﬂt {DE“ + €1,V - v}fdQ =
a 1(a d

fg a1- 522) -+ 11£ +3 (6_1;1 - vz)(fn + €12) — gzz}fdﬂ

fﬂt {DE“ + €1,V - v}fdﬂ =
a a a a

oo ferz (B2 + 22) + 2 (1 - 2652 + (1 - 2620 22 ) - goo] £ 0,
fﬂ: {DEZZ + €5,V - v}fdﬂ =

fo Ja- e B 462 - (2 - ) () 4 ey) - g £

Q 11 €225, 21 12 9a2(¢
We will do some manipulations to the left-hand sides of the equations. First observe that we can pull
¢ through the material derivative. This is because, similar to the one-dimensional case, we have that
D¢ /Dt = 0. Working out the material derivative the left-hand sides become:

fﬂt {06115 +v- V(Ellf) + Ellfv U} d.Q
fnt 6512€ +v- V(612€) + Elzfv v dQ (549)
fﬂt 622:5 tv- V(EZZE) + Ezzfv v dQ.

This is, by means of the product rule, equal to

fo {22 + V- e )} da

fo {2 6125 +V- (ved)} da (5.50)
a

Jo, {22 %t Ly (vezd)} do.

Now we will apply Reynolds’ transport theorem, which is the three-dimensional analogon of Leibniz’
theorem. We get:

(5.48)

L fo, 1€ dQ = [y (v WenEdr + [ (V- (vey; )} do
= o, €126 40— o0 (v e dl + [ (V- (ver,§)} d (5.51)
S fo €226d0 = [y (v W€ T + [, (V- (e} ded

By Gauss’ theorem the last two terms of each left-hand side now cancel out, so that we find:

a a a

@ fQ €11§dQ = f_Q 1- 622) tt+e €117 2 4 - (al;l - vz) (€21 +€12) — gzz}fdﬂ

%f e d = fy fen (32 + "’—) +3 ((1 2652 + (1 26) 32 )~ gioféda (552)
a 1(0 a

@ fg €226 dQ = fg 1- 611) i P al;l -3 (ﬂ - v2> (€21 +€12) — gzz}fdﬂ

Finally the weak form for model (4.66) is given by:

d
dt fﬂt €11$dQ =
d a 7]
fnt 1- 622) L +eqg 61;2 + % (6_1;1 - vz)(€21 +€12) — 911}5 dQ,
d
dat th €126 dQ =
Ve fern (B4 22)+ (A - 26032 + (- 26052 ) - giof £ a0,
d
E fﬂ Ezzfdﬂ —_ (553)
a a a a
fg {(1 —€u) 5 2 + €22 61;1 - % (6_1;1 - 1]2)(521 +€12) — gzz}fdﬂ
€21 = €12,
d
55 fgt v1§dQ + th o1 (V§)da— fagt n-(0.§)dl = th f1§dQ,
d
© fo v2E A+ fy 0z (VO Q- [ n- (0,6)dT = [, fEda.
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5.2.2. Discretization
Again we will agree on the following: if an integral is evaluated over Qg or 9, then the integrand is
evaluated at time s. We will also omit the spatial variable x. For example, instead of fﬂt+At €11 (x(t +

At), t + At)g; (x(t + At), t + At) dQ we will simply write fQHM €11¢; dQ.
Implementing Euler Backwards we now get the following equations:

fﬂt+At vndQ = th vindQ + At[ - fﬂt+At g, (Vn)dQ + faQHM n- (o.4n)dl
J¥ oy (Fodinda]

(5.54a)
f9t+At V2l da = fﬂt val dQ + At[ - fﬂt+At O2° (VT)) da + faﬂt+At n- (O'~27]) dr
+ o, (F)and)
fnt+At €11X dﬂ__ fﬂ. 611)( dQ+
a [7] [7]
At fﬂt+At a- 622) - ten 61;2 + (a_l;l - 31;2)612 911])(dﬂ
th+At €12X dﬂ_ = fg €12X dQ + 6.540)

a a a a
At fo,.,. €12 (ﬂ + alyz) ((1 —2e)5) "Ly (11— 2622)%> -~ Glz]xdﬂ

fQH_At €22X dQ_= fg 622)( dQ +
a a a
AtngM (1_511) z + 223_1;_(&_3_1:)512_.922])((19

5.2.3. Matrix-vector system for mechanics with pure elasticity

To keep things organized we will present a matrix-vector systems for the mechanical part of (4.66)
here, omitting viscous stress. After that we will add viscous stress, and finally we will include the strain
evolution equations

We fill in
n
) = ) )b ,0), (5.55)
=1
and n = ¢;(x,y,t), and get:
t+At — t a¢i
P piged= > @) | ggedo+ar— | o5 Tldn
. t+At . t t+At 0x
j=123 el j=123 el el
d¢;
- 0'21_ dﬂ + n10'11¢i dF + n20'22¢i dF + (Fb)1¢i d.Q. . (556)
oltHAL ay delt+Aat deltTAt Jelt+At

Here we denoted by el; the element with vertices 1,2 and 3 at time t, and by del, we denoted its
boundary. Filling in

