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Abstract

Scientists across a wide range of disciplines are currently engaged in artificially reproducing biolo-
gical systems. In doing so, they have to ensure that the materials used fulfill certain requirements,
such as deformability in the case of replicating soft biological systems. Another requirement is easy
structurability in order to mimic complex biological systems. For this thesis, biological systems were

recreated, too.

In the first part of this thesis research, an artificial extra-cellular matrix formed the basis for experi-
ments with a pathogenic species of amoeba, Acanthamoeba castellanii. In order to find new therapeutic
approaches to fighting diseases caused by this species, the migratory behavior of Acanthamocba castel-
lanii in micro-pillar structures made of silicone, which were used to mimic the confined environment
of an extra-cellular matrix, was explored. For the experiments, amoebae ingested microparticles of
varying shapes. While it was found that sphere-shaped particles with a diameter smaller than the
distance between the micro-pillars did not impact migration behavior, absorption of larger particles
by Acanthamoeba castellanii caused migration to be strongly reduced. However, in some instances, it
appeared that Acanthamoeba castellanii was nonetheless able to successfully navigate the pillar struc-
tures. These observations could serve as a basis for developing methods aimed at capturing amoebae

before they can enter the human body.

In the second part of this thesis, the focus was on developing a material with specific mechanical
properties geared at mimicking an intra-cellular effect, namely the cross-linking of fibers within the
cytoskeleton as a reaction to deformation of the cell and thereby increasing its stiffness. Emulating
this effect, a strain-stiffening material was developed using a flexible, slat-structured silicone. When
the material is elongated, these slats touch, thereby leading to a stiffening of the material. Employing
finite element analysis, the degree to which various geometrical factors of the structure and friction
between the slats affect the material’s stiffening behavior was examined, and the results were verified
using tensile tests. The structure that resulted from my efforts yields a stiffening behavior that is
material-independent, speed-independent and reversible, and that occurs also when the material is

elongated.

In this thesis, I was able to demonstrate that it is possible to employ flexible materials to imitate
intracellular and extracellular structures. Artificially created materials such as these can serve as a
groundbreaking solution for new therapeutic approaches to fighting pathogenic microorganisms and

serve as options when choosing materials for highly specific, technical applications.







Zusammenfassung

Aktuell fokussieren sich Wissenschaftler aus verschiedensten Forschungsgebieten darauf biologische
Systeme kiinstlich nachzubilden. Hierzu werden diverse Anforderungen an die zugrundeliegenden
Materialien gestellt. So werden, um zum Beispiel weiche biologische Systeme nachzustellen, de-
formierbare Materialien benétigt. Weiterhin sollten die Materialien strukturierbar sein, um die teil-
weise sehr komplexen Strukturen biologischer Systeme nachzubilden. Auch in dieser Arbeit sollten

biologische Systeme nachgestellt werden.

Eine kiinstliche extrazelluldre Matrix war die Basis fiir Experimente mit der pathogenen Amoben-
spezies Acanthamoeba castellanii im ersten Teil der Arbeit. Auf der Suche nach neuartigen thera-
peutischen Ansitzen gegen Krankheiten, die von dieser Spezies verursacht werden, wurde deren
Migrationsverhalten in mikrostrukturieren Siulenstrukturen aus flexiblem Silikon, die die beengende
Umgebung der extrazelluliren Matrix darstellen sollten, untersucht. Im Rahmen der Experimente
haben die Amében Mikropartikel mit verschiedenen Geometrien aufgenommen. Kugelférmige
Partikel mit einem Durchmesser, der kleiner als der Abstand zwischen den Siulen ist, beeinflussten
die Migration in den Strukturen nicht. In den Fillen, in denen Acanthamoeba castellanii grofere
Partikel aufgenommen hat, war die Migration in den Strukturen stark reduziert. In einigen Fillen
konnten jedoch alternative Herangehensweisen beobachtet werden, die trotzdem Migration durch
die Sdulenstrukturen erlaubten. Diese Beobachtungen kénnten die Grundlage fiir Methoden bilden,

zukiinftig Amében einzufangen, bevor sie auf den menschlichen Korper tibertagen werden kénnen.

Die Imitation eines intrazelluliren Effektes war die Grundlage fiir die Entwicklung eines Materials
mit definierten mechanischen Eigenschaften im zweiten Teil der Arbeit. Die Fihigkeit von Zellen,
als Reaktion auf eine Deformation Fasern im Zytoskelett zu vernetzen und somit ihre Steifigkeit
zu erhohen, wurde in dehnungsversteifenden Materialien nachgestellt. Es wurde eine Struktur aus
flexiblem Silikon entwickelt, die eine Lamellenstrukeur enthilt. Diese Lamellen beriihren sich im
Fall einer Elongation des Materials und fithren zu einer Versteifung des Materials. Es wurde mit Hilfe
von Finite Elemente Analysen der Einfluss sowohl diverser geometrische Faktoren der Struktur, als
auch der Reibung zwischen den Lamellen auf das Versteifungsverhalten des Materials untersucht.
Die Ergebnisse wurden mit Hilfe von realen Zugversuchen verifiziert. Die entwickelte Struktur
bietet ein materialunabhingiges, geschwindigkeitsunabhingiges, reversibles Versteifungsverhalten,

das zudem auch bei einer Elongation des Materials auftritt.

Im Rahmen der Arbeit konnte ich zeigen, dass es moglich ist, flexible Materialien einzusetzen um
intra- und extrazelluldre Strukturen nachzubilden. Diese kiinstlich hergestellten Materialien konnten
wegweisend fiir neuartige therapeutische Ansitze gegen pathogene Mikroorganismen und fir alter-

nativen in der Materialauswahl fiir hochspezielle technische Anwendungen sein.
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1. Introduction

It would probably be safe to say that every person in Europe has used a Velcro fastener at least once
in their life. The German word for Velcro, “Klett-Verschluss”, provides an indication of what inspired
the technique behind the fastener. Reportedly, the inventor observed how “Kletten”, or burdock
seeds, clung to his dog’s fur, and he then applied the underlying principle [1]. Velcro, therefore, is
a good example of how biomimetics - the science of using biological mechanisms to solve a variety
of problems - works. For my Ph.D. thesis I, too, have turned to biomimetics in order to solve two

problems in the field of materials science.

The first problem addressed was the risk posed by disease-spreading microorganisms such as fungi,
bacteria, viruses and amoebas, i.e. organisms which are transmitted via contact with other species
or via contaminated water. One example of such a disease is Acanthamoeba keratitis, where amoe-
bae invade the cornea of the human eye. The disease, which can lead to visual impairment or even
blindness, primarily affects contact lens wearers who store their lenses in contaminated water [2].
One focus of this thesis was on investigating how the amoeba Acanthamoeba castellanii - one of the
main culprits behind Acanthamoeba keratitis - behaves in confined spaces. The knowledge gathered
in the process was to form the basis for developing methods aimed at preventing organisms such as
Acanthamoeba castellanii from spreading in the human body and, even more importantly, trapping
them before they invade the body. For this, the confined space had to be as similar as possible to
human tissue. To create a simulation of the latter, I used a biomimetic approach to generate an
abstracted form of human tissue made of silicone-based micro-pillar arrays. The distance between
the pillars was chosen such that it resembled the distance between the naturally occurring obstacles

in human tissue.

The second problem concerned strain-stiffening materials. “Strain-stiffening” refers to the pheno-
menon whereby the stiffness of a material increases when it is deformed. Such materials are already
used today in applications as diverse as leaf-spring suspensions in cars or shock absorbing layers in
protective clothing, and perform their task well. However, strain-stiffening materials also come with
downsides that prevent their use for other tasks. For my thesis, I aimed to develop a strain-stiffening
material with a wider-than-usual range of applications. For this, it was necessary to neutralize the
disadvantages affecting the current crop of existing materials, namely: limited choice of underlying
materials, dependency of the stiffening effect on the speed of deformation, irreversibility of the effect
in some cases, as well as limitation of the effect to stiffening by material compression. To come up
with a solution I again chose a biomimetic approach: imitating the capability of cells to stiffen in
response to an external force through the linking up of biopolymer fibers inside the cell. I used this

characteristic to develop a material which harbors none of the downsides mentioned above.



Theoretical Background
2. Theoretical Background

In this chapter, the underlying biological effects of the biomimetic approaches are described. Ad-
ditionally, the state of the science for artificially structured cellular environments as well as for
strain-stiffening materials are presented and discussed. In the last part of this chapter information

about silicones, their mechanical behavior and the simulation of this behavior is provided.

2.1. Biological background

After a short introduction of the important components of cells, the mechanisms of cell motility,
the properties of the extracellular matrix and two different effects of strain-stiffening in cells are

described in this chapter.

2.11. Important components of a cell

Cells are the smallest units of life and are able to actively rearrange and remodel their shape and
internal components. The components of a cell are the nucleus, the membrane, the cytoskeleton,
the cytosol and several organelles and molecules with specific functions. The cytoskeleton and two
special groups of molecules, molecular motors and adhesion molecules, play an important role in

cell motility and cell stiffness and are therefore the focus of this chapter.

The cytoskeleton is composed of three types of fibers: microtubules, actin filaments and inter-
mediate filaments. Figure 2.1 shows a sketch of the arrangement of the cytoskeletal fibers in a
cell. Actin filaments form a cortex within the cell and intermediate filaments can be found in
the entire cell. The microtubules are primarily connected to so-called microtubule orga-
nizing centers or centrosomes in the center of the cell and spread outward from there [3].
Nucleus

Actin filament

Intermediate filament

Microtubulus

Centrosome

Figure 2.1: Sketch of a cell with the different parts of the cytoskeleton.

All three types of fibers are bio-polymers with proteins as monomers. A sketch of the three types of
cytoskeletal fibers is shown in Figure 2.2. The two globular proteins a and B-tubulin in microtu-
bules form dimers. They first polymerize head-to-tail into protofilaments, then arrange in a parallel
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fashion into hollow tubes. The diameter of a fully polymerized microtubule is about 25 nm [4].
Actin filaments polymerize from globular actin monomers, where two parallel actin protofilaments
twisted around each other into a right-handed helix [5]. The diameter of an actin filament is about
7 nm [6]. Intermediate filaments generally consist of eight protofilaments that are twisted into a
rope-like structure, with a diameter of about 10 nm [6]. More than 50 different proteins that make

up intermediate filaments have been identified to date [6].

A a- and - tubulin dimer Protofilament Microtubulus
-
B Globular actin Protofilament Actin filament
C Protofilament Intermediate filament
p 4

e =
Figure 2.2: Sketches of the components forming a microtubulus (A), an actin filament (B) and an intermediate
filament (C).
The three types of filaments have different mechanical properties. To describe the mechanical pro-
perties of such polymeric filaments, two values have to be introduced, namely persistence length;
and contour length. The persistence length is a measure of a polymer chain stiffness and is defined
as the length scale of tangent-tangent correlation decay along the filament [5, 7]. Consequently,
polymer chains with a high persistence length are stiffer than those with low persistence lengths.
The contour length on the other hand represents either the full length of a polymer chain [8] or the

distance between network junction points or crosslinks in a network of polymer chains [7].

There are two extremes and an intermediate case for the relation between contour length and per-
sistence length. If the contour length is considerably larger than the persistence length, the filament
is considered flexible. On the contrary, when the persistence length is considerably larger than the
contour length, the filament is considered to be stiff. If the difference between contour and persis-
tence lengths is small, the filament is considered to be semi-flexible. While the contour lengths of all
three types of fibers are in the same length scale of around 10 pm, microtubules have a persistence
length of 1-6 mm (resulting in a stiff filament), actin filaments have a persistence length of 10-20
pm (resulting in a semi-flexible filament), and intermediate filaments have a persistence length of 1-3
pm (resulting in a flexible filament) [5, 9—11]. The different mechanical properties of filaments result
in different roles in the structural integrity of cells. While the stiff microtubules act as load-bearing

elements, the more flexible actin and intermediate filaments act as tension-bearing elements [11].

Apart from their mechanical properties, there are further differences between the filaments that
influence the mechanical properties of the cytoskeleton. Actin filaments and microtubules are able
to polymerize and depolymerize rapidly, thus can change their entire network within minutes, while

intermediate filaments need hours for this task [12].



Theoretical Background

Molecular motors are a second important player in, specifically, cell motility where they
are able to convert energy into motion. One example for a molecular motor is myosin II,
which is able to connect two actin filaments and cause a motion of two filaments across each

other by moving along both of them [3]. This mechanism is displayed in Figure 2.3.

A B / Myosin II
5,
69 Actin filament

Figure 2.3A: A myosin I molecule is connected to two actin filaments. B: If the myosin IT molecule moves along
the filament, a motion of the actin filaments across each other is caused.

Adhesion molecules are another major player in multiple cellular functions, especially in cell adhesion.
In order to change from a swimming to an adherent state, a cell needs to be in a physical contact
with its environment. This is mediated by adhesion molecules like integrins that form a connection
between the extracellular matrix and the cytoskeleton. The integrin is a transmembrane molecule
with one end, which is outside the cell, connected to extracellular matrix molecules like collagen,
fibronectin or laminin and the other end, which is inside the cell, connected to actin filaments via
a clutch of proteins [3, 13]. A sketch of integrins connecting the extracellular matrix and the cyto-

skeleton is demonstrated in Figure 2.4.

Cell

Actin filaments

Clutch of proteins

Integrins
Cell membrane

Extracellular matrix

Figure 2.4: A cell adheres to the extracellular matrix with the help of integrin molecules. They are binding to the
extracellular matrix outside of the cell and to cytoskeletal fibers inside of the cell.

2.1.2. Cell motility

Cell motility plays a crucial role in many biological and pathological processes. These range from
gastrulation, tissue repair and immune surveillance to development disorders, vascular diseases and
cancer [14-16]. In this section, the mechanisms that let cells migrate are described. These mechanisms
can be divided into two major forms. One is commonly referred to as “mesenchymal motility” and

one as “amoeboid motility” [17].



In mesenchymal motility, the cytoskeletal components of a cell are arranged such that a concen-
tration gradient of biomolecules between two ends of the cell occurs. At the front end of the cell,
a high amount of actin filaments is present, while their concentration at the posterior end is low.
The opposite holds for myosin II molecules [15]. Actin filaments are actively cross-linked to form
protrusions in the form of broad lamellipodia or spike-like filopodia, which are both stabilized by
linking up with the extracellular matrix via integrins. While lamellipodia provide the basis for direc-
tional movement, filopodia are used for exploring the local environment [16]. Molecular motors are
highly important here. Myosin II is required to hold the cell in shape and to prevent the formation
of protrusions at lateral ends [18], and it is also responsible for the retraction of the cell’s posterior
end by breaking adhesion sites [15, 16, 18]. The combination of an elongation via protrusions at
the front of a cell and the retraction of a cell’s back leads to motion. This is sketched in Figure 2.5.
This adhesion-based method of motion is slow and it is mainly used by adherent animal cells, like

epithelial cells or fibroblasts [16, 19] and if cells move along the extracellular matrix [20].

A . Cell B Actin polymerization
Posterior Front end
end .
Actin
Integrins —=

Extracellular matrix

Motion
>

Adhesion of front end Release of posterior end

Figure 2.5: Sketch of the mesenchymal motility mechanism. A: A cell adhering to the extracellular matrix. B:
The cell extends the leading edge through a remodeling of the actin cytoskeleton. C: The cell forms new adhesive
contacts at the front. D: The cell moves forward by releasing the posterior end from the extracellular matrix and
contracting its body.

Amoeboid motility can be found in several motile cells, like free-living amoeba or human immune
cells. It is faster than mesenchymal motility by a factor of 100 to 1000 [20]. In contrast to mesen-
chymal motility, this method of movement is not based on strong adhesion. While rapid protrusions
and retractions of extensions lead to a constant change of cell shape, an actual movement arises either
from contraction-based blebbing or from polymerization-driven gliding [21]. Cells can form a bleb
either by first dissociating the membrane from the cortex or by introducing a local rupture of the
actin cortex. This step is followed by an expansion due to a pressure increase produced by myosin
contraction. In a 2D environment, blebbing leads to motion if blebs are formed on the leading edge
of a cell while weak cell adhesions to a surface are formed and the rear edge of the cell is contracted.
In 3D environments, often another mechanism called chimneying is exploited. There, a cell does not

need any adhesion to the substrate, instead, the growing bleb locks the cell into place while the rear
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Theoretical Background

edge is contracted [22]. The chimneying mechanism is shown in Figure 2.6. Polymerization-driven
gliding exploits the same mechanisms as described in mesenchymal motility. Actin that expands by
polymerization below the leading plasma membrane pushes out protrusions, though no strong links
to the surface are initiated. Movement is still possible if cells are immobilized due to confinement

in 3D environments [21].