E\p Vv
o= T, (511 + 1= 2v (€11 + 622)) (5.57)
EVp
021 = 1+v €21, (5.58)
we have:
E+\/p 1-v
> o[ o= Y oo [ g aet ol (F50 S g
j=1.273 el At j=123 el v V]=1,23
v t+At j 9¢ j 1
+ 1-2v ]_Z (€22);] ){ oltHAE ¢i5y dy av+m el AL i dV
+ Z (e1 )f+Af{ f }; a¢l dv+n2f bidi dl“}] +Atf (F)1¢:dV. (5.59)
olt+AL y Jelt+at ol tHAL

j=1,2,3
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We denote v{ := [(1,)}, ..., (v)4]T and v = [(1,)}, ..., (1)4]7, where (v;)! and (1,)f are the Finite
Element Approximations for v; and v, respectively, at gridpoint i attime t. Also, we denote by |A| := |A|*
the doubled area of an element. We will use the subscripts 1,2 and 3 to indicate a symbol belongs to
vertex 1, 2 or 3 of an element. If ¢, ¢, and ¢ are the basis functions corresponding to the three vertices
of an element, we can write:

b1 =10y, ) = a + Bix + 1Y, (5.60)
b2 = P (x, ¥, 8) = az + Box + 12, (5.61)
¢z = P3(x, ¥, t) = az + Bsx +y3Y, (5.62)

where a; := a;(t), B; := Bi(t) and y; := y;(t) are constant with respectto x and y, i = 1,2,3. It must

hold that:
a f1 nll1 1 1 1 0
a B v2||x1 xz x3[=]0 1
V3 0 0

as Bs vs||y1 Ve

(5.63)

= o O

This means that:

a; P " 1 1 1
a B v2|=|x1 X2 X3 , (5.64)
as PBs Vs i Y2 Y3

which gives:
Bi 1 1 Y2~V X3~ X3
B v2|= m Y3 —Y1 X1—X3], (5.65)
Bs V3 V1—=)Y2 X2—X1
a; =1—Bix1 —y1y1, (5.66)
Ay =1=Brx; = Vo), (5.67)
az =1— f3x3 —y3Ys. (5.68)

Now we can write (5.59) as a system

MUEFALLHAL — gt

E\p A YN AT v A A A A t+At
+Atm[(P1t+ t+P3t+ t) meﬂ t+m€§; ¢ +(P2t+ t+P4_t+ t)Eg; ¢ +Atfv1 , (5.69)

defined by the following element matrices and vector:

. 211

(M, Dot = 54| 1 i ; (5.70)
a B B B

P ==7 P B B (5.71)
Bs Bz Ps
A 1 n nl

P == |2 2 P2, (5.72)
Y3 V3 V3]
10| 2 1 1]

(P =mi—lp (12 1, (5.73)
11 2
10| 2 1 1]

(Pg =nz—olp|1 2 1], (5.74)
11 2

1a) | (@)1
Fode = 7 | U1z (5.75)

((F)1)s3
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Here, (ny,n,)7 is the unit vector pointing outward of a boundary element. For an internal element we
impose n,; = n, = 0. The length of the boundary segment part of an element is denoted by |d|. The
matrix I, will consist of only zeros, except for the rows j that correspond to a boundary point. Here we
will have a 1 at the j-th position. Worded differently, I, is the identity matrix where the j-th diagonal
entry is set to zero if j corresponds to an internal vertex.

For the equation for v, we get, analoguously:

> wap [ o= > oo apavs a0 N e
el +At elf i

j=12,3 j=12,3 j=12,3
1-v d¢;
t+At i py
* 1—-2v Z (€22);] ){ felHAt $i5y dy v +ns faeIHAt i dV}
j=
b
+ Z (e, )f+At{ f ;2% av 4 n, f 1 dl"}] + At f (F,),; AV, (5.76)
i t+At dx t+At t+At
j=1,2,3 el del el

which results in the following system:

Mt+At t+At Mt t

EVp v 1—v
+ At 1+v [(P A+ P4F+At){—1 oy LAt 4 —1 o EE*Z'AL'} + (Plt+At + P3t+At)E§;At]_
+Atf 8. (5.77)

Now our full elastic system reads:

Mt+At o 1]ti+At‘ _ Mt @ vti
@ Mt+At vt+At - @ Mt vg

t+At t+At t+At t+At v t+At t+At €}
+AtE\/ﬁ 12v(P1A+P A) (P A+P A) 11?21),(1)1A+P3 A) %iAt
T+v 1_2v(P2+ EHPTAY) (PITAT + PAY E(PZH L+ pitAY t+At

t+At

t+Atl . (5.78)

V2

+ At

5.2.4. Matrix-vector system for mechanics with viscoelasticity
To include viscosity, we must now use the full viscoelastic law (4.20). This amounts to adding the
following to the right-hand side of (5.59):

¢; 0¢h:
At[ D, @ )HM{(“ +“2)( f et a(i} a(i dVJ’f eae a¢1 2 dr)
del

Jj=1,2,3
29; 9 oY el 3%, 00 |
lthAt 0z ay V+ 2 del'tAL y ¢l v Jj= 123(v) t+At ay ax
H1 0p; 0¢; f a¢; 1y ¢]
2 ) erac 9x 3y dv +p, a3y ¢ dl + = e 5 bidl(| (5.79)

We then get the following viscoelastic system:

E\p 1-v v
Mt+At t+At _ Mtvt + Atl — [(P t+At + P3t+At){1 55 Eli—i—At + 5, eg;At}

4+ (Pt+At +Pt+At)et+At] +At[{(l—l1 +‘ll2)(Vlt+At + Vt+At) + (Vt+At + Vt+At)}

+ {HZ(V3HM + V6t+At) + %((V;+At)T Vt+At)}v2 +ff+At]‘ (5.80)
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where the 1, ..., V; are defined by the following element matrices:

o[B8 BB Bibs
MW =—5 |BBr BBz BB, (5.81)
BsB1 BBz B3B3

A i e v
R =75 (121 V2¥2 V23|, (5.82)
| ¥3¥1 Y3¥2 V3V3

A [Biv1 Biva Bavs

(Be = - Bavr Bav2 Bavs|, (5.83)
B3v1 Bav2 Bavs

9] (B, B, Bs

Va)g =n271b B B B3|, (5.84)
B1 B2 Ps
19| i 2 s

(5 =n27[b i Y2 V3|, (5.85)
V1 V2 V3
o [B B Bs

V6)gl =n371b B B B3|, (5.86)
1 B2 Ps
El (i . ¥

Mg =ns—Ip(vi V2 V3| (5.87)
V1 Y2 V3

Analoguously, we can find a system for v,:

E\p 1-v v
Mt+AtU§+At — Mtvé + At Tty |:(P1t+At + P3t+At){1 —- Ei-;At + =7 E;-;At}

+ (P2t+At + P4F+At)6t1‘-5At] + At[{ﬂz (V3t+At + V6t+At) + %((V3t+At)T + V5t+At)}v1
H1 A
+ﬁmﬂmMW+W%+7M“wwwﬁmw2ﬂ<M&
This now leads to the full viscoelastic mechanical system:
Mt+At (Z) 1]§+At _ Mt @ vii'
Q) Mt+At U£+At (Z) Mt 175

1_
Ep [is (P +Ps)  (Pp+Py)
1+v (B+P) (PL+P5)

v

1-2
1—VV

t+At
€11
t+AL

12A
t+AL
€22

( + )+ V) + 2+ 1) (s +Ve) + B4 +15)
pa(s +Ve) + 2 + V) (g + )V + Vo) + 52 (4 + 1)

P+ 5)
(P, +FR)

+ At

v

1-2v 1-2v

+ At

v1.1‘+At
U§+At
ft+At

V1
trac|, (5.89)
fvz l

+ At

where the matrices P1, ..., P, V1 ...,V; should be evaluated at t + At.

5.2.5. Matrix-vector system for morphoelasticity

System (5.54b) already reveals that we will be dealing with a nonlinear discretization for each of the
strain evolution equations. We will therefore split the matrix-vector system up in a linear part and a
non-linear part.
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For the equation for €, we have:

Z (E )t+Atfet+At

b= 3 @[ ogn

j=1.23 ' j=1,2,3
o
+At[ Z (n )f+AfJ 2% 4, a0~
t+at 0X
j=1,2,3 el
t+AL t+AL a¢;r
)i D> @it ¢ =L ¢idn
j=1.23 j'=1,2,3 el
+ (e11)52¢ Z ()14 f b; aqu o dﬂ>+
Jj=123 j'=1,2,3 fra y
t+AL t+At a¢;r
e ), @y &L p; 40
ol EHAL dy
J=12;3 j'=1,23
- G )”“( Z ()58 ] b5 Ay ¢>ldQ> J g11¢idﬂ]. (5.90)
4 X elrat
Jj=123 j'=1,23
We will set
€i1 = (6105 o (€10, (5.91)
€12 = ((€1)1 - (€12))7, (5.92)
€52 = ((622)%, -, (€22)0)", (5.93)
t
€11
€z
wt = €5, |. (5.94)
v
v}

Now (5.90) gives rise to the following system:

Mt+At t+At Mt t +At [Lt+At t+At+Nt+At(Wt+At)+ft+At]. (595)

€11

Here, Mt is defined by (5.70), and:

L (B B B
(Ler = ZIAIBL B2 Bsl, (5.96)
Bi B Bs
YT (W) (€11) = B WDy (€22) + T (D)o — B 1)y} (€12)
(NE, W))g = o714 yT(v%)e.(e‘n)—ﬁ:(v%)el(e‘zz)+w(v%>e. —ﬁ:(v%)el}(élz) . (5.97)
YT (03)g (11) = BT W)y (€22) + T (W) g — B (3) 3 (€12)
1 (911)1
(fe,Del = Z Al (.911)2 , (5.98)
(.911)
and:
_ _ (1+ 81D (W)}
(U;C)Q = ((v;c)t); = (1 + 521')(1]1()5 4 i= 11 2' 3r k = 1' 2! (599)
(1 + 83) (W)}
(€)= (6 = () + () + (), k = {11}, {12},{22}, (5.100)

d;; is the Kronecker delta, and the elements of the last two vectors are Finite Element Approximations
for v,,v3,€,1, €12 @nd €,, at the three vertices of the element.
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For the second of the e-equations filling in the discretization gives:

(e ;e dQ = (e12)] | #j¢idQ
t+At t
j=123 el J=123 °
1 0¢; L
+ At[ > Bganrs Y ey Ghn
j=123 ait+at 0y 2 j=123 e 0%
t+At t+At
Z (€12); < Z (vl) f|t+At P 9% 0x ¢l dQ)
5123 j'=1,23
t+At trAt
+ Z (E ) < Z (UZ) f|t+At ¢] 3}/ Q)
j=12,3 j'=123
t+At t+At
-, (e ( 2, f it & 0y Q)
j=12,3 j'=123
t+AL t+At
Z (e2 ) < Z (UZ) .f t+At ¢] 6x ¢l dQ)
j=1,2,3 j'=123

_.f . glz¢i dQ:|. (5.101)
el

This results in a system

Mt+At t+At MtEtZ + At - (Ltz+Atv§+At +Ltl+Atvg+At) + Ng:-ZAt(Wt+At) _l_f:'zAt , (5102)
where
Yi Y2 V3
(Ly)g = IAI i Y2 V3, (5.103)
Yi V2 V3
1 [B @D+ 0D} =Y 0D e — B (D)0 (622
(NE, (WH),, = 5214l {ﬁT(v%)e, + 1T (WD)} E12)g — VT (WD) g (€11, —ﬁT(vﬁ)e. (E22)g |,  (5.104)
B (VD YT (13)}(E23) g — VT (1) (€11) = B (13) g (€22)

(912)1 ]
(5.105)

1
(Fedat = —¢lAl [(912)2
(912)3
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Finally, for the equation for €,, we get:

> @ [ adida= D ) [ ipidos
j=1,2,3 el j=1,2,3 el
d;
t+At Ry
[ z (UZ) flt-f-At ay ¢L dQ
j=1.2,3
d¢;
(e )f*“( Pl e
j=123 j'=1,2,3 ol F+A¢
+ (E )t+At< Z (‘U )t+Atj ¢] ¢] ¢l dﬂ)
=123 j'=1,2,3 ol F+A¢
d¢;
- ) @ )f*“( PRl BT
=123 j'=1,2,3 ol F+A¢
dgjr
v (612);'( PR IR s dﬂ)
j=1.23 j'=1,2,3 Clhia
- felH—At g22¢i dﬂ] (5106)
This yields a system
Mt+At t+At Mtetz + At - [Lt+At t+At+N6t;—2At(Wt+At)+f2-2At]’ (5.107)
where
1B D)y + Y 0D @) + 1B (0D =¥ (vD)g} - (12
(Nep, W))g) = 5714 -p" (Ul)e|(€22)e| + T (3)g (€33) + (B (Ul)e| Y (WDg} - (€12)g |, (5.108)
_B (Ul)e| (622)e| + Y (vz)e| (633)e| + {B (vl)e| VT(V%)d} ' (612)e|
1 (922)1
(Fedar =~ 181|(g22)z . (5.109)
(922)3
Combining (5.95), (5.102) and (5.107) with (5.89) we obtain a full morphoelastic system:
Q) Mt+At 10) Mt
Mt+At Mt
MEHAL wtat — | pt wt
Mt+At (Z) Mt [0)
Mt+At Mt
1 21,(1’1‘”’3) G(P2+Py) G1 21,(1’1‘”’3) #(V1+V4)+—(V2+V7) #2(V3+Vs)+_(v3 +Vs)
=55 (P2+Pa) G(P1+P3) Gl 5 (P2+Py) pa (Va+Ve)+ EL (V] +V5) ﬂ(V1+V4)+H—1(V2+V7)
+ At{ LE+At
) %L§+At Lt+At
') Lt+At
t+
0 fo
) fo,
Nt+At(Wt+At) ft"'At }' (5110)
Nt+At(Wt+At) ft
Ng;zAt(Wt+At) f§+At
€y
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where

- EVp

G = Ty (5.111)
and

A= p+ . (5.112)

5.2.6. Fixed-point iterations
System (5.110) is non-linear, and therefore it has to be solved with an iterative method. We will use
Picard iterations, see appendix A.

5.2.7. Remeshing to maintain accuracy

In order to do the FEM computations we have to construct a triangular mesh. By the nature of the
problem we are considering, this mesh will be moving. Since we divide by |A| when we determine
some of the matrices in (5.110), it is important that the triangles do not have very sharp angles. If they
do, they will be close to singular, i.e. |A| = 0, and this will lead to inaccuracies. Ideally every triangle
has angles of around 60 degrees. However, for most choices of parameters, after enough time has
passed, some triangles will become ill-shaped, i.e. some of their angles will become very small. We
can mitigate the inaccuracies that will result, by generating a new mesh. After doing this, we will need
to approximate the values of v and € in the new mesh points. We do this using linear interpolation.