BN Membrane s Actin cortex

Figure 2.6: Cell motility via chimneying. A cell in a confined space (A) forms a bleb by rupturing the actin cor-
tex (B). The bleb is used to lock the cell in place (C). After rebuilding the actin cortex (D), the rear of the cell is
contracted (E).

Several studies have shown that cells, including cancer cells, can switch from mesenchymal motility
to amoeboid motility in confined conditions such as three-dimensional environments [23-25].
This has raised a special interest in understanding the underlying mechanisms of cell motility. The
social amoeba Dictyostelium discoideum, for example, has become a well-established model system

to analyze amoeboid motility [15, 17, 26, 27].

There is another reason why research on the motility of amoeba is in the focus of science. While
Dictyostelium discoideum are harmless, other amoebae are pathogenic. One of them is Acanthamocba
castellanii (A. castellanii). To understand the connection between the pathogenicity and the motility
of A. castellanii, a short description of this amoeba based on a review paper by Marciano-Cabral
(28] is provided below.

A. castellanii is a species of the genus Acanthamoeba, which are protozoa found worldwide in soil,
dust and air as well as in natural and treated water. Acanthamoebae have a two-stage life cycle: a
dormant cyst and a trophozoite that undergoes division and actively feeds. Encystment occurs in
unfavorable environmental conditions such as a lack of nutrients, desiccation or extreme tempe-
ratures. When environmental conditions are favorable, Acanthamoebae occur in the trophozoite
stage. Figure 2.7 depicts a phase-contrast image of an Acanthamoeba trophozoite. Besides several
cytoplasmic food vacuoles and other components of the cytoplasm like mitochondria, two features
that only occur in the trophozoite stage are observable: spiny surface projections called acanthopo-

dia and a large contractile vacuole which is responsible for the control of the cell’s water content.



Figure 2.7: Phase contrast image of an Acanthamoeba trophozoite showing acanthapodia, mitochondria, food
vacuoles and the contractalie vacuole.

Acanthamoebae are the cause of several severe diseases. In diseases like Granulomatous Amebic En-
cephalitis, an infection of the brain, Acanthamoebae act as opportunistic pathogens. Consequently,
they are dangerous for hosts with weakened immune systems. Some species like A. castellanii can
act as non-opportunistic pathogens and cause diseases like Acanthamoeba Keratitis, an infection of
the eye. These species are even dangerous for hosts with a healthy immune system. The described

diseases are caused by an invasion of Acathamoeba into the host tissue.

In nature and in the host tissue, A. castellanii has to be able to move in confined spaces [29, 30]. The
understanding of A. castellanii s motion in confined spaces might be a key to successful therapeutic

approaches for diseases caused by Acanthamoeba.

2.1.3. The extracellular matrix

Generally speaking, the extracellular matrix (ECM) is the most important component of almost all
human body tissues besides cells. The ECM provides a space for cells to live in, defines the physical
properties of the tissue and forms the framework of the vertebrate body [31]. Consequently, it plays

an important role in the movement of A. castellanii or cancer cells inside the body.

The ECM is composed of certain proteins and polysaccharides, most importantly collagens, fibro-
nectin, laminin, and proteoglycans. All these are secreted by specific cell types. Depending on the

type of tissue, the ratio of the components to each other and the number of cells connected to the

ECM change [3].

ECM components form a three-dimensional network, as sketched in Figure 2.8. While fibronectins

and laminins are small molecules that play a role in cell adhesion and matrix cross-linking, collagens
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Theoretical Background
and proteoglycans are long fibers [3], which mainly form the structure that leads to cell confinement.
It has been the goal of several studies to mimic the extracellular matrix in order to investigate the

cellular behavior in this confined environment. Established concepts are described in chapter 2.2.1

and a concept with new approaches is part of this work.

*+—— Fibronectin

& ¥—— proteoglycan

+<—Collagen

——Laminin

Figure 2.8: Sketch of the Extracellular matrix (ECM) with its typical components collagens, proteoglycans, fi-
bronectins, and laminins.

2.1.4. Strain-stiffening in cells

With the help of the three components of the cytoskeleton, the actin filaments, the intermediate
filaments, and the microtubules, the cell is able to react to external forces in specially designed
approaches. It has been shown that cells react to fast changes of external force and slow changes of

external force with two different mechanisms, a passive and an active [32].

The passive mechanism mainly arises from the mechanical properties of the actin filament network,
which is composed of actin filaments and associated regulator, motor and cross-linking proteins
[32, 33]. In several studies, the network was reconstructed with increasing complexity to determine
their mechanical behavior. Networks cross-linked with only one actin cross-linking protein were
studied in vitro [32, 34, 35], and networks with additional motor proteins were studied in vitro [36,
37] as well as by using computer simulations [37]. All these experiments showed a strain-stiffening
behavior of the network. There are two main theories that try to explain the strain-stiffening beha-
vior of networks composed by semi-flexible polymers. One theory is based on an entropic model
in which semi-flexible filaments are bent weakly due to thermal fluctuations [38]. Material defor-
mation increases the end-to-end distance of the filament segment between two cross-linking points
and consequently straightens out the bending. The force needed to do so is highly non-linear [7,
38-40]. A second theory states that the stiffening mechanism is caused by filament reorientation.
Upon deformation, the filaments first bend and then rotate in the direction of straining, which

8



results in a stretching of the filament. As filament bending requires less force than stretching, the

network becomes stiffer [41].

The cell’s active reaction to external force stimuli is based on its ability to rearrange the actin fila-
ment network quickly, as described in chapter 2.1.1. When cells adhere to surfaces, they build up
a connection between the surface and the actin cytoskeleton called focal adhesion [42], as depicted
in Figure 2.4. The formation of focal adhesions is followed by a rearrangement of actin filaments
into stress fibers that are connected to either one (dorsal stress fibers) or two (ventral stress fibers)
focal adhesions. Stress fibers are cross-linked via the protein a-actinin and myosin II bundles [43].
It has been shown that an arrangement of actin filaments into stress fibers is the result of an exter-
nal stimulus. Examples are the reorientation of stress fibers in endothelial cells and fibroblasts as a
response to the pulsatile stretching of blood vessels [42]. In Figure 2.9, the cell’s stress fiber forma-
tion as a response to cyclic stretching as described by Greiner et al. [44] is sketched. The formation
of stress fibers increases cell stiffness [45—47] and stress fibers are actively reinforced and repaired
in response to external forces [48]. It has additionally been shown that stress fibers themselves are

strain-stiffening elements [49].

Both mechanisms, the passive and the active response to strain, increase cell stiffness [32, 46, 48, 50,

51]. The cell uses them to protect itself from possible damage [52] and to strengthen its adhesion [53].

Substrate

() Focal adhesion
Ventral stress fiber

< > <« >
Stretch axis

Time

Figure 2.9: Sketch of the formation of ventral stress fibers as described by Greiner at al. [44]. Upon cyclic stretch,
the cell arranges perpendicular to the stretch axis and forms focal adhesions and ventral stress fibers perpendicular
to the stretch axis.
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2.2. The current state of the science

As the two biomimetic approaches in this thesis address different fields of science, the state of the
science for the fabrication of artificial cellular environments is described first, followed by the state

of the science in the field of strain-stiffening materials.

2.2.. Atrtificially structured cellular environments

There are several strategies to generate artificial environments to mimic the structure of the extra-
cellular matrix. The goal in the field of synthetic biology is to use ECM molecules to replicate the
shape and function of the extracellular matrix as close as possible [54, 55]. The major downsides
of this approach are the high cost and the limited reproducibility of experiments. The next step of
abstraction is the use of completely artificial materials, as they provide the possibility to precisely
adjust important key parameters, like the size of the confinement or the stiffness of the material. The
most prominent examples of this approach are micro channels, three-dimensional porous materials,

and micro-pillar arrays. An example of each approach is sketched in Figure 2.10.

A

Figure 2.10: Sketches of different approaches to artificially structured cellular environments. A: Top view of a
micro channel. B: A three-dimensional porous material. C: A micro-pillar array.

A micro channel is the most basic approach to mimic a confined situation for a cell. A channel with
a predefined width and height is in most cases produced via silicone micro-molding and closed
with a glass coverslip. Depending on the experimental goal, the width and height of the channels
range from a few micrometers to several hundred micrometers [56—60]. While micro channels are
well-suited to observe cellular behavior in a confined condition, they poorly represent the situation
inside a three-dimensional network, like the ECM. An additional downside is the possible lack of

nutrients inside closed channels [61].

An approach that resembles the situation in the ECM better than micro channels is three-dimensional
porous materials. These can, for example, be produced via salt-leaching (a process where a salt is mixed
with a matrix material and, after matrix curing, the salt is dissolved, leaving pores inside the material
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[62]), 3D printing techniques [63], or via dissolving a network of interconnected zinc oxide tetrapods
inside a hydrogel matrix [64]. The pore diameter of these materials is in the range of several tens of
micrometers. Depending on the method of production, the downsides can be an uneven pore size
inside the structure, low interconnection between the pores and expensive production techniques. A
downside that all methods have in common is the complicated observability of cell behavior inside

the three-dimensional sample with conventional light microscopes and a possible lack of nutrients.

Micro-pillar arrays lessen some of the downsides described before. Micro-pillar arrays are in most
cases produced via silicone micro-molding, which results in elastomeric pillars with heights, dia-
meters, and distances between pillars from a few micrometers to several hundreds of micrometers.
The pillars can be arranged in different patterns, e.g. hexagonal patterns or simple square patterns.
It is possible to precisely determine the distance between the pillars and thereby precisely define the
obstacles for cells. With micro-pillar arrays, not only can the behavior of cells in a confined environ-
ment be observed (as is the case with microchannels), but also the moving pattern and problem-sol-
ving strategies if cells have the possibility to choose their direction of movement (as is the case with
three-dimensional porous materials) [65-67]. Micro-pillar arrays are only quasi-three-dimensional, as
they provide confinement in several directions, but not in all. This has both advantages and downs-
ides. One advantage is the easy observability of cells in these structures. A downside is the fact that
cells are not confined on the top and might, therefore, be influenced in their behavior. It is possible
to close the structure on the top to avoid this downside, but this can cause a lack of nutrients. The

micro-pillar arrays used in this work are open on the top.

2.2.2. Strain-stiffening materials

Today, there are already several strain-stiffening materials that were developed for special applications.
Simple strain-stiffening springs are used in suspension systems in the automotive sector, certain vi-
scoelastic materials are used as shock absorbers in protection wear and extremely specialized materials
are investigated to be used in tissue engineering. While these materials are suitable for their specific
application, they come with several downsides that make them unsuitable for a universal approach.
In this chapter several already established strain-stiffening materials known from the literature will
be presented. Their advantages and downsides, especially in regard to material-independency, speed-
and material-independency of the effect and strain-stiffening upon elongation will be discussed, as
these are the features making the material developed in this thesis special. To provide the reader with
the necessary background about the terminology in this field, the beginning of this chapter will be

used to define the terms stiffness, stiffening, and strain-stiffening.

The term stiffness is most generally defined as load divided by deformation. While a load can be for
example a force, a moment, a stress or a combination of these, the deformation can be a strain, a
displacement, an angle or a combination of them [68]. All of these measures are tensors. As the goal

of this part of the chapter is the description of the correlation between the measures it is sufhicient to
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treat them as scalars. The first relevant combination is the spring constant. According to Hooke’s law
of elasticity, the extension &’ of a spring within its elastic limit is in direct proportion to the force F
applied to it. The constant of proportionality 4 is called the spring constant [69]. Hence, the spring

constant 4 is force divided by displacement.
k= ul (2.1)
== ,

In Figure 2.11 a sketch of a simple force-displacement curve is shown. The slope of these curves can
be determined by dividing the change in displacement by the change in force. Consequently, the
slope in the force-displacement curves is equal to the spring constant of the material. As the spring
constant is the measure of stiffness that can be most easily obtained from force-displacement curves,

the terms spring constant and stiffness will be in this thesis used synonymously.

Force

Displacement

Figure 2.11: Sketch of a simple linear force-displacement curve. The slope of the curve describes the stiffness.

In materials science, the term stiff is used as the opposite of the word soft. For this reason, the term

stiffening will be used here if the stiffness of a material increases.

To define the term strain-stiffening, the term strain has to be explained first. Strain (g) is most

commonly defined as the increase in length A/’ of an object divided by its original length /° [68]:

&E=— (2.2)

In other words, the strain is a measure of displacement. If the stiffness of a material increases with

increasing displacement and consequently, strain, the material is a strain-stiffening material.

Figure 2.12 shows a sketch of a force-displacement curve of a strain-stiffening material. The slope
of the curve changes with displacement. Up to a certain displacement, the slope of the curve, which
represents the stiffness of the material is constant. At a certain displacement the slope changes to an

increased value. Starting at this displacement the material is stiffer than before.
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Force

Displacement

Figure 2.12: Sketch of a force-displacement curve of a strain-stiffening material.

Another measure of stiffness that is very common for the characterization of materials in materials
science is the Young’s modulus. It uses normalized values for the load and the deformations. It is
therefore independent of the sample geometry and can be used for the description of a material in
general. According to the IUPAC Compendium of Chemical Terminology, the Young’s modulus
or modulus of elasticity £ is defined as the normal stress o divided by the strain €. The normal stress

is the force acting normal to a surface divided by the area of the surface [8].

E= (2.3)

o
&

Conventional strain-stiffening materials either increase their spring constant or their Young’s mo-
dulus upon deformation. The increase in spring constant is caused by a change of sample geometry.
The stiffness of the underlying material itself is not changed. If the Young’s modulus of a material
is increased upon deformation, the stiffness of the underlying material is increased. This happens
independently of the geometry of the material. Examples for both types of strain-stiffening mate-
rials are given in the following sub-chapters. In Table 2.1 all concepts of strain-stiffening materials
described and discussed in the following sub-chapters are listed and it is marked if they fulfill the
requirements that are necessary for a universally applicable strain-stiffening material: material inde-

pendency, speed independency, reversibility and stiffening upon elongation.
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« . »

Table 2.1: Summary of the current state of the science in the field of strain-stiffening materials. “+” means that the

<« <«

material fulfills the requirement.

is not discussed in the regarding publication.

Material independency

Speed independency

Reversibility

Stiffening upon elongation

‘means that the material does not fulfill it. A “0” means that the requirement

Additional remarks References

Coil spring and leaf springs with
progressive spring constant (e.g.

made from metal)

Porous materials (e.g. made from

elastomers)

Gels made from biopolymer fibers,
synthetic triblock copolymers, and

polyisocyanopeptides

Gels made from poly(ethylene
glycol) and branched polyethylenei-

mine

Gels with thiol-containing mono-
mers within a poly(ethylene gly-

col)-acrylate backbone

Special viscoelastic material (e.g. a

mixture of silicone, silica and boric

acid)

Self-stiffening composites (e.g.
composites with embedded micro-

capsules)

(80, 82]

(80, 81]

High costs for bio-  [36, 40, 74-79]
polymer fibers

Temperature (73]
dependency

(71, 72]
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2.2.21. Increase of spring constant

Several materials that show strain-stiffening due to an increase of spring constant upon deforma-
tion have been reported in the literature. The most prominent example is the coil spring. Its spring

constant 4 can by calculated with equation 2.4:

Gd'*
= — 2.4
8D"3n, 24)
The axial compression y of a spring can be calculated with equation 2.5:
8FD"n,
= — 2.5
Y= T6a 2

In these two equations, G represents the shear modulus (G=E/2(1+v)), with the Poisson’s ratio of
the material v and die Young’s modulus of the material E. d” represents the wire diameter, D’ the
mean diameter of the spring, 7 the number of active coils and F the axial force applied to the spring

[69, 83]. It can be noted, that the Young’s modulus is constant in these equations.

From equation 2.5 it is evident that a spring with variable coil diameter (Figure 2.13A) would show
strain-stiffening behavior upon compression. If the spring is compressed, the larger coils deform
more easily. At a certain degree of compression these coils would touch each other, thus decreasing
the number of active coils 7 and therefore increasing the spring constant, which is indirectly propor-
tional to the number of active coils. A similar effect can be found in variable pitch springs (Figure
2.3B), where coils with smaller pitch p, touch each other at a certain degree of compression and again
decrease the number of active coils n , resulting in an increased spring constant of the whole spring
[80]. The working principle of progressive multi-leaf springs is based on the same principle. These
springs have additional leafs, so-called help leafs, that are shaped in a way that their contact area
with the main leafs increases with increasing deformation. This increases the spring constant of the
entire spring (Figure 2.3C) [82]. Springs that show an increase in spring constant upon compression
are called springs with progressive spring constants. Metal springs with progressive spring-constant

are often used in suspension systems of cars and trucks.

D'
AL B,
P2

Ps
P4

-~

Figure 2.13: Side views of three different samples of springs with progressive spring constant. A: The diameter of
the spring D’ varies. B: the pitch p, of the spring varies. C: A progressive multi-leaf spring. The contact area with
the help leaf, marked in red, increases with increasing deformation.
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An increase of spring constant upon compression can also be found in porous materials. It has been
observed that the compression of a porous material does not require high forces until all pores are
completely collapsed. After this point, further deformation of the material needs more force. The
reason for this behavior is that the force needed to deform a material depends on the area the force
is acting on. Rearranging equation 2.3 and replacing the stress with #/A provides a relationship

between the force acting on a material and the area the force is acting on:

F=—A (2.6)

Equation 2.6 shows that with constant Young’s modulus the force needed to deform the material is
directly proportional to the area the force is applied to. While at the beginning of the compression
of a porous material the force only acts on the area of the material between the pores, it acts on the

entire area of the material after the pores are collapsed.

For example, in the patent EP 2416030 B1 [81] the introduction of pores into a rubber material is
described. Due to the pores, the rubber material shows strain-stiffening upon compression. According

to the patent the material is supposed to be used as a damping system for car seats.

The springs with progressive spring constant and the porous materials described in this section show
strain-stiffening by changing the spring constant of the material. The effect is reversible, speed inde-
pendent and all materials showing a sufficient degree of elastic deformation can be used to build these
systems. The major downside of the described examples is that they only react upon compression.

None of the systems shows strain-stiffening when the structure is elongated.
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2.2.2.2. Increase of Young’s modulus

Several materials that show strain-stiffening due to an increase of Young’s modulus upon deformation

have been reported in the literature.

Soft polymer gels, either made from biopolymer fibers like actin, collagen, or intermediate fila-
ments [36, 40, 79] or synthetic triblock copolymers [74, 75] and polyisocyanopeptides [76—78] are
strain-stiffening. The reason why these networks show strain-stiffening is the semi-flexible behavior
of their components. As described before, deformation leads to an increase of stiffness of networks
of semi-flexible filaments. Two theories explain this behavior. The first theory states that thermally
induced bending of the filaments is straightened out in response to deformation. The required force
is highly non-linear. The second theory states that with increasing deformation filaments are first
bent and then stretched. Stretching the filament needs more force than bending it. The gels descri-
bed are very soft, as the network of their components is only loosely cross-linked. Their Young's
modulus is in the lower kPa region. In comparison, the Young’s modulus of silicone materials for
engineering applications is in the lower MPa region [84]. This low rigidity limits the applications
of the gels. One example would be the use in tissue scaffolds where the low stiffness in combination
with strain-stiffening is desired [75], as it resembles the mechanical properties of the extracellular
matrix. The fact that only networks of semi-flexible polymers show strain-stiffening limits the choice
of materials drastically. The strain-stiffening is reversible, it can occur upon elongation and it is speed
independent. The fact that it is very expensive to purify biopolymer fibers adds another downside

to this special approach.

Strain-stiffening can also arise from strain induced active cross-linking in networks of synthetic poly-
mers. Yan et al. presented gels where a Schiff base reaction between the amino groups and aldehyde
groups on poly(ethylene glycol) and branched polyethyleneimine reversibly cross-link upon elonga-
tion of the gel, causing reversible strain-stiffening [73]. The stiffness of these gels is in the lower kPa
region, making it, similar to the materials described before, suitable for tissue engineering applications.
As the strain-stiffening is based on the cross-linking of specially designed polymers, this approach is
not material-independent. Yan et al. did not discuss the dependency of the strain-stiffening effect on
the deformation speed. An additional downside is the high-temperature dependency of the strain-stif-
fening effect of the gels. Tran et al. presented gels where the thiol-containing monomers within a
poly(ethylene glycol)-acrylate backbone reversibly cross-link upon deformation, causing reversible
strain-stiffening of the gel [52]. The material stiffens from 150kPa to 600kPa in cyclic tension and
compression tests. As the initial, as well as the final stiffness of these gels, is considerably higher than
the stiffness of the gels described before, this material might have future applications in several fields
including tissue engineering. A large downside of this approach is that the stiffening takes several
hours. This makes the gels unsuitable for applications were a speed independent strain-stiffening is
desired. Similar to the approach by Yan et al. the strain-stiffening is based on the cross-linking of

specially designed polymers. Consequently, this approach is not material-independent.

17



Theoretical Background

Carefully designed mixtures of polymers and fillers result in viscoelastic materials that show strain-stif-
fening. A well-known example is “silly putty”, which consists of a mixture of silicone (polydimethyl-
siloxane), silica and boric acid. This material behaves more elastic than other viscoelastic materials
when deformed quickly, but at the same time, it has a lower viscosity. The effect results from long
entangled polymer chains that are linked by weak hydrogen bonds. If a stress is applied over a long
time scale the bonds are broken and the chains untangled. The material behaves then like a liquid.
Stress that is applied rapidly cause only a few bonds to break and the material behaves elastically
[71]. Consequently, the Young’s modulus of the material can be increased by increasing the de-
formation speed. A commercial application is the usage of the material as a shock absorber. An
example is the material “d30” [72], that is used as a shock absorber in protection wear. The main
advantages of strain-stiffening viscoelastic materials are the reversibility of the stiffening effect and
the fact that it can occur upon elongation. The downsides are the high dependency of the effect on

the deformation speed and the fact that only certain carefully designed mixtures of materials show

the described behavior.

Strain-stiffening also occurs in so-called self-stiffening composites. Self-stiffening composites are
inspired by self-healing materials. In certain self-healing materials, microcapsules of monomers and
catalysts are dispersed in a material. When the microcapsules are ruptured due to material damage,
the monomer can propagate through this damage. It comes in contact with the catalyst, polyme-
rizes and thus repairs the material [85]. The working principle of this type of self-healing material
is demonstrated in Figure 2.14. Under specially designed conditions this concept of self-healing
composites can be used for self-stiffening composites. The composite can be designed in a way that
deformation breaks the embedded capsules and starts the polymerization of the embedded material.
If the polymerized embedded material is stiffer than the original material, the material stiffness is
increased upon deformation. This concept is for example presented in a self-stiffening stent [70].
The main advantages of self-stiffening composites are the large flexibility in choice of materials and
a stiffening upon elongation. The downsides are a certain speed dependency as the material takes
time to cross-link and a non-reversible stiffening effect as the rupture of the embedded particles and

the following polymerization is not reversible.

Figure 2.14: Sketch of the working-principle of one type of self-healing composites. A: Microcapsules of a mono-
mer (red) and a catalyst (blue) are dispersed in a material. B: Damage leads to rupture of the microcapsules. C:
Once the monomers and the catalyst are in contact, the monomers polymerize and heal the material (purple).
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2.3. Silicones

To introduce silicones, at the beginning of this chapter a short introduction to the fundamentals of
silicone rubbers is presented. Afterward the mechanical properties of elastomers such as silicones are
described and the theory behind finite element simulations of elastomers is explained, as a major

part of this thesis deals with the simulation of the mechanical properties of silicones.

2.31. Fundamentals of silicone rubbers

Silicone rubbers are crosslinked networks of polymer chains of the composition shown in Figure 2.15,

where R can be methyl (CH,), phenyl (C H,), vinyl (C,H,) or trifluoropropyl (C,H,F,) groups [86].
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Figure 2.15: Chemical structure of silicone rubber. R can be methyl, phenyl, vinyl or triflouropropyl groups.

A well-known silicone rubber is polydimethylsiloxane (PDMS), where R is a methyl group. Silicone
rubbers have special properties originating from the high bond strength of Si-O compared to C-C,
providing the backbone of most other polymers. This results in, especially in case of PDMS, high
thermal resistance, chemical stability, electrical insulation, non-toxicity, biocompatiblity and abrasion
resistance. Other properties that are not common for all compositions of PDMS are optical trans-
parency and high elongation at break [84, 86—88]. Most of the described properties of PDMS can
be influenced by adjusting the polymer chain-length, the crosslinking degree and the filler amount
and type [89-91].

In several commercial products siloxane polymer chains are cross-linked either by a catalyst driven
addition reaction or by condensation [86, 87]. The two silicone rubbers used in this work are Sylgard
184 (Dow Corning, USA) and Elastosil RT625 (Wacker, Germany), which are both polydimethyl-
siloxanes that cross-link at room temperature via a platinum-catalyzed addition reaction. They are
sold as two components where one component contains polymers with vinyl groups, the platinum
catalyst and fillers and the other part contains polymers with Si-H groups [92-94]. Once these two
components are mixed a cross-linking reaction takes place. The reaction scheme of the platinum

catalyzed cross-linking reaction of PDMS is shown in Figure 2.16.
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Figure 2.16: Reaction scheme of the platinum catalyzed cross-linking of PDMS. Chains with vinyl groups and
chains with Si-H groups are cross-linked via an addition reaction.

The two silicones Sylgard 184 and Elastosil RT 625 are chosen as they each had desired behavior
for the respective experiments in this thesis. Sylgard 184 is highly optically transparent and proven
to be biocompatible [93]. It is used for cell experiments in this thesis. As its mechanical properties
do not allow large deformations [95], it was not suitable for experimenting with strain-stiffening
behavior. For these experiments, Elastosil RT625 was chosen. It is not optically transparent but it
can be elongated up to 600% before break [87].

2.3.2. Mechanical properties of Elastomers

Later on in this thesis, the mechanical properties of strain-stiffening silicone samples are simulated
via finite element analysis. An important parameter in these analyses is the allocated mechanical

properties of the selected material in these simulations.

In materials science, it is common to describe the mechanical properties of a material with cons-
tants like the Young’s modulus introduced in chapter 2.2.2. The Young’s modulus can be derived
from the linear stress-strain behavior of a metal or a ceramic and is a measure of its stiffness. The
mechanical properties of polymers can be quite different from the properties of metals or ceramics.
Especially elastomeric polymers show an extremely non-linear stress-strain behavior. The behavior
in this case is called hyperelastic behavior. As the Young’s modulus is not sufficient to characterize
this hyperelastic behavior, hyperelastic constitutive models are used for the description [96]. In the
following, the stress-strain behavior of elastomers is presented first, then the hyperelastic constitute

models are introduced.

Figure 2.17 shows the stress-strain behavior of the elastomeric PDMS Sylgard 184.
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Figure 2.17: Exemplary stress-strain curve for an elastomer. Three regimes are marked (I, I and III). The first one
is relatively stiff, the second one is softer and the third one is stiff again.

The stress-strain curve of this PDMS is governed by three regimes. The first one is influenced by
a relatively stiff response of entangled polymer chains to a deformation. At higher strains (second
regime) these polymers uncurl resulting in a lower stiffness as uncurled polymers provide less resis-
tance and entanglement. This allows them to move more freely [97, 98]. In the third regime, the
material becomes even stiffer as the polymer chains are fully stretched and the bond between single

atoms is elongated [98].

There are also some structural requirements needed for a polymer in order to show such elastomeric
properties. The material must be above its glass transition temperature, it has to have a low degree

of crystallinity and it should be lightly crosslinked [99].

To describe the hyperelastic stress-strain behavior of an incompressible elastomer like silicone the

Cauchy stress tensor is used:

0=2B—-7p'"l (2.7)

The Cauchy stress tensor contains the left Cauchy-Green deformation tensor B, the strain energy
density W, the identity tensor 7 and an arbitrary scalar parameter p”, which can be determined with
the help of equilibrium conditions [100]. The strain energy density Wand the left Cauchy-Green
deformation tensor B are of particular importance here, as W depends on the invariants of B and
each constitutive model defines a different relationship between Wand the invariants of B. Before
the constitutive models and their regarding strain energy density are described, the left Cauchy-Green

deformation tensor and its invariants are shortly introduced.

If a solid is subjected to a deformation, the left Cauchy-Green deformation tensor is defined as:
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B=F-FT (2.8)

The tensor F describes the local gradient of the deformation. B has the following invariants:

I = tr(B) (2.9)
12::%[U(B)2—-U(B2)] (2.10)
I3 = detB (2.11)

The invariants can also be written in terms of A, A, and A, which are defined as the square roots of

the eigenvalues of B and represent the principal stretches of the solid [100].

I, =23+ 23+ 4% (2.12)
I; = 2125 + 2325 + 32 (2.13)
I = 222323 (2.14)

If the solid is incompressible the third invariant / L is equal to 1.

In the following section, three of the over twenty existing constitutive models and their specific
forms of the strain energy density Ware presented and their advantages and disadvantages are brief-
ly discussed. All models contain the invariants of B, which can be determined from the principal
stretches during mechanical tests, and certain material constants, which can be calculated by fitting
the constitutive models to the acquired mechanical test data. The following strain energy densities
are written in a form describing incompressible material behavior, as this is the behavior most elas-

tomers show.

One constitutive model is the neo-Hookean model, where the strain energy density Wis defined

to be [96, 101]:
w=%@—@ (2.15)

It contains the unknown material constant . It is relevant because it can be predicted that u =N%‘T,
relating the material constant with the number of polymer chains per unit volume (/V9, the Boltz-
mann constant (49, and the temperature (7) [96, 102]. This makes it suitable for the description of
small deformations. A major disadvantage is that this model is not able to capture the stiffening of
the material at high strains [101, 103].

A second model is the Mooney-Rivlin model with its strain energy density W[96, 100] defined to be:
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W=%(11—3)+%(12—3) (2.16)

This model contains the unknown material constants p, i, By introducing a dependency on 7, the
goal of the Mooney-Rivlin-Model is to increase the fitting sector of the Neo-Hooke model [101].

This model is also not able to capture the stiffening of the material at high-strains [102].

There are several further models that are able to increase the quality of the fit between test data and
model, but the experimental data is required to be of elevated quality in order to determine valid
material constants [104]. To obtain optimal experimental data three tests are necessary. The uniaxial
tensile, the pure shear and the equibiaxial tensile test. These tests are supposed to be homogeneous
but in practice this homogeneity is only assumed, which leads to a variance in material constants
derived from each of the tests [105].

In order to bypass this challenge, new material models have been introduced that are sufficiently
accurate in determining material constants with limited experimental test data. One of them is the

Yeoh model. In this model the strain energy density Wis defined to be [102, 104]:
3
_N'Hi i
W= Z L (-3) 2.17)

This model contains the unknown material constants 1, i, and p.. It has been shown that this
model is able to describe the material behavior of rubbers quite well with only data available from

uniaxial tensile tests [106].

The elastomeric materials used in this work show hyperelastic behavior and their mechanical pro-

perties are described by the Yeoh model.

2.3.3. The Finite Element Method

The method of choice for simulating the behavior of strain-stiffening structures is the finite element
method (FEM). Relevant information on this method is given in this chapter. First, a motivation
for the use of FEM and a general description of its working principle is given. Afterward, it will be

explained how FEM works if a hyperelastic material is used.

The finite element method is a tool to solve engineering problems. Several engineering problems are
described by differential equations. Their solution can in many cases only be found as an approxi-
mation. One method of finding these approximations is the finite element method. The idea of this

method not to find a solution for the entire problem but to discretize it, which means separating it
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in several parts, thus called finite elements. The finite element method can be used to model material
properties such as the mechanical, electronic or magnetic properties. In this thesis, the mechanical
response of a material is modeled. Figure 2.18 shows a strain-stiffening structure that is used later

in this thesis and its representative in the simulation that has been separated into finite elements.

A B

LA T

e », |vl“?‘”W£‘

2’0 mm

Figure 2.18: Geometrical structure (A) and its representative in the simulation (B). The structure was discretized
and separated into finite elements. Each cube in (B) represents a finite element.

It is possible to define simple basis functions in each finite element, which are defined to be zero at
each part of the analyzed body except for the section inside the element. Consequently, one element
has only local influence and it is possible to calculate each element separately. The solution for the

entire body can then be derived by setting up a system of equations that describes the entire body.

The process for a linear elastic problem will be explained in the following section. Afterward the
concept is expanded for the solution of non-linear problems, allowing the simulation of elastome-
ric materials. The information in this chapter has been, if not marked, adapted from “Lineare und
nichtlineare FEM” by Marcus Wagner [107].