Results

In this chapter we will present results for some of the models we have constructed in chapter 4. Some
of the results will be qualitative and aim at gaining even more understanding. Others will be more
quantitative.

6.1. A purely elastic model
In this section we will derive the analytic solution to model (4.40), and present some plots.

6.1.1. Solution to model (4.40)

We have:
0o _
ox

We assume that the tissue will contract, and therefore we will use the following body force profile:

_F, (6.1)

B, 0<x<L/2

, (6.2)
—F, L/2<x<L.

F(x) = {

For now we take F, = 0.36. In section 6.2 we will elaborate on an appropriate choice for this value.
The body force profile is depicted in figure 6.1. Integrating equation (6.1) now gives:

—Fyx + Cy, 0<x<L/2
o) =1 PrT M x=L/ (6.3)
Fb(x_L)‘l'Cl, L/2<xSL,
where (; is a constant. The boundary condition ¢(L) = 0 implies that ¢; = 0, so we have:
—Fyx, 0<x<L/2
o(x) =] * x=L/ (6.4)
F(x—1L1), L/2<x<L.

This stress profile is depicted in figure 6.6. It shows the stress magnitude becomes higher as we get
closer to the center of the tissue. In [9] various models for cell distribution are presented. These models
include diffusion and chemotaxis, i.e. movement in reaction to chemical stimuli. As stated in section
2.4, fibroblasts lay down collagen fibres predominantly along the axis subject to the highest normal
stress. Therefore it seems reasonable to assume that high fibroblast concentrations are present in the
wound area. As the models in [9] are diffusion-based, we presume a somewhat smooth transition from
lower concentrations in healthy skin to higher ones in the wounded area. For this simple model, we
consider (6.6) to be reasonable.
We have:

(6.5)
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Figure 6.1: A plot of the body force profile E, (x).

0.2

Figure 6.2: A plot of the stress profile o(x) induced by F,.

from which it follows that:

() _j_zx2+62’ OSXSL/Z; (66)
ux) =4 g 1 1 .
Blr-1(1+2V2)|[@-L(1-N2)|+ G, L/2<xsL
The boundary condition u(0) = 0 implies that C, = 0, so that:
P2 0<x<L/2
u(x) =1 2% (6.7)

Ble-1(1+2v2)|[@-L(1- VD) L2<xsL
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6.1.2. Results for time-invariant body forces

In figures 6.3 and 6.4 we see plots of u and x = X +u versus X respectively. We see that the boundary
condition on the left end is satisfied because u(0) = 0. The right boundary, however, can move freely,
and has experienced the largest displacement out of all the points in the tissue.

0.1

5-1072 © 1

—5-1072

-0.1
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—03+ -

—-0.35| *
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Figure 6.3: A plot of the displacement u(x) induced by F,.

10

Figure 6.4: A plot of (X, x) induced by F, (blue) along with (X, X) as a reference (red).
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6.1.3. Results for time-dependent body forces
We will now construct a time-dependent body force term. To respect the diffusion-based distribution of
the fibroblasts, we will use exponential functions for the increase and decay of the body forces:

0, t <ty
Fool1- P to<t<t
By t) = O T exp{ =G —, | ) 0 St <ty 6.8)
t—t
F, (x)(l —exp| — ¢y : _f’?fo exp(—(t — tap)). t =ty
m

where t;, is the point in time at which fibroblasts first start entering the wound, ¢ is the time at which the
fibroblast concentration is maximal, tap is the time at which the fibroblast concentration starts returning
to 0. As argued in section 2.4, contraction starts shortly after injury, and lasts for 2-3 weeks. Therefore,
we take t;y—o.1, ti=20, and tap=20- By means of c;; we include a factor to control the rate at which the
fibroblast concentration increases. If we set ¢;,—4, the body forces reach about 98% of the value of £,
while they do not increase too quickly. The purely elastic model with time-dependent body forces is
given by:

T =

o = Ee,

e=20<x<lL, (6.9)
u(0) =0,

o(L) =0.

In figure 6.5 the time-dependent body force profile is visualized at four different values of t.
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Figure 6.5: Plots of the body force profile £, for various values of t.
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Figure 6.6: Plots of the stress profiles ¢ induced by F, for various values of t.



46

6. Results

0.1
5-1072

—5-1072
—0.1

S —0.15
—0.2
—0.25
-0.3
—0.35
—0.4

0.1
5-1072

—5-1072
-0.1

S -0.15
-0.2
—0.25
-0.3
—0.35
-0.4

0.1
5-1072

—5-1072
—0.1

S —0.15
—0.2
—0.25
-0.3
—0.35
—0.4

0.1
5-1072

—5-1072
-0.1

S -0.15
-0.2
—0.25
-0.3
—0.35
—-0.4

9 10

Figure 6.7: Plots of the displacement profiles u induced by F, for various values of t.
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Figure 6.8: Plots of (X, x) induced by F, (blue) and (X, X) as a reference (red) for various values of t.
Because differences are small, X-values range between 5 and 10.
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6.2. A one-dimensional dynamical viscoelastic model

In this section we will qualitatively analyze solutions to model (4.41). This model incorporates vis-
coelasticity. In [14] it is stated that re-expansion of skin tissue after fibroblast concentrations have
returned to normal levels, is far from instantaneous. This indicates that viscosity plays an important
role. Furthermore, this model is dynamical. To the purely elastic model considered in section 6.1 we
did add time-dependence, but this was a rather artificial act. The inherent dynamics of model (4.41)
will constitute a more realistic model and provide more insight in the contraction process.