As mentioned before, an engineering problem is first discretized. For each resulting finite element
polynomial basis functions for the deformation {i°(x) are defined which, in the case of 3-dimensional

problems, results in a matrix IV, for each node. Nodes are the points of connection between elements.

The following rule is defined for the basis functions:

Ifori=j
Ni(x) = {0 fori # (2.18)

Equation 2.18 states that the basis function equals one only at the site of the regarding deformation

(i=j) and zero everywhere else.

The matrices N, for each node are combined in a matrix N with the dimension:
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Dlm(N) = [ndf Xndf-ne] (2.19)

where 7,.is the number of degrees of freedom and 7, the number of elements. It connects the de-

formation of an element {i°(x) and the displacement of the single nodes #° via the relation:

u¢(x) = Ny(x)uj + Ny(xuj + Ng(x)ug+...= N(x)u® (2.20)

This connection is used to describe a continuous parameter, the displacement, by a function described

by displacements at discrete nodes.

The same has to be done with the distortions and stresses. The strain and stress of an element can

be described as

ge == Deﬁe == DEN(X) ue (2.21)
B(x)
0¢ = C&° = CB(x)u® (2.22)

Where D_is a differential operator matrix and B(x) is a matrix that contains the derivatives of the

basis functions with respect to global coordinates, and C describes the underlying material properties.

With the use of principles from the analytical mechanics field a simple description connecting the
displacements, the material properties and the applied loads can be found. Where K* is the stiffness
matrix of a single element that contains the Matrix C, #° is the displacement of an element and f*

is the force acting on an element:

Kéu® = f° (2.23)

In order to describe the entire problem, all element stiffness matrices are combined into one stiffness
matrix K. This matrix K connects the vector of the forces acting on all nodes fwith the desired vector

of the displacement of all nodes #:

Ku = f (2.24)

After defining suitable boundary conditions, the resulting system of linear equations can be solved.

This principle works well if all parameters like the kinematics, the stress-strain behavior of the ma-
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terial, the equilibrium conditions and the boundary conditions behave linearly. If this is not the
case, for example when the regarding stress-strain behavior of the material is highly non-linear, the
approach has to be modified. This is the case for elastomeric materials. A strategy to modify the
linear approach is based on using the principle of virtual work. Similar to the linear approach, it

can be described via discretized relations. Consequently, a system of time-dependent equations can

be derived:

Ma(X,t) +t(X,t) = f(X, 1) (2.25)

Where f{X;2) represents the forces acting on the nodes, M is the mass matrix that contains informa-
tion about the position of all nodes, #(X,#) is the vector of the accelerations at each node and #(X;2)

the vector of internal node forces. The vector #(X;2) is defined as:

t(X,t) = f BT(®)o(X, v, t)dV'

v

(2.26)

With the Cauchy stress tensor 6(X,v’#) known from equation 2.7 and the velocity v’ and the natural

coordinates €.

The vector of internal node forces #(X,#) contains the information about the geometrical and phy-
sical non-linearity of the system. The Cauchy stress tensor of hyperelastic materials, for example, is
not linear as it was shown in chapter 2.3.2. In case of large deformations, the loads acting on the
body are also not constant. Caused by the large deformation, the direction of how the forces act on
the body is changed. Consequently, the vector of internal node forces depends on the degree of de-
formation, which makes it impossible to directly determine the state of equilibrium after a certain
deformation. Insted, the problem has to be separated into time steps. All changes in the state of
the material between the beginning and the end of a time step have to be calculated. There are two

methods to do this. An explicit and an implicit method.

In the explicit method, the vector of internal node forces #(X,2) is calculated for each step and the
updated version is used for the next step. In the implicit method, an iterative solving method like
the Newton-Raphson method is used to linearize the problem. At each time step, an equilibrium of
the internal structure force with the externally applied loads is derived iteratively. For each iteration,
the so-called tangent matrix (K,) is calculated, which replaces the stiffness matrix known from linear
problems and contains information about the non-linear material properties and variations in forces

due to large deformations.

Each of the two methods has certain advantages and disadvantages. The iterative method is time- and

memory consuming as a tangent matrix has to be calculated for each time step. In comparison in the
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explicit method, a solution for each time step can be provided directly. The explicit method, on the
other hand, has problems with instability in the simulation and an effect called “hourglass modes”,
an effect where elements of a model can deform in a physically not possible manner. To avoid these

problems sufficiently small time steps and special stabilizing mechanisms need to be used [108-110].
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3. An artificial extracellular matrix

For the prevention of Acanthamoeba-borne diseases, it is necessary to understand the amoeba’s

movement in confined conditions and to be able to control it.

Acanthamoebae can be found in nature in two states: In an active trophozoite state and in a dormant
cyst state [28]. For the following experiments, only the active trophozoite state is important, as this
is the state where A. castellanii is pathogenic. The phrases trophozoite, cell, and A.castellanii will,

therefore, be used synonymously in the next chapters.

Trophozoites of A. castellanii migrate through body tissue that is composed of cells and extracellular
matrix molecules. These molecules form a network with pores that confine the movement of intruding

cells. In order to recreate these confinements, micro-pillar arrays have proven to be suitable [111].

In this series of experiments, silicone micro-pillars are used to represent the confinement of the ex-
tracellular matrix inside body tissues. Micro-pillar arrays have several beneficial properties for this
kind of analysis, as their structure is only quasi-three-dimensional: Cells migrating through such
structures are confined on the bottom and on the sides. While it might be a disadvantage that the
cells are not confined on the top, the open structure allows a constant supply of nutrients and easy
observability of the cell behavior with a phase-contrast microscope. The observability is supported by
the optical transparency of PDMS Sylgard 184 that was used for this experiment. Another beneficial
property is that the gap-size between all pillars is the same. This allows repeated observability of
cell behavior at constant conditions. A scanning electron microscopy picture of such a micro-pillar

array is shown in Figure 3.1A.

Two major aspects are analyzed in this chapter: the general behavior of Acanthamoebae inside these
structures and their behavior inside the structures after the cell had ingested micro-particles of defined
size and shape. The experimental approach is sketched in Figure 3.1B-E. For the experiments with
particles, the highly phagocytic nature of A. castellanii trophozoites was exploited, as it allows the
cells to ingest extracellular targets such as blood cells or micron-sized beads [112, 113]. Three types
of microparticles were used: spherical particles with a diameter below the gap-size between pillars,
spherical particles with a diameter above the gap-size between pillars, and cylindrical particles with
a diameter below the gap size and a length above the gap-size between pillars. The goal to come up
with methods to trap A. castellanii motivated the study of the cell’s behavior after ingesting particles.
A successful trapping could prevent Acanthamoeba-born diseases by inhibiting a transmission of the

cell to the host.
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Figure 3.1A: SEM image of the micro-pillar array. The distance between the sidewalls of the pillars is 5.5 pm.
The height of the pillars is 10 pm and their diameter is 4.5 pm. B-E: Sketches of A. castellanii with vacuoles in-
side (blue) before entering a micro-pillar structure (green). B: No ingested particles. C: Ingested particles (red)
with a diameter below distance between pillars. D: Ingested particle (red) with diameter above distance between
pillars. E: Ingested cylindrical particle (red). The diameter is below the distance between pillars. The length is
above distance between pillars.

The experiments in this chapter are part of a manuscript by me, Nils Lukat, Lindsay P. Schneider,
C. Wyatt Shields IV, Gabriel P. Lépez and Christine Selhuber-Unkel with the title “The phagocytic
catch in constricted environments: cells between logjam and problem solving”. My contribution to
the manuscript was the production of the microstructures, the conceptual design and the supervision
of the cell experiments conducted by Lindsay P. Schneider, the evaluation and processing of the results
and a major part of the scientific writing. Lindsay P. Schneider and I worked in the lab of Christine
Selhuber-Unkel. Wyatt Shields produced the cylindrical particles in the lab of Gabriel Lépez. The

contribution of Nils Lukat that focuses on intra-cellular mechanisms is not part of this thesis.

To provide a smooth reading experience, results are provided and directly discussed. Materials and
Methods are described at the end of this chapter.
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3.1. Results and discussion

The results of the experiments with A.castellanii are separated into two sub-sections. The first one
deals with the general behavior of A.castellanii inside the micro-pillar arrays and the second one deals

with their behavior after phagocytosing artificial cargo.

3.1.1.  Migration behavior of A. castellanii in micro pillar arrays

To observe the migration behavior of A. castellanii trophozoites, a microenvironment of PDMS
micro-pillars was used. The pillar arrays were produced via a PDMS micro-molding process and
provided a defined wall-to-wall distance of 5.5 um between neighboring pillars as well as a height
of 10pm and a diameter of 4.5 um. The wall-to-wall distance was chosen to be in the range of the
larger vacuoles in the trophozoites and in the range of the gap size in the extracellular matrix [60].

The cells were not only observed inside the structure but also, as a control, outside the structure on

flat PDMS.

Special focus was set on the vacuole size and the cell’s morphology inside and outside of the structure
on flat PDMS. Figure 3.2 shows the results of the experiment. One representative example of a cell
outside the structure (Figure 3.2A) and one sample of a cell inside the structure (Figure 3.2B) are
presented. It can be observed that the vacuole diameter is smaller inside the structure than outside.
Quantitative results from the measurement of the largest vacuole’s diameter of 100 cells inside and
outside of the structure support this observation (Figure 3.2C). While the largest diameter of the
vacuole that could fit between two pillars is about 5.5 um, the largest possible diameter that would
fit in the triangle between three pillars is around 7 pm. Except for one outlier, which was probably
due to an out-of-focus image, all diameters of vacuoles of the cells inside the structure were below

7 um and most of them even lied below 5.5 pm.

It is interesting to mention that trophozoites not only change the size of the vacuoles when they
move inside the pillars but, they also change their shape. On the flat PDMS outside of the structure,
they were mostly found in a roundish to an elliptical shape. Inside the structure, the shape was more

elongated with a serpentine-like outline.
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Figure 3.2: Phase contrast microscopy images of representative A. castellanii trophozoites. A: on a flat PDMS
substrate. B: On a PDMS substrate with micro-pillars. The dashed red line marks the outline of the trophozoite,
while the continuous red line marks the outline of the largest intracellular vacuole. The cells are rounder on the
flat PDMS substrate than on the micro-patterned surface, where the cell is spread between the pillars in different
directions. Inside of the micropattern, the size of the vacuole is limited by the maximum size of the interior circle
fitting in between the pillars. C: The boxplot shows a significant difference between the size of the largest vacuoles
inside and outside the micro-pillar array (box: interquartile range; line in each box: median; dot: mean; whiskers:
minimum/maximum, Student’s t-test: p < 0.001, ***),

From these observations, it can be concluded that the cell adapts its vacuoles” diameter to the avai-
lable space. In other cell types, not the vacuoles but the nucleus is the largest structure and defines
the behavior of a cell towards spatial confinement [66]. Studies have shown that even though the
nucleus is relatively stiff, its size can be adapted by opening and resealing it if the cell moves through
narrow gaps [60]. A similar behavior can be observed by A. castellanii as it adapts the size of the lar-
gest vacuole, to the size of the confinement and is, therefore, able to intrude the structure and freely
move inside. As A. castellanii naturally moves in confined conditions [28] the ability to adapt internal
obstacles (like the vacuole size) to external obstacles (like the pores of the extracellular matrix) seems
to be necessary. The size of the vacuoles can also be influenced by other factors than the geometry.
It has been reported that the motility of cells can be influenced by the adhesiveness of the substrate
and the stiffness and contractility of the cell [114]. As the determination of these parameters were
not a part of the experiments, it cannot be concluded that they are the same inside and outside of
the structure. A difference of these parameters between the inside and the outside of the structure

could also be a reason for an adaption of the vacuole size.

In addition, the shape of the trophozoites was adapted to the structure. The elongated shape of the
cell with a serpentine-like outline inside the micro-pillar array can also be found in other cells in
micro-structured assemblies and is most likely based on the maximization of the contact area bet-

ween cell and surface [115].
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3.1.2. Influence of phagocytosed particle on the migration behavior
of A. castellanii

Another interesting parameter to investigate is the behavior of A. castellanii after the ingestion of
stiff artificial particles in the micrometer range. These particles had different geometries so that the

impact of their size and shape on the cell’s motility inside the micro-pillar arrays could be investigated.

The first question that should be answered in this series of experiments was: can the cells still mig-
rate, although they contain particles whose size the cell cannot actively adapt? In the first series of
experiments, A. castellanii phagocytosed either spherical particles with a diameter of 3 pm, which
is below the distance between neighboring pillars or 6.7 um, which is above the distance between
neighboring pillars. The influence of the motility of such particle-containing cells inside the structure
was compared to cells without additional particles. Figure 3.3 shows the position of representative
cells after an observation time of 0 s and 300 s. If the diameter of the particle was smaller than the
wall-to-wall distance between pillars, the particles did not hinder the movement of the cell. The cells
were able to migrate inside the structure similar to the cell without phagocytosed particles (Figure
3.3A, B). If the particle was larger than the wall-to-wall distance between pillars the motility of the
cell was hindered, as the size of the particle could not be adapted to the gap size between pillars
(Figure 3.3C).

Figure 3.3A: A. castellanii inside the micro-pillar array without particles. B: The cell with particles smaller than
the pillar gap C: The cell with particles larger than the pillar gap. In all three situations, cell shape adapts to the
micro-pillar array and the snapshots at 0 and 300 s demonstrate that cell migration is strongly hindered in C.
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Cells that had phagocytosed particles with a larger diameter than the wall-to-wall distance were
completely hindered in their migration in most cases, but some cells showed highly interesting

problem-solving strategies. All observed strategies are shown in Figure 3.4.

The first strategy is presented in Figure 3.4A. A cell with a phagocytosed particle approached the
structure from outside. The cell entered the structure and the particle that did not fit inside the
structure is gradually pushed to the back as an increasing part of the cell entered the structure. After
a certain time, the cell changed its direction of movement and migrated outside of the structure.
Hence, the cell decided to not enter the structure. In the following strategies, the cells found ways
of entering the structure like presented in Figure 3.4B. The behavior of the cell was similar to the
one of the first case until the point where the particle was completely pushed to the back of the
cell. In this strategy, the cell ejected the particle and moved inside the structure, while the particle
remained outside of the pillar array. The next strategy exploits the fact that the pillar structures are
not closed on the top. The cell carried the particle above the pillars which allowed it to move inside
or on top of the structure. The lifting of the particle can be observed in Figure 3.4C as the particle
leaves the focal plane, is moved above pillars and brought back to the focal plane. In Figure 3.4D
the last observed strategy is shown. In this strategy, the cell dragged the particle through the gap
between neighboring pillars. It applied a force to the particle which leads to a significant bending of
the flexible PMDS pillars. The bending increased the distance between the pillars and the particle
could be pulled through. From the displacement of the pillars an estimation of the force applied
by the cell could be made. The pictures indicate that each pillar is deformed by a distance of ~0.55
pm. The two-dimensional pictures acquired do not allow the determination of the exact height of
the contact point between the particle and the pillars above the surface, but it can neither be below
the radius of the bead (3.35 pm) nor above the height of the pillar (10pm). From this estimation,
a minimal and a maximal bending force of 75 nN (contact at 10 pm) and 920 nN (contact at 3.35
pm) can be calculated. It can be estimated that the pushing force the cell applied to the bead was in
the range of several 100 nN, as the contact between the pillars is presumably a continuum contact.

None of the observed strategies for the problem solving was preferred.

The first two strategies presented show two completely opposing strategies. In the first strategy, the
cell’s drive to enter the structure was not large enough to exocytose the particle. It rather stayed
outside of the structure. In the second strategy, the cell entered the structure and exocytosed the
particle. Studies have shown that A. castellanii preferred a structured sample to a flat sample [116]
and that it tends to eject artificial particles if it is preferable for its natural behavior [117]. This would
in principle explain an increased tendency towards the second problem-solving strategy. Still, no

preference towards the ejection of the particle has been observed.

The other two strategies provided remarkable information about the abilities of A.castellanii. Being
able to transport the particle above the pillar array to avoid the confinement shows that the tropho-
zoites can detect free space above them and are able to reposition the cargo accordingly. Being able

to drag the particle through the gaps between pillars, even though it was initially smaller than the
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particle shows that the trophozoites are able to apply forces in the range of several 100 nN on pha-
gocytosed objects. Forces in a similar range have been measured for cardiomyocytes in micro-pillar

structures [118].

9.9 umh (@ 10.6 um| (@) 9 C am @

Figure 3.4: Strategies of A. castellanii to bypass micro-pillar structures after phagocytosing a particle larger than
the gap between the two pillars. Each row shows snapshots at different time points for a different cellular strategy.
To aid in visualization, the pillar constrictions of interest are marked with red circles. The particles of interest are
encircled with a blue dotted line. A: The cell does not enter the structure (red arrow indicates the position of the
cell). B: The cell ejects the particle. C: The cell carries the particle over the structure. D: The cell pulls the particle
through the opening by exerting forces. The size of the pillar gap is marked by yellow lines and its length is given

A. castellanii is also able to phagocytose cylindrical particles. The particles used here had a diameter
of 2 um and a length of 10 pm. Hence, their diameter lied below the wall-to-wall distance between
pillars, but their length lied above this distance. Three strategies how cells transported these particles
through the pillar structure were observed. They are presented in Figure 3.5.

In the first strategy, the lateral surface of the particle stayed parallel to the array surface, while the
particle was guided through the opening between two pillars with its short diameter leading ahead
(Figure 3.5A). In the second strategy (Figure 3.5B) the pillar was turned such that its lateral surface
changed from being parallel to the array surface to being perpendicular. In this position, its dia-
meter was below the wall-to-wall distance between two neighboring pillars. Consequently, it could
be guided easily through the gap between the pillars. Afterward the pillar was turned again until its
lateral surface was parallel to the array surface. In the third strategy, the particle is carried above the
pillar structure while its lateral surface stayed parallel to the array surface (Figure 3.5C). This strategy

was similar to the strategy with spherical particles presented in Figure 3.4C.

Other than in the experiments with spherical particles, in these experiments, a preference for a
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certain problem-solving strategy was observed. Most of the cells (about 92%) guided the particle
parallel to the array surface (Figure 3.5A) through the structure instead of carrying it above. It was
additionally observed that the mechanism of guiding the sample through the pillar array is directed

and organized and not by a trial and error approach.

Figure 3.5: Methods of transportation of A. castellanii through the micro-pillar array after phagocytosing a
cylindrical particle with a diameter smaller than the gap between pillars, but a length larger than the gap. Three
different scenarios were observed. A: The cell guides the cylinder through the structure by turning it parallel to
surface (oriented in the direction of motion). B: The cell turns the cylinder perpendicular to the surface before
guiding it through the pillars. C: The cell carries the cylinder above the structure.

The fact that A. castellanii trophozoites are able to guide the particles in a directed and organized
way indicates that they might have a mechanism for sensing the orientation of the pillars. Active
sensing of geometrical features has already been discussed in cell adhesion and in the context of the
cytoskeleton’s, ability to sense local cell geometry [119, 120]. The ability of cells to solve complex
problems has been discussed in the context of cell memory and biochemical processes [121]. These

studies and the presented findings show that a cell acts as an intelligent and active system.
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3.2. Conclusion

The data provided in this chapter demonstrated that A. castallanii is able to adapt to constricted en-
vironments and that the migration of A. castellanii in constricted environments can be controlled by
the size and the shape of phagocytosed micro-particles. These observations could serve as a basis to
come up with a new strategy to prevent Acanthamoeba-born diseases: Specifically designed artificial
microenvironments could be combined with the phagocytosis of synthetic particles, to generate
novel filtering or cleaning devices, as the cells are then trapped in the material. Such devices would

represent a purely material-based approach where no chemoattractants would be needed.

The presented results might also have an influence on the research on other pathogenic microorga-
nisms that migrate through dense body tissue. Finding strategies to prevent the migration might be

a key to novel therapeutic approaches against diseases caused by these microorganisms.

3.3. Materials and methods

3.3.1. Sample preparation

To produce the micro-pillar arrays first a template was produced in a lithography process and after-
wards, PDMS was molded in this array and removed to form the pillars. The general procedure is

shown in Figure 3.6, while details are described in the next two sub-chapters.

UV Light —s—
Cr-Mask ——e— Develop == PDMS Casting s Pee| off

S
Negative resist =———

Wafer =————

PDMS pillars

Figure 3.6: Sketch of the steps for the production of PDMS micro-pillar arrays. First, a template is produced by
coating a wafer with a negative photoresist. The thickness of the resist defines the length of the pillars. The resist
is cured through a chromium mask via UV-light. The chromium mask is transparent except for circles in a hexa-
gonal pattern. Parts that were not cured by the UV light are washed away from the wafer in a developing step
leaving holes at the places of the circles on the chromium mask. In a second step, PDMS is cast on the template.

After curing the PDMS, a layer with micro-pillars can be peeled off.
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3.311.  Template production

A common method to produce molds with micro meter sized features for PDMS-micro-molding
is the use of SU-8 photoresist. This negative photoresist can be applied to Silicon wafers in variable
thicknesses between 1.5 and 200 pm [122]. This resist layer can be structured via photo-lithography
techniques, where the parts of the resist that are exposed to light stay on the wafer and the other
parts are solvable. This results in a mold that has the depth of the thickness of the resist and features
according to the photomask that was used [123].

For the production of the template the following procedure was used, which was derived from the
product datasheet of the photoresist [122]. As this is just a general guideline, certain steps were

modified to achieve a high-quality mold for micro-pillars with the available equipment.

The procedure started with a 4 in. silicon wafer (1 0 0) with a thickness of 525 um. After a prebake
for 5 minutes at 200°C on a hotplate and 10 minutes of cool down on a metal plate at room tem-
perature, the wafer was spin-coated with 4 ml of photoresist (SU-8, MicroChem Corp., USA). This
was done in two steps: First, five seconds at 500 rpm (ramp of 100 rpm/s) and second 27s at 2000
rpm (ramp of 3000 rpm/s), resulting in a film thickness of 10 um. This coating was followed by a
soft-bake at 65°C on a hotplate for two minutes and at 95°C for 5 minutes. The wafer stayed on the
hotplate for the time the hotplate took to heat from 65°C to 95°C. The soft bake was followed by 5
minutes of cool down time on a metal plate at room temperature. Afterward it was exposed to UV
light at 1500 m]/cm? in a mask-aligner (MAG/BAG, Stiss Microtec, Germany) through a chromium
mask that featured full circles in a hexagonal pattern, with a spacing of circle centers of 10 pm and a
diameter of 4.5 pm. The exposure was followed by a post-exposure-bake as in the soft-bake, with 1
minute at 65°C and 2 minutes at 95°C. To dissolve unexposed resist the wafer was washed in SU-8
Developer (MicroChem Corp., USA) for 3 minutes, rinsed wit propan-2-ol (Sigma-Aldrich Chemie
GmbH, Germany) and blow-dried with nitrogen. After a baking step at 200°C on a hotplate for
5 minutes to harden the resist, the wafer was cut into approximately 1x1 cm?* pieces including 3x3

mm? areas of the desired features.

3.31.2. Polymer molding

PDMS, a silicone often used in micro-molding [124] and cell experiments [125] is used for the

production of micro-pillar arrays. It features optical transparency and biocompatibility.

To prevent sticking of the PDMS to the template, it was silanized with Trichloro(1H,1H,2H,2H-per-
fluorooctyl)silane (Sigma-Aldrich Chemie GmbH, Germany) by placing 2 droplets of the silane
solution onto a spare wafer piece and placing it with the template in a desiccator under vacuum for
2 hours. PDMS pre-polymer solution and curing agent were prepared in a 10:1 (w/w) ratio (Sylgard
184, Dow Corning, USA). Before pouring a small droplet on a glass slide it was degassed for 1 hour
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in a desiccator to remove trapped air. A template, as described in chapter 3.3.1.1, was placed on
the polymer with the microstructure facing downwards. To achieve a thin layer of PDMS between
the template and the glass slide gentle pressure was applied to the template. In order to release the
air form the template and force the PDMS inside the features, it was degassed in a desiccator for
10 minutes. The sample was cured in an oven for 1 hour at approximately 65 °C. Directly after the
curing, the template was removed from the PDMS with plastic tweezers. Previous studies have shown
that it is necessary to remove the template while the sample is still warm [126]. As the thickness of
the resist during template preparation was chosen to be 10 pum, the resulting pillars had a height
of 10 pm, too. The polymer molding procedure was developed together with Séren Block [126].

3.3.2. Micro-particle solution preparation

For the experiments, three types of microparticles were used: Polystyrene microspheres with a dia-
meter of 6.7 pm (PC-S-6.0, Kisker Biotech GmbH &Co. KG, Germany) and with a diameter of
3 um (CAT# 17145, Polysciences, Inc., USA), as well as cylindrical SU-8 particles with a diameter
of 2 um and a length of 10 pm. The latter were produced for these experiments by our collaborator
Wyatt Shields according to a previously published procedure [127, 128]. Micro-particle suspensions
were made by taking either 200 pl of stock polystyrene particle solution and mixing it with deioni-
zed-water in a 1:4 (v/v) ratio or by taking 25 pl of SU-8 microcylinder solution and mixing it with
deionized-water in a 1:9 (v/v) ratio. After centrifuging the suspensions for 15 minutes with 6,236 x g
in a centrifuge (Mikro 2201, Andreas Hettich GmbH & Co.KG, Germany), the liquid was replaced
with 1 ml deionized-water. This step was repeated two more times. After the third centrifuging step,
the water was replaced with 200 pl Peptone Yeast Glucose 712 medium [129], which is the medium

used for the cell experiments.

3.3.3. Acanthamoeba experiments

Trophozoites of A. castellanii (AT'TC 30) were cultured in Peptone Yeast Glucose 712 medium at
room temperature in 75 ml tissue culture bottles (Sarstedt, Germany), as described elsewhere [129,
130]. A PDMS micro-pillar array was placed onto a glass bottom Petri dish (ibidi GmbH, Germany)
for each experiment. In each dish, depending on the experiment, either 100 pl of a solution con-
taining spherical particles or 200 pl of the solution containing cylindrical particles, or no solution
was added. Additionally, 20,000 trophozoites of A. castellanii in 1 ml of Peptone Yeast Glucose 712
medium were added to the dish and were allowed to rest for 15 h to ensure a sufhicient uptake of
particles by the cells and a sufficient wetting of the hydrophobic PDMS structure by the medium.
The migration of the trophozoites was observed and documented with a 60x oil immersion objective
(UPlanSApo 60x Oil, Olympus, Japan) on an inverted microscope (IX-81, Olympus, Japan) and
a digital camera (Hamamatsu C9300, Hamamatsu, Japan). In total 33 movies, each at a recording

frequency of 10 fps, were obtained.
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3.3.4. Calculation of pillar bending forces

To calculate the force A. castellanii applies on the bead that leads to a bending of the pillars, elemen-
tary beam theory was used, as the pillar can be described as a beam with a circular cross-section. As
pillars are attached to a soft substrate, that also deforms in response to pillar bending, a correction
factor proposed by Schon et al. was taken into account [131]. The correction factor represents a re-
duction of bending force due to deformation of the substrate. The material properties of the PDMS
micro-pillars were taken from other sources. The following equations were used to calculate the force

the cell applies on the bead F_,

Feet = 2F (3.1)
F =corr Xkpepnqgd (3.2)
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In these equations 0 represents the displacement of the pillar, L’ represents its length and D”its dia-
meter (4.5 pm). E'is the Young’s modulus of the PDMS (E=1.72 MPa from [132] ), v is the Poisson s
ratio of PDMS (v=0.5 from [133]), and « is a fitting parameter (2=1.3 from [131]).

The displacement was determined from the acquired pictures and yielded 0.55 um and the length
of the pillar was set to be either 10 pm or 3.35 pm because this is the maximum and the minimum

height the particle can apply a deformation on the pillar, as sketched in Figure 3.7

o 0
< —

Figure 2.7: Sketch of the two extrema on how a spherical particle (blue) can deform pillars (grey). On the left,
the particle deforms the pillar on the highest possible point. In this case the length of the pillar that is used in
the equation to calculate the bending force is the full length of the pillar L’. On the right, the particle deforms
the pillar on the lowest possible point. In this case the length of the pillar that is used in the equation to calculate
the bending force is L’, which is equal to the diameter of the particle. In the sketch also the displacement of the

pillar 0 and the diamei’er D” of the pillar are marked.
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3.3.5. Image analysis and statistical analysis

The distance between pillars and the diameter of the largest vacuole inside the trophozoites was
determined with Image ] 1.50 (National Institutes of Health, USA). The significance testing of the
difference between vacuole sizes was conducted via a two-sample t-test in Origin 9.1 (OriginLab,
Northampton, USA).
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4. A strain-stiffening structure

The cell’s active stiffening mechanism is an interesting mechanism that is worth to be mimicked
for the development of strain-stiffening materials. The goal of this part of the thesis was not only
to mimic this mechanism but also to come up with a strain-stiffening material that does not have
any of the downsides of conventional strain-stiffening materials listed in chapter 2.2.2. Copying the
strain-stiffening behavior of the cell is a novel approach and therefore, a major part of this work was
the development of general concepts, the transition of concepts into experiments and the optimization
of these concepts towards the following requirements: material independency, speed independency,

reversibility and stiffening upon elongation.

In this chapter three approaches that had a major influence on the final solution are shortly presen-
ted, followed by a detailed description of the final strategy to produce strain-stiffening elastomers.
In order to ensure a smooth reading experience, the results are shown and directly discussed, while

materials and methods are described later on.

4.1. Experimental approaches to strain-stiffening materials

The general idea in all concepts was to mimic the cell’s active bundling of actin filaments into stress
fibers. 'This bundling leads to a higher degree of cross-linking inside the cytoskeleton and conse-
quently to a higher stiffness (see chapter 2.1.4). While cross-linking is triggered biochemically in a
cell, our approaches induce it through the deformation of a specifically structured material. These
structured material had to contain certain structural features that change their distance to each other
upon deformation. The main challenge was to increase the cross-linking of a material in response
to an elongation, as it can be observed that features that are close to each other tend to move apart

when being elongated.

One concept exploits the fact that parallel lines decrease their distance when tilted, as shown in
Figure 4.1A. Consequently, an elongation of the material in form of shearing brings structural
features closer to each other, thus leading to a surface-to-surface interaction that can have the same

effect as cross-linking,.

To convert this concept into a strain-stiffening mechanism, a series of parallel channels was intro-
duced into a sample. Inside these channels were spheres with diameters smaller than the distance
between the channel walls, thus providing clearance between sphere and channel wall. Shearing of
such structures leads to a decrease of the wall-to-wall distance and to a clamping of the spheres bet-

ween the walls. A sketch showing the general principle of this approach is provided in Figure 4.1B.
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A strain-stiffening structure

d” d”
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Figure 4.1 A: Two parallel lines have a distance d””. If they get tilted by an angle a, their distance is reduced to
d”*=sina*d””. B: Sketch of spheres inside channels of an approach of a strain-stiffening material. As shearing
motion decreases the distance between channel walls, beads get clamped between the walls. This should increase
its stiffness.

When realized in an experiment, the surfaces of the sample and the spheres were additionally chemi-
cally functionalized. The goal was to achieve a strong but reversible binding between the spheres and
the channel walls that should result in a reversible strain-stiffening due to the increased cross-linking
of the structure. For the chemical functionalization, the binding system of biotin and streptavidin
was chosen as it is one of the strongest non-covalent binding systems [134]. Even though it is not
really reversible it was chosen for a proof of principle. The functionalization method was developed
together with Supattra Paveenkittiporn [135]. For further experiments, other reversible binding
systems like concanavalin A and mannose carbon hydrates [136] or systems known from self-healing

polymers [137] could be used.

Part of the strategy was to use structured materials in the micrometer range to exploit the effect of
the biological binding systems and to introduce the structures in a macroscopic sample. In this way,
the characterization of the mechanical properties of the sample could be done with a custom-made
tensile test setup that measured forces in the millinewton to newton range and applied deformations
in the millimeter range. The tensile test setup was modified such that it was able to apply a shear
force on the sample. The distance of the clamps perpendicular to the direction of shearing was held
constant. This setup was also developed together with Supattra Paveenkittiporn [135]. The channels
were kept in an aqueous atmosphere during the test, as this is necessary for the working principle of
the biotin-streptavidin binding system [138]. The sample was made using PDMS micro-molding
with Sylgard 184, as functionalization and micro-structuring techniques for this material were
known from microfluidics and cell experiments [56, 125, 139]. For the micro-molding first molds
with micro-channels were produced with photolithography and afterward, PDMS was cast in the
molds and then removed after curing. Figure 4.2 shows the experimental setup and the clamping
of the beads between channel walls. Also, force-displacement curves comparing the situation with

beads inside the structure and without beads inside the structure are shown.