6.2.1. Parameters
The parameters used for the results presented in this section can be found in table 6.1. The value for
E was taken from [10]. The values of u and p are taken from [11]. The time values ¢, ¢, and t,p Are

based on the timeline presented in section 2.3.3. For the body forces we use (6.8). The value of F,
has been chosen such that we obtain a reasonable contraction: in this simulation the tissue contracts
to 74% of its original length. This percentage is deemed realistic ([8]).

6.2.2. Analysis of the results

Firstly, we will look at the interaction between viscous and elastic stress. Consider figures 6.14 and
6.11. At t = 0 the tissue is stress-free. Therefore, upon exertion of the body forces, the tissue will start
contracting at a relatively high rate. This will cause viscous stress to be high. As the tissue contracts,
elastic stresses will get higher, impeding the contraction rate. This will in turn cause viscous stresses
to get smaller again. Close to t = f; , the contraction rate approaches 0, and in turn will the viscous
stress. Once the body forces drop, re-expansion of the tissue occurs. Again viscous stress is initially
large, but this time with opposite sign. Viscous stress converges to 0 as the tissue approaches a stable
configuration. As viscous stress is proportional to the strain rate, it provides a means of damping. It
does this not only realistically, but also numerically. For this study a dynamical model with only elastic
stresses has also been investigated. However, no meaningful results could be obtained because of
the inherent instability of such a model. The difference between the current dynamical model and the
static model (4.40) can be seen nicely when figures 6.9 and 6.14 are compared. The dynamical model
smoothens out the changes that the tissue undergoes.

Parameter Value Unit

E 31 N/(gcm)1/?

U 10? (N day)/cm

p 1.02 g/cm

E, 5 (N g)/(cells cm)
to 0.1 days

tem 20 days

tap 20 days

Table 6.1: The parameters used for the results in section 6.2.
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Figure 6.10: Plot of [ versus t.

15

stress

45 50 55 60

Figure 6.11: Plot of viscous (blue) and elastic (red) stresses in the center of the tissue versus time, i.e.
x(L/2,t) versus t.
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6.3. A one-dimensional morphoelastic model

In this section we consider model (4.64). We will present plots that show that after contraction the tissue
does not fully return to its original length. Furthermore, we will investigate the interaction between the
elastic and plastic deformation gradients, and y.

6.3.1. The right-hand side function g
The function g defines the plastic gradient y by equation (6.10):

% _F 6.10
De — P90, (6.10)
We choose g = (¢, where zeta is a positive constant. A comparable choice is made in [11]. We justify
this expression by imagining a rubber band being stretched. If we elastically deform the rubber band
only a bit, it will return to its original shape upon release. However, if we stretch it far enough, it will
start to plastically deform. The presumption here is that the plastic deformation occurs linearly with
respect to time. Note that our choice for g implies that even small elastic deformations result in plastic
deformation, which is not entirely in accordance with the rubber band comparison. However, stating
that the rate of change of y should be approximately proportional to ¢ seems reasonable. This choice
for g also allows for an elegant FEM scheme.

6.3.2. Parameters

The parameters for this simulation are almost all the same as in section 6.2. Since plastic deformation
affects the total contraction, we have to reconsider the magnitude of the body forces. We have chosen
F, and ¢ such that the maximal contraction amounts to around 33% (see [8]), and the length of the
tissue upon release is around 82% its original value (comparable to [11]). All the parameters for this
model can be found in table 6.2.

6.3.3. Analysis of the plots
First off, we consider figure 6.14. It shows that both elastic and plastic deformation are involved in this
simulation.

We investigate the interaction between plastic and elastic stress more closely. Consider figure 6.15.
We see that in the beginning we have F = a. Note that we have, by definition:

a=1 = (6.11)
We see now that we a has a large magnitude, the growth rate of y will have a large magnitude as well.
As the magnitude of y increases, we see that F and a start to diverge. When the body forces start
to decrease, we see that a returns back to 1. This means that F = y. This can also be seen in the
figure. Physically, this means that only plastic deformation remains once the body forces have fully
disappeared. In figure 6.14 we see that plastic deformation causes that the tissues remains contracted
after relaxation of the body forces.

Parameter Value Unit

E 31 N/(gcm)1/?

U 10? (N day)/cm

p 1.02 g/cm

E, 4.2 (N g)/(cells cm)
¢ 0.05 -

to 0.1 days

tem 20 days

tap 22 days

Table 6.2: The parameters used for the results in section 6.3.
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Figure 6.15: Plot of the elastic deformation gradient « (red), plastic deformation gradient y (blue) and
total deformation gradient F = ay (black) versus t.