42



A.1

Load cell

A 2 Shear
. _—

Linear actuator

Sample holder
Sample holder

with beads
* _without beads

T T T T T T T v
[ 1 2 3 4 5 6 7 8
Displacement [mm]

Figure 4.2A: Sketch of the tensile test setup to apply shear to a sample. Al: The sample is clamped in two sample
holders. One sample holder is attached to a load cell and one sample holder is attached to a linear actuator. A2: The
linear actuator applies shear to the sample. Deformation perpendicular to the direction of shearing is prohibited.
B: The area of the sample between the sample holders is micro-structured with channels, and channel walls are
chemically functionalized with biotin. A solution of streptavidin-coated beads is dropped onto the structured area.
Shearing should lead to clamping of the beads between channel walls and due to the increased cross-linking to a
stiffening of the sample. B: Force-displacement behavior of samples with and without beads inside the channels.
For each situation, three tests were conducted. The errors in measurements were negligible. There was neither a
detectable change in stiffness nor a difference between the measured force-displacement curves. C: Microscopy
picture of the un-deformed sample. There is a gap between beads and channel walls. D: Microscopy picture of
the deformed sample. Beads are clamped between channel walls.

As it can be observed in Figure 4.2C, beads did not influence the force-displacement curves of the
samples indicating that a possible strain-stiffening effect did not exist or was below the limit of
detection. The biggest challenge of this approach was determined to be the situation that channels
in the micrometer range were introduced into a substrate with dimensions in the millimeter range.
Consequently, it is very likely that the stiffening effect of the clamping of the beads was superimpo-
sed by the mechanical behavior of the substrate. An increase of the channel-depth to the millimeter
range while at the same time keeping the channel-width and distance in the micrometer range would
have probably solved the problem, but structures with such an extreme aspect ratio are technically

challenging to realize. Therefore, this approach was discarded in further studies.
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A strain-stiffening structure

A second strategy was based on the tack of PDMS. The geometry of the substrate was modified to
be entirely in the millimeter range and the mold for the samples could be produced with standard
procedures in the workshop of the Faculty of Engineering. Instead of channels, the sample featured
parallel slats with a squared cross-section. When the described shear force (see Figure 4.2A) is applied
to the sample, the slats touch each other upon a certain degree of deformation. This is sketched in
Figure 4.3A. If the touching walls of the slats tack to each other, a stiffening would be the conse-
quence. This behavior is caused by the fact that due to the tack the structures show a higher degree
of surface-to-surface interaction. The term surface-to-surface interaction is used because it is not
a chemical cross-linking, but the effect on the material behavior is similar. Structures with higher
cross-linking are stiffer than structures without cross-linking. Several examples for this effect can be
observed in architecture, where cross-linking is used to increase the stability of buildings. Reversible
cross-linking would lead to a reversible mechanical behavior. In this setup, no beads are needed to

promote the desired surface-to-surface interaction and thus, strain-stiffening.

Figure 4.3B shows a sample made from PDMS Sylgard 184 mounted in the tensile test setup in-
troduced in Figure 4.2A. One can see that the slats touch upon shearing. To observe the influence
of the tack on the strain-stiffening effect in these samples tensile tests were conducted in two states.
Firstly, a high tack between the slats was achieved by exploiting the tack of the PDMS [140]. Se-
condly, silicon oil was applied to the walls of the slats, to decrease the tack of the PDMS and to
allow gliding of the slats.

Figure 4.3C shows the experimentally determined force-displacement behavior of two samples. It

can be observed that there is no difference between the behavior with and without oil. Consequently,

the tack of the PDMS had no influence on the force-displacement behavior of these samples.
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Figure 4.3A: Sketch of the concept of strain-stiffening due to shearing of a sample with slats. Shearing leads to
touching of the slats. Reversible surface-to-surface interaction between touching surfaces should lead to a re-
versible stiffening of the material. B: Tensile-test setup for a sample with 5 slats. The sample is clamped between
two sample holders. A shearing motion is introduced by a linear actuator on one side of the sample and on the
other side, the force is measured with a load cell. Deformation perpendicular to the direction of the motion is
prohibited. The tests are either carried out with a PDMS sample with natural tack or with oil applied on the slat
surface to decrease the tack. C: Force-displacement behavior of samples measured in the tensile test setup. There
is no difference between a sample with oil and without oil between the slats detectable. The increase of stiffness
is caused by the stretching of the slats induced by the tensile-test setup.

The curves in Figure 4.3C show a general increase of stiffness with increasing displacement. This
stiffening is most likely caused by the special way of shearing the sample and is therefore not a mea-
sure of the strain-stiffening behavior of the sample. In the test setup, only deformation in shearing
direction (x-direction) was allowed. Deformation perpendicular to this direction (z-direction) is
confined. This is sketched in Figure 4.4A (in comparison to a case where the deformation in the
z-direction is not confined in Figure 4.4B). Since unconfined shearing would result in a contraction
of the substrate in z direction, confined deformation leads to a forceful increase of the length of the
slats with increasing displacement. As increasing the length of the slats needs more force than to just

bend them, this results in an increased stiffness.

soft soft stiff

—> -

Figure 4.4: Sketch of the deformation of a sample with slats, if deformation in the z-direction is confined (A) and
if deformation in the z-direction is not confined (B). It can be seen that confining the movement in z-direction
forcefully stretches (i.e. increases the length of) the slats, which results in a tack independent stiffening of the
substrate.
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A strain-stiffening structure

In order to investigate if the tack of the PDMS has no influence on the force-displacement behavior
of the samples, or if the effect was just very low and it could be increased with a modification of the
geometry the mechanical behavior of different sample geometries was simulated via FEM. As this
method allows variations of the sample geometry without the need of new casting molds for every
shape modification, the influence of the tack on the substrate strain-stiffening could be studied ef-
ficiently with a large variety of geometries. Two cases were simulated for each geometry. In the first
case, representing the tack effect, no sliding between touching surfaces was allowed. In the second
case, representing the non-tack effects, sliding with a low coefficient of friction was allowed. An
example of a modified geometry that was optimized towards a high strain-stiffening effect as it was
simulated is shown in Figure 4.5A. Figure 4.5B shows the simulated force-displacement behavior of
the modified sample geometry from Figure 4.5A. Compared to the samples from the experimental
tensile tests, the simulated geometry had 10 slats instead of 5 and the width of the slat was 1.9 times
higher. Even though both curves show the same setup-induced stiffening behavior as the samples
from experimental tensile tests, the influence of tack is clearly visible. The curves of the sample with
tack and the sample without tack have the same stiffness up to a displacement of ~3 mm, which is
the point where the slats start touching. At higher displacements the sample with tack underwent
stiffening. This proves that the tack has an influence on the force-displacement behavior of the
samples. The FEM analysis showed that the magnitude of the influence of the tack depends on the
structure of the sample and proved a very useful tool to calculate the best sample geometry for a
prominent strain-stiffening effects. An unfavorable geometry could be the reason why there was no

influence of the tack visible in the experimental tensile tests (Figure 4.3C).
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Figure 4.5A: Picture of a sample geometry with 10 slats in an un-deformed (top) and deformed (bottom) state. B:
Simulated force-displacement behavior of the sample with high tack and low tack. Both curves are the same up
to a displacement of ~3 mm. At higher displacements, the sample with high tack underwent a stiffening.

The experimental tensile-tests and FEM simulations showed that the tensile-test setup causes a
stiffening of the structure that superimposes possible strain-stiffening effects of the material. This
undesired stiffening was caused by a confinement of the deformation of the sample in the z-direction
(Figure 4.4A). The confinement forced the slats to elongate. To avoid the undesired elongation of
the slats, a test setup that allowed deformation in z-direction was necessary. A sketch of the desired

deformation mechanism is provided in Figure 4.4B.
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Figure 4.6A shows how the desired deformation mechanism was transferred into a test setup. A
stamp with an attached load cell pushed on one side of the sample, while the other side of the sam-
ple was fixed. Since the sample holder does not clamp the entire top half of the sample anymore,
enforcements made out of a non-elastic material were attached to the sample. To ensure an even
distribution of the deformation induced by the stamp over the entire length of the sample. The
enforcement on the other side of the sample allowed a clamping of the sample to a table. The stamp
introduced a deformation in x-direction without confining the deformation in z-direction (Figure
4.6B), allowing the slats to deform without elongation. As a control, a sample with a large distance
between the slats was used because, as sketched in Figure 4.6C, the slats do not touch when the
sample is deformed and hence no stiffening should occur. Pictures of the samples made from Sylgard
184 are provided in Figure 4.6D. The geometrical features of the samples are optimized toward a
maximum strain-stiffening effect based on the FEM analysis described before. A picture of the test
setup is shown in Figure 4.6E and force-displacement curves from the experiments are provided
in Figure 4.6F. The results indeed demonstrated strain-stiffening of the sample with low distance
between slats after the slats started to touch at a displacement of -3 mm. The control sample did

not show strain-strain-stiffening.
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Figure 4.6A and B: Sketch of a test setup that allows free deformation of the sample in the z-direction. Reinforce-
ments made from a non-flexible material are attached to the sample. The sample is clamped to a surface on one
side. On the other side, a stamp with an included load cell is pushed against the sample. Reinforcements allow
clamping of the sample and an even distribution of deformation over the length of the sample. C: Control sample
with a wide distance between slats. The slats do not touch upon deformation. D: Picture of a sample with a low
distance between slats (D.1) and with a high distance between slats (D.2). As the reinforcements could not be
glued to the sample they are attached via strings (black). The strings are glued to the reinforcements. E: Picture
of the test setup. The sample is clamped to a sample on one side. A load cell acts as a stamp on the other side
and is pushed against the sample. The deformation and the force are recorded. F: Force-displacement curve of
the samples with a high and low distance between slats. The control sample with a high distance between slats
shows no stiffening. The sample with a low distance between slats shows strain-stiffening after the slats touch at
a displacement of -~ 3 mm.
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A strain-stiffening structure

In this sub-chapter, several studies that influenced the design of the final strain-stiffening material
were described. Most importantly it was shown that strain-stiffening can be achieved with special
structures that include slats that are able to touch upon deformation. Additionally, FEM analysis
indicated that the degree of the strain-stiffening depends on the geometry of this structure.

4.2. Design of a strain-stiffening structure for tensile tests

Based on the results presented in the previous sub-chapter a sample geometry was designed that
allowed tensile tests instead of shear tests. In this chapter, the geometry of such a demonstrator

sample is explained.

The geometry of the strain-stiffening sample is generally derived from combining four of the samples
shown in Figure 4.6D into one and is presented in Figure 4.7A. The combination of two of these
systems in a row with a common backbone allowed to transform a shearing motion into a linear
elongation of the sample. Mirroring the structure along the axis of deformation lead to a symmetric
deformation of the sample during stretching where no additional support structures are needed. The
final structure is composed of four sets of slats that are connected via two backbones and two midd-

le-backbones. At each middle-backbone, a protrusion for clamping in a tensile test setup is added.

The material used for the strain-stiffening sample was here the PDMS Elastosil RT625. Sylgard 184
was used in the previous tests as it is commonly used for micro-structured geometries. However, its
mechanical properties are unsuitable for the tests that are conducted in this chapter as Sylgard 184
tends to break at low deformations and its stiffness increases at large deformations [95]. Elastosil
RT625 is superelastic and can be stretched by up to 600% of its original length [87] before it breaks
and its stiffness stays constant up to larger strains than Sylgard 184 [95], which makes it more sui-
table for the tests.

The strain-stiffening sample, shown in Figure 4.7A, was characterized in a tensile test setup. Ad-
ditionally, the test was simulated in FEM, as shown in Figure 4.7B. Both, the experiment and the
simulation yield a similar shape of the deformed sample. Later on, the influence of the modification
of several geometrical features as well as the influence of friction between slats was determined by
simulating the entire tensile test. The general procedure of the tensile tests and the FEM simulations
was to start with a defined demonstrator sample and then to systematically modify a certain feature

of this sample to determine its influence on the strain-stiffening behavior.
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Figure 4.7A: Demonstrator sample made from PDMS Elastosil RT625 for the tensile test setup in an un-deformed
(left) and stretched (right) state. B: Un-deformed and stretched representation of the sample in the FEM analysis.

The demonstrator sample will now be described in detail. Its geometrical features were partially
derived from the preliminary experiments, partially defined by the geometry of the tensile test set-
up and partially limited by the technical possibilities of sample production. The limit in technical
possibilities of sample production is caused by the fact that the samples were cast in aluminum molds
produced in the workshop of the Faculty of Engineering. The molds were produced with standard
milling techniques and there are tool related limits to the aspect ratio between width and depth of
structures in this method. The thickness of the backbone 4, the width w and length / of the slats
and the number of slats per set NV were taken from the preliminary experiments with the optimized
structure (see Figure 4.6D). While the depth of the sample D was influenced by the geometry of
the tensile test setup, the distance between slats & was limited by the technical possibilities of sample
production. The length of the protrusion for clamping p and the gap between the sets of slats g was
chosen to be suitable for the tensile-test setup. Generally, it would not be necessary to include the
protrusions in the simulation as they are fixed in the tensile-test setup and consequently are not
expected to deform. However, as it is hard to realize clamping right at the edge of the structure in
tensile tests, a small part of the protrusions (p”)is simulated to represent the unclamped part of the
structured material. All dimensions of the demonstrator sample are presented in Table 4.1 and their
position in the sample is shown in Figure 4.8. The influence of the parameters was systematically
investigated in FEM simulations. The slat-length /and the gap between the sets of slats g was kept
constant in all simulations. Additionally, the friction between slat surfaces was simulated. Tensile

tests with selected geometries were conducted to verify the FEM simulations.
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Figure 4.8: Sketch of the demonstrator sample with backbone-thickness 4, number of slats IV, slat-length / slat-
width w, distance between slats 4, sample depth D, protrusion length p/p’and gap between sets of slats g.

Table 4.1: List of geometrical features of the demonstrator sample used for tensile tests and FEM simulation.

Parameter Variable  Value
Backbone-thickness h 5 mm
Number of slats N 10
Slat-length / 10 mm
Slat-width w 2.1 mm
Distance between slats d 0.5 mm
Sample-depth D 10 mm
Protrusion-length (tensile test) p 15 mm
Protrusion-length (FEM) 7 2.75 mm
Gap between sets of slats I 2.5 mm
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4.3. Results and discussion

In this chapter, the mechanical behavior of the demonstrator sample as derived from a FEM si-
mulation is presented and this example is used to describe and explain the general behavior of the
strain-stiffening material. Additionally, a method of analytically calculating the stiffness of the sam-
ple is presented. In the following sub-chapters, the results from FEM based modifications of the
geometrical features in Table 4.1 as well as the influence of friction are presented and the behavior
is discussed. All FEM simulations were carried out assuming a lateral deformation of 40 mm. In the

end, the results are compared to results experimentally determined in tensile tests.

4.3.1. Mechanical behavior of the demonstrator sample

The mechanisms that cause the strain-stiffening effect in the demonstrator sample are complex. For
this reason, they are described here in detail. The first step necessary for understanding the strain-stif-
fening effect is to describe the sample as a series and parallel arrangement of springs. Using this

simplified strategy allows describing the influence of all features in detail.
Figure 4.9A shows how the entire sample can be separated into four equal parts. Each part has a

certain stiffness and can be represented by a spring. The resulting representation is, as shown in figure

4.9B, a series of two parallel arrangements of two springs.

A T B

i

Figure 4.9A: The simulated demonstrator sample can be simplified by assuming four equal parts. Each part is
marked with a different color and number. B: The mechanical properties of the sample can be represented by a
series of two parallel arrangements of two springs. Each spring represents the stiffness of one part of the sample.

As the geometrical structure of each quarter of the sample plays a key role in the description of
the mechanical behavior of the full sample it is from now on called quarter-structure. Each spring
representing a quarter-structure in Figure 4.9B can be represented by a series of 5 springs. This is

shown exemplarily for the purple quarter-structure (/) in Figure 4.10A and B.

The representation with springs is shown in Figure 4.10C. One spring represents the stiffness of the
part of the middle backbone where no slats are attached (), one the middle backbone with attached
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A strain-stiffening structure

slats (2), one the outer backbone with attached slats (4), one the outer backbone without attached
slats (5) and one the stiffness of the slats (3). For later chapters, it is important to mention that the

middle backbone where no slats are attached () represents the protrusion described before.

[

A

Figure 4.10: The purple quarter-structure of the simulated demonstrator sample (A) can be treated as a combina-
tion of five parts (B). Each part is marked with a different color and number and can be represented by a spring.
The mechanical behavior of the entire quarter-structure can be described by that series of five springs. £,  are the
corresponding spring constants. )

The equation to describe the stiffness £, of the entire demonstrator sample (see Figure 4.9) is [141]:

kps =—7 L1 (4.1)
kr+ ki~ kupp+ ky

As the stiffness of each quarter-structure should be the same, the stiffness values representing the
entire quarter structure should be the same. If all stiffness values in equation 4.1 are set equal, kDS
will be equal to this stiffness value. Consequently, the stiffness of the demonstrator structure can be
described by describing the stiffness of a single quarter-structure. This is a very important assumption
that decreases the free parameters for the description of the mechanical behavior of the demonstrator

sample drastically.

In addition, the stiffness of one quarter-structure is described by the equation describing a series of

5 springs. In the case of the quarter-structure from Figure 4.10 this would yield:

1

4,1 1,1 1 (4.2)
ki 4 + ki 2 + ki3 + ki 4 + ki s

k1=

Equation 4.2 includes two features that are very important for the upcoming description of the
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mechanical behavior of the demonstrator sample. Firstly, the overall stiffness £, will always be lower
than the stiffness of each part, e.g. £, ,. Secondly, if the stiffness of one part is very high compared
to all the others, this stiffness plays a ;ninor role in the overall stiffness. To fully understand the me-
chanical behavior of the demonstrator sample it is necessary to describe the mechanical behavior of
each part of the quarter-structure. Methods how to calculate the stiffness of these parts are provided

in the following sub-chapters.

4.311. Mathematical description of the stiffness of the backbone

The parts of the backbone where no slats are connected (see Figure 4.10B 7 and 5) can be described

as a beam with a rectangular cross-section. This is shown in Figure 4.11.

Figure 4.11: Image of a demonstrator sample in which two parts of the backbone without any connection to the
slats are highlighted. It can be seen that each of these parts can be described as a linear beam with a certain length
%, the sample-depth D and the backbone-thickness 4. 5*is equal to half of the backbone-thickness.

The stiffness of a beam can be calculated by rearranging Hooke s law [8, 68]:

= Ee with —FA—D h _ar dk—F
o= Eswi O'—A, = ,E = I an =Ar (4.3)

D-h
l*

k=E (4.4)

The stiffness of the beam depends on the Young’s modulus £ and the depth D, thickness 4 and
length /*of the regarding part of the backbone. All these parameters are known for the slat-free parts

of the demonstrator sample backbone.
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4.31.2. Mathematical description of the stiffness of the slats

The stiffness of the slats (see Figure 4.10B 3) can be calculated by calculating the stiffness of a single
slat and multiplying it by the number of slats in the described block of slats. The equation descri-
bing the stiffness of a slat that is confined on top and on the bottom is known from descriptions of

parallel spring arrangements. It yields [142]:

EDw?3
k = 5 (4.5)

In this case, w is the slat-width, D its depth and L* its length. £ is the Young’s modulus of the

material.

The equation is derived for metal springs that are fixed on a solid plate. Slats that are fixed on a
surface that has the same stiffness as the slat itself also deform the surface if the slat is bent. Schén
et al. [131] derived a way of determining a correction factor that takes this behavior into account.
As this derivation is based on pillars with a round cross-section, the approach had to be adapted for
the slats with a rectangular cross-section. Similar to Schéon et al., a correction factor for the stiffness
of the slat was calculated using the following equation, which takes bending, shearing and tilting of

a slat into account (Figure 4.12):

6bend

corr = 4.6
6bend + SShear+6tilt ( )

Figure 4.12: Three different modes of displacement of a slat. A: Bending. B: Shearing. C: Tilting

In the equations for 6, , 8, and 8 from Schon et al. all parameters that described a round

shea
cross-section (/, K'and o ) were replaced with descriptions of the rectangular cross-section of the

slats. Consequently, they yield:

*3 3

i w
Spend = ﬁ with[ = F[143] (4.7)
é = i ithG = £ = 0.5 K_10(1+V) 144 dA=D 4
shear = Lr wi = 2(1+V);V— D, K= 12+11v[ Jan =w (4.8)
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The final correction factor only depends on the Poisson’s ratio of the material v and the width w,
and the length Z* of the slat.

4172
_ w?
o =312 20 +v) 6L Ty (4.10)
w2 K w

The final stiffness of a single slat can be calculated by multiplying the stiffness of the slat with the
correction factor. To correctly describe the stiffness of a slat in the demonstrator sample only half
the length of the slat has to be used for the calculation of the correction factor (L*=//2). The reason
for this is that the slat is fixed to the backbone on both ends. Consequently, its bending behavior
can be described by the superposition of two slats with half of the slat-length / that are only fixed

on one end. This is shown in Figure 4.13.

Figure 4.13: Deformation behavior of a slat that is fixed to a surface on both sides.

4.31.3. Description of the stiffness of a quarter-structure

As mentioned before, it is necessary to know the stiffness of all five constituent parts of the respective

structure for the description of the stiffness of a quarter-structure.

The stiffness of the slats (Figure 4.10B 3), as well as the stiffness of the parts of the backbone where
no slats are attached (Figure 4.10B 7 and 5), can be calculated, by using the equations from the
sub-chapters 4.3.1.1 and 4.3.1.2. The stiffness of the parts of the backbone where slats are attached
(Figure 4.10B 2 and 4) cannot be directly calculated as it is assumed that their stiffness is influenced

by the slats to an unknown extent.

It is possible to define two extreme cases for the stiffness of the parts of the backbone with slats
attached (Figure 4.10B 2 and 4). One scenario is that the attached slats have no influence on their
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A strain-stiffening structure

stiffness. In this case, the stiffness of the the two parts (2 and 4) of the backbone can be calculated
in the same way as the stiffness of the backbone without slats attached (Figure 4.10B 7 and 5). Al-
ternatively, the attached slats increase the stiffness of the regarding parts of the backbone (2 and 4)
drastically. Equation 4.2 shows that, if the stiffness of the the parts of the backbone with attached
slats (2 and 4) exceeds the stiffness of the other parts drastically it has no influence on the overall
stiffness and can be ignored. Consequently, the stiffness of the quarter-structure can be described
by the stiffness of the slats (Figure 4.10B 3)and the two parts of the backbone without attached
slats (7 and 5).

With this approximation, it is possible to calculate the stiffness of the quarter-structure analytically.

4.31.4. Qualitative description of the mechanical behavior of the demonstrator sample

In Figure 4.14, the force-displacement curve of the demonstrator sample derived by FEM analysis
is provided. In this curve, three regimes are marked. In the initial stiffness regime, there is a linear
relation with a positive slope between the force and the displacement that is superimposed by small
vibrations, which are artifacts from the FEM simulation. In the transition regime the slope of the
curve increases. It is, similar to the initial stiffness regime superimposed by small vibrations, but the
amplitude of the vibration decreases with increasing displacement. In the final stiffness regime, the

curve has a constant slope that is higher than the slope in the initial stiffness regime.
The vibrations that superimpose the curve, in the beginning, are an artifact from the simulation and

it was not possible to avoid them. As they are supposed to have no influence on the general outcome

of the simulation they are ignored in the discussion of the experiments.
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Figure 4.14: Force-displacement curve of the demonstrator sample, as derived from FEM analysis. Three regimes
are marked: The initial stiffness, a transition regime and the final stiffness. The vibrations that superimpose the
curve, in the beginning, are an artifact from FEM analysis.

56



With the information from the previous sub-chapters, the force-displacement behavior of the de-
monstrator sample can be well described. All descriptions assume that the Young’s modulus of the

silicone is constant for the observed degree of deformation of ~100% [95].

The initial stiffness is constant. The stiffness can be described by the bending of the slats and by the
stretching of the backbone. As the stiffness of all included parts does not depend on the degree of
deformation (see equations 4.4 and 4.5), a constant stiffness is expectable. The shape of the sample
changes from an un-deformed state as shown in Figure 4.15A to a slightly deformed state as shown
in Figure 4.15B

A

iy NN

NS et

Figure 4.15A: Shape of the demonstrator sample without deformation. B: Shape of the demonstrator sample with
slight deformation.

In the transition regime in Figure 4.14, the sample stiffness increases. In this regime, the slats first
start to touch each other and most likely two effects superimpose. Figure 4.16 shows the deformed
sample with touching slats and one area is highlighted and magnified. The first effect that can be
observed is that in a block of slats the slats in the middle are highly confined in their bending behavior
(highlighted in Figure 4.16). The part in the middle is not curved but straight. According to Van
Eijk [142], this leads to an increase of the stiffness of the slats with increasing length of the straight
part. As the length of the straight part increases with increasing displacement, this behavior is one
reason for the overall increase of stiffness. A second effect has presumably a higher influence on the
stiffening than the effect decribed before. Equation 4.5 shows that the stiffness of a slat increases by
the power of 3 with its width. One could state that the stiffness of all touching slats in a block of
slats is equal to the stiffness of a single slat with a width that is the sum of all slats in the block. In
the case of the demonstrator sample, the stiffness would increase by a factor of 1000 if one assumes
that the 10 slats form a single slat. However, this assumption has several restrictions. The slats do
not touch over their entire length and even though there is a certain tack between the slats they have
the ability to glide over each other. Additionally, the length of the backbone is increased, changing
the distance between the slats.

The two effects balance each other at a certain degree of deformation, resulting in the increased final

stiffness.
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Figure 4.16: Shape of the demonstrator material with a deformation that leads to a touching of the slats. The
magnified area shows that slats are confined in their bending behavior. Instead of showing a smooth curve the
part in the middle is straight (highlighted in red). This causes to a higher stiffness of the slat.

The final stiffness, in Figure 4.14, is constant, but higher than the initial stiffness. Equation 4.2 states
that if the stiffness of a certain part of the quarter-structure exceeds the others by far it does not have
any influence on the stiffness of the quarter-structure. Assuming that the stiffness of the slats increa-
ses drastically in the transition regime and that it is balanced at the beginning of the final stiffness
regime, the stiffness of the quarter-structure is then dominated by the stiffness of the backbone. As
described before, the stiffness of the backbone is not influenced by displacement. Consequently,

the final stiffness stays constant.

4.31.5. Analytical description of the mechanical behavior of the demonstrator sample

As described before it is sufficient to describe the mechanical properties of one quarter-structure in
order to describe the properties of the entire demonstrator sample. For the full description of the
stiffness of the quarter-structure, the stiffness of all five contributing parts has to be known: The
stiffness of the slats (Figure 4.10B 3), the middle backbone with no attached slats (Figure 4.10B 1),
the outer backbone with no attached slats (Figure 4.10B 5), the middle backbone with connecting
slats (Figure 4.10B 2) and the outer backbone with connecting slats (Figure 4.10B 4). While the
stiffness of the slats and the parts of the backbone without attached slats can be calculated analytically
by the equations given in chapter 4.3.1.1 and 4.3.1.2, the stiffness of the parts of the backbone with
attached slats is unknown as described in chapter 4.3.1.3. The initial stiffness of the demonstrator
sample can be calculated with the approximations described in chapter 4.3.1.3.

In the approximation that the slats do not influence the stiffness of the backbone, the length of the
outer backbone with and without attached slats (Figure 4.10B 4 and 5) can be added and its stiffness
can be calculated. The same holds for the inner backbone (Figure 4.10B 7 and 2). Consequently,
the stiffness of all parts of the quarter-structure is known and the overall stiffness can be calculated.
The resulting stiffness represents the minimum analytically calculated stiffness and will from now

on be referred to as £ .
min_c
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In the approximation that the slats increase the stiffness of the backbone drastically, only the parts
of the backbone without attached slats (Figure 4.10B 7 and 5) and the stiffness of the slats (Figure
4.10B 3) are used for the calculation of the stiffness of the quarter structure. The resulting stiffness

represents the maximum analytically calculated stiffness and will from now on be referred toas &,

Using the equations from chapter 4.3.1.1 and 4.3.1.2 with the dimensions of the demonstrator
sample, a Young’s modulus of 0.87 MPa (according to Ref. [145]) and a Poisson’s ratio of 0.5 (ac-
cording to Ref. [133]) kml.n_t is calculated to be 0.27 N/mm while /emx_[ is 5.1 N/mm. The stiffness

obtained from the simulation is 0.48 N/mm. Consequently, the simulated stiffness lies, as expected,

between the two calculated extreme cases.

As described before the stiffness of the slats increases after they start touching each other and two
effects superimpose. From this point on it is no longer possible to determine the stiffness of the
slats analytically. This makes the assumptions of the force-displacement behavior in the transitional
regime and the analytical calculation of the final stiffness extremely inaccurate, as three out of the
five parameters to calculate the stiffness of the quarter-structure are unknown. Consequently, the

final stiffness is not calculated analytically in this thesis.

In this chapter, the strain-stiffening behavior of the demonstrator sample was explained and a met-
hod for the analytical calculation of the initial stiffness was provided. In the following chapters, the
simulation of the influence of several parameters on the strain-stiffening behavior of the material
is described. The results from the simulations are described qualitatively. Additionally, to verify the
analytical approach, the analytical calculation of the initial stiffness is compared to the simulated

initial stiffness for cases where the tested parameter had a strong influence on the initial stiffness.
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4.3.2. Influence of the backbone-thickness

The goal of the series of simulations in this sub-chapter was to determine the influence of the thickness
of the backbone 4 on the strain-stiffening behavior of the structure. Figure 4.17A and B show the
geometry of a sample with a thick backbone in comparison to the demonstrator sample. The simulated
force-displacement curves, as well as the simulated initial and final stiffness for each modification of
the backbone are presented in Figure 4.17C and D. The curve representing the demonstrator sample

is plotted in red with a thicker line. This will also be the case in all following chapters.

In Figure 4.17 C and D it is clearly visible that an increase of backbone-thickness compared to the
standard sample leads to a small increase of the initial stiffness and to a large increase of the final

stiffness. The increase of the final stiffness seems to be linear.

The influence of the backbone-thickness on the final stiffness can be explained by using the descrip-
tion of a series of springs. At a certain displacement, the stiffness of the touching slats exceeds the
stiffness of the backbone drastically. Consequently, the stiffness of the material is mainly represented
by the stiffness of the backbone. Equation 4.4 in chapter 4.3.1.1 shows that the stiffness of the back-
bone scales linearly with its thickness 4. This explains the linear increase of stiffness with increasing

backbone-thickness.

Figure 4.17 E shows the analytically calculated initial stiffness £ =~ _and £ as well as the initial
stiffness derived from the simulations for samples with different backbone-thicknesses. The analy-
tically derived stiffness #  is closer to the simulated stiffness than £ for all analyzed backbo-
ne-thicknesses. This result indicates that it is more accurate to describe the stiffness of the sample
by assuming that the slats increase the stiffness of the backbone drastically than to assume that they

do not influence the backbone.

The results also show that £ increases with increasing backbone thickness. This behavior was also
determined for the simulated stiffness. The behavior can be explained by the fact that an increasing
backbone thickness leads to an increased backbone stiffness as described by equation 4.4. The in-
fluence of this increase is not as pronounced as in the case of the final stiffness, as the stiffness of the
backbone is high, compared to the stiffness of the slats. According to equation 4.2, this leads to a

low influence of the stiffness of the backbone on the initial stiffness of the structure.
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Geometry of the demonstrator sample. B: Geometry of a sample with increased backbone-thickness 5 compared
to the demonstrator sample C: Simulated force-displacement behavior of strain-stiffening samples with varied
backbone-thicknesses. D: Simulated initial and final stiffness for each backbone-thickness. E: Analytically calcu-
lated initial stiffness £ . _and £ _ as well as the initial stiffness derived from the simulations for samples with

different backbone-thicknesses.
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4.3.3. Influence of slat-width

The goal of the series of simulations in this sub-chapter was to determine the influence of the width
of the slats w on the strain-stiffening behavior of the structure. The geometry of a sample with a
decreased slat-width in comparison to the demonstrator sample is shown in Figure 4.18A and B.
The simulated force-displacement curves, as well as the simulated initial and final stiffness for each
modification of slat-width, are presented in Figure 4.18C and D. They show that a decrease of slat
width compared to the standard sample has a large influence on the initial stiffness and an influence
on the final stiffness that is smaller than the influence on the initial stiffness. The final stiffness seems

to increase linearly with decreasing slat-width.