6.4. Heterogeneity using Karhunen-Loéve expansions

In [1] it is stated that scar tissue has approximately 80% of the strength that healthy tissue has. This
is just one example of the heterogeneity of human skin. We can imagine that some of the parameters
we have used so far are not the exact same value all over the body, and may also vary from person to
person. In this section we will lay out a framework that captures heterogeneity and uncertainty, based
on so-called Karhunen-Loeve expansions. Using this framework, we can run the one-dimensional
morphoelasticity model with heterogenous, stochastic input. After doing this for multiple inputs, we will
present some statistical results.
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Parameter Mean St. dev. Unit

E 31 11 N/(gcm)1/2

u 10? 1 (N day)/cm

p 1.02 0.2 g/cm

E, 4 2 (N g)/(cells cm)
4 0.05 0.02 -

Table 6.3: The means and standard deviations used for the results in section 6.4.

6.4.1. Description
For an elaborate description of Karhunen-Loéve expansions the reader can, for example, resort to [19].
The normalized truncated Karhunen-Loéve expansion of a zero-mean stochastic process  is given by:

ax) = Z z“ijnzsin <(2i - 1)%){), (6.12)
i=1 s

where Z; ~ N(0,1), i.e. Z; is standard normally distributed, n, is the number of terms, and 0 < X < L.
Let us consider the Young’'s modulus E. From now this will be a stochastic variable, which we will
denote by E. We can generate a heterogenous realization E (X)),

log(E(X)) ~ M + 81, (6.13)
i.e. E(X) is a realization of a lognormal distribution with mean M and standard deviation §, so that:
E(X) = exp(M + Su(X)). (6.14)

If we want £ to have mean E and variance V;, we need to take:

M =log (—E ), (6.15)

V14 Vg /E?

and

S = /log(l + Vg /E?). (6.16)

In the same way, we can create heterogeneous, stochastic inputs for u, p, £,, and ¢.
We will base our simulations on the confidence intervals listed in table 6.3.

6.4.2. Statistical results
Using the parameters in table 6.3, 1000 simulations were done. The histograms in figures 6.16 and
6.17 resulted for respectively the maximal contraction and final contraction of the wound.

The empirical cumulative distribution functions (cdf) in figures 6.18 and 6.19 correspond to the
histograms in figures 6.16 and 6.17 respectively.

In figure 6.20 we present the mean and 95%-confidence interval for I(t) for each t € [0, 60].
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Figure 6.16: A histogram for the maximal contractions.
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Figure 6.17: A histogram for the final contractions
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6.5. A two-dimensional dynamical viscoelastic model

In this section we will consider model (4.42). From a mechanical point of view, the two-dimensional
model is more advanced than the one-dimensional model. For example, we have to deal with shear
stress and Poisson’s effect. We will present some plots to develop a feel for these phenomena. Addi-
tionally, we will look at the deformation of a rectangle, and the evolution of its area in time.

6.5.1. Poisson’s effect
To illustrate Poisson’s effect, we will run the model with the following body forces:

F, —-L/4<x<0,-L/4<y<L/4
(Fp)1(x,y) = F o 0<
—F, x<L/4—-L/4<y<L/4,
(F), = 0. (6.18)

(6.17)

For Poisson’s ratio we choose to use the same value as [11], v = 0.48. The parameters used for this
simulation can be found in table 6.4.
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Figure 6.21: Poisson’s effect. Original shape in red, and shape at t = 5 in blue.

Parameter Value Unit

E 31 N/(gcm)1/?

Uy 10? (N day)/cm

Uz 10? (N day)/cm

v 049 -

p 1.02 g/cm

F 5 (N g)/(cells cm)
to 0.1 days

tem 20 days

t 20 days

Table 6.4: The parameters used for the results in section 6.5
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6.5.2. Shear stress

To illustrate shear stress, we will run the model with the following body forces:

—L/A<x<L/4-L/4<y<0,

E,,
Yoy = P 6.19
(Fp)1(x,¥) —F, -L/A<x<L/40<y<L/4 ©19)

(Fp)2(x,y) = 0. (6.20)

We use the parameters listed in table 6.4. In figure 6.22 we see the deformation that occurs due to
the body forces. In figures 6.23 and 6.24 we see the normal strain in the horizontal direction, and the
shear strain.
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Figure 6.22: Unstrained rectangle (red), and a shape subject to shear deformation at t = 5 (blue).
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>
Figure 6.23: Normal strain €;; at t = 5 under body forces (6.20).
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Figure 6.24: Shear strain €, at t = 5 under body forces (6.20).

6.6. A two-dimensional morphoelastic model

In this section we will consider model (4.66). Compared to (4.41), this model also involves plastic
deformation. In this section we will present results regarding the deformation of a rectangle. We will
look at strain values, and the evolution of the area of the rectangle in time.

As explained in 5.2, we have to remesh in order to maintain good accuracy. After experimenting a
bit, it turns out that we need to remesh when angles go below 40 degrees. This is a fairly high angle,
which means that we have to remesh multiple times.

In figure 6.25 we see a plot the relative area of a rectangle versus time. It can be seen that between
t = 0 and t = 20 the curve is not entirely smooth at some points. This is because at these time points
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Parameter Value Unit

E 31 N/(gcm)1/?

Uy 10? (N day)/cm

Uz 102 (N day)/cm

v 0.49 -

p 1.02 g/cm

B 30 (N g)/(cells cm)
0.05 -

to 0.1 days

tem 20 days

tap 20 days

Table 6.5: The parameters used for the results in section 6.6.
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Plot of relative area of an initial rectangle versus t.

The parameters used in this section can be found in table 6.5
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Conclusion, discussion and
recommendations

In this thesis we explored some morphoelastic models. The main initial goal was to gain more under-
standing in these models. We reconstructed the models, starting with rudimentary ones, and ending
with a full two-dimensional model.

After the reconstruction of the morphoelastic models, we turned to a novel framework for the in-
corporation of heterogeneity and stochastics into the one-dimensional model. We were also able to
present some statistical results.

Although from a qualitative standpoint the initial goal was hopefully achieved, there are some as-
pects that could be improved.

Firstly, for a lot of parameters no experimental data is available. In particular, for the fundamental
‘morphoelastic parameter’ that partially controls the rate of change of plastic deformation, no estimates
are available in the literature. Therefore, from a quantitative standpoint, there is a lot of room for
improvement.

Secondly, the models could be expanded, to include more relevant wound healing effects. An
interesting option could be to include the remodeling of the extra-cellular matrix by fibroblasts. This
amounts to constructing an anisotropic model, and a means of incorporating collagen fibre orientation.
Also, fibroblast diffusion would need to be included. In [11], diffusion was included. Also, collagen
fibre orientation and anisotropy of the tissue are discussed. However, these two phenomena are not
included in the two-dimensional model.
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Picard iterations

We will prove here that Picard iterations or fixed point iterations converge under the right conditions.

Theorem 2. Let O be a complete metric space and let f : Q — Q be a Lipschitz continuous function
with Lipschitz constant I. < 1. Then f has a unique fixed point, i.e. a point x € Q such that x = f(x).
Picard iterations will always converge to this point, i.e. if x,, := f(x,_1), then x,, - x, n — co.

Proof. Let x, € Q be an initial guess, and let x,, := f(x,_1), so that {x, },,ey = {x0, X1, ...} iS @ SEQUENCE
of Picard iterations. We have:

d(xp, Xpn—1) = d(g(xn-1), 9 (xn_2))
< ]Ld(xn—lrxn—z)
< ..

< L™ 1d (x4, x0)-

Since L < 1, we see that {x,, } is a Cauchy sequence. Since (1 is complete, it follows that {x,, } converges
to alimitx € Q.

Suppose that x is not a unique fixed point of f. Then apparently there is an initial guess such that
the Picard iterations converge to a fixed point y # x. Since x = f(x) and y = f(y) we then have
d(x,y) = d(f(x), f (), contradicting the Lipschitz condition. So x is unique. O
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Element integrals

Here we compute the element integrals that are relevant to the derivations in chapter 5. As a reference
we used [7].

One-dimensional element integrals
Assume we integrate over an element el. We have:

P2 dx = ﬁ, (B.1)
el 3
h
f PmPm+r dx = 6’ (B.2)
el
h
} ¢3, dx = T (B.3)
h
[ Ghadmax =3 (B.4)

el

where el is the element with vertices x,, and x,,,; and h = x,,.; — x,,, is the length of the element.

Two-dimensional element integrals

We write ¢;(x,y) = a; + Bix + v;y, where a;, ; and y; are defined as in section 5.2.
An important fact is the following, which was proven by Holand and Bell:

Theorem 3. If ¢4, ..., P41 are linear basis functions on a simplex S c R™, so S has vertices x4, ..., Xp 41
and ¢;(x;) = 6;j,i,j = 1,..,n+ 1, then we have:

ml!"'mn+1!
(my + -+ myy +n)!

J- ¢In1 ¢:lnn+1 dQ = |A|,m1, e, Myyq € N. (B5)
N

where |A| is the volume of S multiplied by 2.

Note that in two-dimensional space we are dealing with triangles, and |A| can be computed by doing
the following: translate the triangle so that one vertex will be the origin; append zeros to the vectors
corresponding to the vertices to make them three-dimensional; compute the cross product of the two
vectors defined by the other two - translated - vertices; take the absolute value. An example would be
the triangle given by (1, 1), (1,2) and (2, 1), which would give:

1Al =1(1,2,007 - (1,1,07)x (21,007 = (1,1,007)| = 1. (B.6)
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68 B. Element integrals

Assume we integrate over a triangular element el, with vertices 1,2 and 3. We have, using the result
by Holand and Bell:

LAl ifi#j,
| ppan=ia LT ®.7)
—=|4|, ifi=},
12
¢>, 1
¢1 da=vy; | ¢;dQ= g)/lel; (B.8)
em

24y]| |, ifi=#j,

e (B.9)
12)/} 4, ifi=j.

jqw, an=yy | puoydos {
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