A change of slat-width led to an inevitable change of a second parameter. With decreasing slat-width
the length of the backbone, to which slats are connected was decreased, too. While the decrease in
backbone length leads to a linear increase of stiffness (equation 4.4), the decrease of slat-width results
in a decrease of stiffness with the power of 3. This was described in equation 4.5. in chapter 4.3.1.2.

Consequently, a decrease of the initial stiffness with decreasing slat-width is expected.

Figure 4.18E shows the analytically calculated initial stiffness /eml,u and /emu as well as the initial
stiffness derived from the simulations for samples with different slat-widths. The simulated stiffness,

k. .andk  decrease with decreasingslat-width. £ starts slightly above the simulated stiffness

min_c

at a slatc-width of 2.1 mm, is almost the same as the simulated stiffness at 1.9 mm and is slightly
below the simulated stiffness for all lower slat-widths. /emax s closer to the simulated stiffness than

k. . forall slat-widths except for the slat-width of 0.9 mm. Ac this point, £ and % = are almost

the same. /emm_fis below the simulated stiffness for all slat-widths. While its value is far below the

simulated one at higher slat-widths, it approaches the simulated values width decreasing slat-width.

The situation that £ describes the initial stiffness better with decreasing slat-width is caused by the
decrease of backbone:length. With decreasing backbone-length the backbone becomes stiffer and
consequently, it’s influence on £~ decreases. This behavior supports the theory that it is accurate
to describe the initial stiffness of th_e sample with /emx o where the influence on the backbone with
attached slats is neglected. This means that the stiffness of the backbone seems to be drastically in-
creased by the attached slats, even if the slat-width is changed. Additionally, when the slat-width is
decreased and the thickness of the backbone stays constant, the backbone-thickness becomes higher
in comparison to the slat-width. As described in chapter 4.3.2 this leads to a decreased influence
of the stiffness of the backbone between with attached slats and explains why again, £ describes

the simulated values well.
The increase in final stiffness with decreasing slat-width is caused by the decrease of backbone length.

A linear decrease in slat-width leads to a linear decrease in backbone-length and consequently to a

linear increase of stiffness.
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Figure 4.18A: Geometry of the demonstrator sample. B: Geometry of a sample with decreased slat-width w compa-
red to the demonstrator sample C: Simulated force-displacement behavior of strain-stiffening samples with varied
slat-width. D: Simulated initial and final stiffness for each slat-width. E: Analytically calculated initial stiffness
k. andk _ _aswell as the initial stiffness derived from the simulations for samples with different slat-widths.
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4.3.4. Influence of distance between slats

The goal of the series of simulations in this sub-chapter was to determine the influence of the dis-
tance between slats & on the strain-stiffening behavior of the structure. The geometry of a sample
with a decreased distance between slats in comparison to the demonstrator sample is provided in
Figure 4.19A and B. The simulated force-displacement curves, as well as the simulated initial and
final stiffness for each distance between slats, are presented in Figure 4.19C and D. Additionally, a
graph with the “point of stiffening” of each sample is given in Figure 4.19E.

According to the qualitative description of the force-displacement behavior of the strain-stiffe-
ning structure in chapter 4.3.1.4 the “point of stiffening” would be the point where the slats first
start touching and the stiffness first starts increasing. This exact point is hard to determine from
the force-displacement curves as it is not very pronounced in the force-displacement curve of the
demonstrator sample and therefore superimposed by the vibrations also described in chapter 4.3.1.4.
For this reason, a different method was chosen to represent this “point of stiffening”. As it will later
be described in the materials and methods part, the initial and final stiffness is determined by fit-
ting a straight line to each of the straight parts of the force-displacement curves that represent the
initial and final stiffness. These two straight lines intersect at a certain point. This point is used in
this chapter to describe the “point of stiffening” as it contains all the information necessary for the
description of the influence of a change of distance between slats on the strain-stiffening behavior

(see inset Figure 4.19E).

As presented in Figure 4.19E, the “point of stiffening” is shifted to smaller displacements with a
smaller distance between the slats. If slats are closer to each other less displacement is needed until
they touch. This explains why the stiffening occurs at lower displacements when the distance bet-
ween slats is decreased and vice versa. The effect can be demonstrated with an analytical method as

described in the Patent “Schicht mit variabler Festigkeit” [146].

In the representation of the initial and final stiffness of the samples (Figure 4.19D), a small increase
of stiffness with decreasing distances can be detected. From the experiments described in previous
sub-chapters, it is expectable that both, the initial and final stiffness show a slight increase as a re-
sponse to a decrease in distance between slats. Figure 4.19B shows that a decrease of the distance
between the slats decreases the length of the backbone and consequently increases its stiffness. As the
decrease in backbone length in this experiment is small (3.6 mm), compared to the experiment with

different widths of the slats (12 mm) in chapter 4.3.3, the change of stiffness is not as prominent.
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Figure 4.19A: Geometry of the demonstrator sample. B: Geometry of a sample with decreased distance between
slats d compared to the demonstrator sample C: Simulated force displacement behavior of strain-stiffening
samples with varied distance between slats. D: Simulated initial and final stiffness for each distance. E: Point of
stiffening for each distance between slats. Inset E: The point of stiffening was set to be the intersection of the line
representing the initial stiffness and the line representing the final stiffness.
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4.3.5. Influence of number of slats

The goal of the series of simulations in this sub-chapter was to determine the influence of the num-
ber of slats /V on the strain-stiffening behavior of the structure. The geometry of a sample with a
decreased number of slats in comparison to the demonstrator sample is shown in Figure 4.20A and
B. The simulated force-displacement curves, as well as the simulated initial and final stiffness for each
number of slats, are presented in Figure 4.20C and D. With a decreasing number of slats, compa-
red to the standard sample, the initial stiffness is decreased and the final stiffness is increased. The
opposite holds for an increase in the number of slats. The increase of initial stiffness with increasing

number of slats is lower at a higher number of slats.

Two parameters influence the initial stiffness with a varying number of slats. On one hand the
stiffness of the slats - it increases linearly with an increasing number of slats. On the other hand,
the backbone - its length increases linearly with an increasing number of slats. As a consequence, its
stiffness decreases linearly with increasing slat numbers. In Figure 4.20B the opposite case is shown.
If there are fewer slats the backbone-length is decreased compared to the demonstrator sample and its
stiffness is increased. As the initial stiffness increases with increasing slat numbers it can be assumed

that the increase of the stiffness of the slats dominates the behavior.

Figure 4.20E shows the analytically calculated initial stiffness £ =~ and &£ as well as the initial
stiffness derived from the simulations for samples with a different number of slats. All values for the
initial stiffness increase with an increasing number of slats. While £ seems to increase linearly,

k . and the simulated stiffness increase with a decreasing slope with an increasing number of slats.

min_

k . _is far below the simulated stiffness for all numbers of slats. £ c is very similar to the simulated

stiffness for a lower number of slats. For numbers over 8 the values of k _ startto diverge from the

simulated ones and become increasingly larger than the simulated stiffness values.

k  increases linearly with an increasing number of slats because it is not influenced by the change
of backbone-length and consequently it shows only the linear increase of stiffness of the slats. The
simulated stiffness £ =~ and £ are both influenced by the change of backbone-length. With an
increased number of slats, the backbone becomes longer and less stiff. With a decreased stiffness
its influence on the equation for the calculation of the initial stiffness (equation 4.2) grows and
consequently the overall increase of stiffness is lowered with an increased number of slats. This also
explains why £ describes the simulated stiffness well if there are fewer slats and not as well if there
are more slats. If there are fewer slats the backbone is quite short and quite stiff. Its influence on the
equation for the calculation of the initial stiffness would be low and consequently, the assumptions
made for the calculation of £ describe the behavior well. The opposite holds if there are more

slats and the backbone is less stiff.

The influence on the final stiffness is caused by the change of the length of the backbone that is asso-

ciated with a change in the number of slats. A decrease of slats leads to a decrease of backbone-length
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and to an increase of final stiffness of the sample and vice versa.
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Figure 4.20A: Geometry of the demonstrator sample. B: Geometry of a sample with a decreased number of slats N
compared to the demonstrator sample. C: Simulated force-displacement behavior of strain-stiffening samples as a
function of number of slats. D: Simulated initial and final stiffness for each number of slats. In the case of 5 and 6
slats, the simulation was only conducted until a displacement of 37 mm, due to a non-converging simulation. E:
Analytically calculated initial stiffness £ . and %2 __as well as the initial stiffness derived from the simulations

for samples with a different number of slats.
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4.3.6. Influence of protrusion-length

In the series of simulations in this sub-chapter the length of the protrusion that represents the part
of the sample that is not completely clamped in a tensile test setup p’is varied. An example of a sam-
ple with a short protrusion in comparison to the demonstrator sample (Figure 4.21A) is shown in
Figure 4.21B. The goal of this test was not to achieve any new information about the sample but to
achieve an improved match between simulated and measured curves. For this reason, the simulated
force-displacement behavior in Figure 4.21C is only shortly discussed. The length of the protrusion
has a minor influence on the initial stiffness and a high influence on the final stiffness. Both increase
with decreasing protrusion length. This behavior can be well explained with the findings described
in the previous sub-chapters. It has been shown that the stiffness of the structure can be described
by a series of springs. The main influence to the initial stiffness comes from the stiffness of the slats
and a minor influence from the stiffness of the protrusion, as the protrusion is stiff in comparison
to the slats. With decreasing length, its stiffness increases and consequently the entire initial stiffness
is increased by a small amount. The final stiffness is mainly dominated by the stiffness of the back-
bone. As the protrusion is a part of the backbone, more specifically the part of the middle backbone

without attached slats, its change of stiffness influences the final stiffness to a higher degree.
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Figure 4.21A: Geometry of the demonstrator sample. B: Geometry of a sample with decreased protrusion length
p’ compared to the demonstrator sample. C: Simulated force-displacement curves for different protrusion-lengths.
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4.3.7. Influence of sample-depth

From the discussion in the previous sub-chapters, it can be expected that the force-displacement
behavior scales linearly with the sample-depth D as the stiffness of all parts of the sample scales
linearly with their depth (equation 4.4 and 4.5). To prove this, a series of simulations with different
sample-depths was conducted in this sub-chapter. The resulting simulated force-displacement curves
are shown in Figure 4.22C. Additionally, the geometry of a sample with a decreased sample depth

in comparison to the demonstrator sample (Figure 4.22A) is shown in Figure 4.22B.

As it can only hardly be detected from force-displacement curves if all values scale linearly with
sample depth, additionally stress-strain curves, calculated from the simulated force-displacement
curves, are shown in Figure 4.22D. As the stress is a normalized value for the force, the influence
on the depth should vanish and all stress-strain curves should be the same. For the calculation of
the stress, from the given forces, the force needs to be divided by the area the force is acting on. As
this area not constant for the strain-stiffening samples, the area of the cross-section of the backbone,

represented by its thickness and depth, as shown in chapter 4.3.1.1 was used.

Figure 4.22D shows that the stress-strain curves for different sample-depths are the same. It can be
concluded that a change of sample-depth linearly changes the force-displacement behavior of the

sample.
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Figure 4.22A: Geometry of the demonstrator sample. B: Geometry of a sample with decreased depth D compared
to the demonstrator sample. C: Simulated force-displacement curves for samples with different sample-depths. D:
Stress-strain curves, based on the simulated force-displacement curves, for samples with different sample-depths.
As an area for the calculation of the stress, the cross-section of the backbone was used.
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4.3.8. Influence of friction

Not only was the influence of the sample’s geometrical features on its strain-stiffening behavior
simulated, but also the influence of friction. Unfortunately, the friction between silicone surfaces
is to my best knowledge not documented in the literature. The coefficient of friction used for the
demonstrator sample in the simulations was chosen to be 0.05. It is in the range of the friction
between Teflon and a polished metal [147] and therefore likely to be much lower than the friction
between silicone surfaces. As a comparison, two values for the coefficient of friction that lie above
and below values for the friction of rubber on hard surfaces found in the literature are used in a series
of simulations [147, 148]. They are supposed to represent the friction between silicone surfaces to a

higher degree. The resulting simulated force-displacement curves are shown in Figure 4.23.

The results show that there is no influence on the initial stiffness, but an increase of final stiffness
with increasing coefhicient of friction. It was expectable that the friction has no influence on the

initial stiffness as the slats do not touch in this regime, whereas they do for larger displacements.

In chapter 4.3.1.4 it was described that the increase of stiffness of the slats is caused by two effects.
One effect is most likely influenced by friction. It was stated that slats that touch over a large part of
their length can be regarded as a single slat with a width that is equal to the sum of their individual
widths. As the stiffness of the slat scales to the power of 3 with the width, the stiffness of the slats
would increase drastically. In chapter 4.3.1.4 certain limitations to this effect were presented. One of
them was the ability of the slats to glide over each other. The coefficient of friction has an influence
on the ability of the slats to glide over each other. At low friction, it is easier than at high friction. In
the case of high friction, it is likely that the described drastical stiffening occurs to a higher degree
than in the case of low friction. Consequently, the stiffness of the slats is higher at higher coefhicients

of friction. This explains the increase of final stiffness.

Coefficient of friction 0.05
Coefficient of friction 0.80
Coefficient of friction 5.00
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Figure 4.23: Simulated force-displacement curve of samples with different coefficients of friction between the slat
surfaces. Due to a non-converging FEM simulation in the case of a coeflicient of friction of 0.8, it was conducted
to a displacement of 35 mm and in the case of a coefficient of friction of 5, it was conducted to a displacement of
33 mm. This was still sufficient to see their influence on the strain-stiffening behavior.
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4.3.9. Overview of parameters influencing the strain-stiffening
behavior of the structure

In the FEM simulations in the previous sub-chapters, several parameters influencing the strain-stif-
fening behavior of the sample were analyzed. The variation of the dimension of a certain parameter
has a certain influence on its stiffness. As the variation of the dimension of that certain parameter
comes in most cases with a variation of the backbone-length, its influence on the general strain-stif-
fening behavior of the structure is superimposed by this behavior. Table 4.2 summarizes all results
from the previous sub-chapters by listing the analyzed parameters, the influence of a variation of

their dimension on their stiffness and their influence on the strain-stiffening behavior of the sample.
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Table 4.2: List of parameters influencing the force-displacement behavior of the sample in the first column, the influence of a variation of the dimension of their stiffness in

the second column and their influence on the strain-stiffening behavior of the sample in the third column.

Parameter

Influence on stiffness

Influence on strain-stiffening behavior

Backbone-thickness 4
Backbone-length
Slat-width w

Distance between slats 4

Number of slats NV
Protrusion-length p’
Sample-depth D

Friction between slats

Linear increase of stiffness with
increasing backbone-thickness.

Linear decrease of stiffness, with
increasing backbone-length

Increase of stiffness to the power of
3 with increasing slat-width

No direct influence on stiffness.

Linear increase of stiffness with
increasing number of slats.
Linear decrease of stiffness with
increasing protrusion-length.
Linear increase of stiffness with
increasing sample-depth.
Increase of stiffness with
increasing coefficient of friction.

Small increase of initial stiffness, large increase of final stiffness with increasing back-
bone-thickness.

Small decrease of initial stiffness and large decrease of final stiffness with increasing
backbone-length.

Large decrease of initial stiffness due to decrease of slat-width, and large increase of final
stiffness due to the change of backbone-length that comes with decrease of slat-width.
Shift of point of stiffening towards lower displacements with decrease in distance
between slats. Small increase of initial and final stiffness due to decrease of back-
bone-length with decreasing distance between slats.

Increase of initial stiffness with increasing number of slats. Decrease of final stiffness
with increasing number of slats due to increasing backbone-length.

Small increase of initial stiffness and large increase of final stiffness with decreasing
protrusion length

Linear increase of the entire force-displacement curve with increasing sample depth.

Increase of final stiffness with increasing coefficient of friction. Initial stiffness stays
constant.
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4.3.10. Experimental characterization of silicone samples via tensile
tests

The demonstrator sample and four representative other geometries have been tested in a tensile test,
to validate the results of the FEM analysis. In addition, also the influence of friction between slats

was tested to confirm its influence on the final stiffness of the structure.

In Figure 4.24A a simulated and the measured force-displacement curve of the demonstrator sample

are shown.

In Figure 4.24B the five different geometries that were tested are shown. The demonstrator sample
is named DS. It has a slat-width w of 2.1 mm, a backbone-thickness / of 5 mm and the distance
between the slats 4is 0.5 mm. In the other samples, one or two parameters are changed in compa-
rison to the demonstrator sample. The sample where slat-width w is reduced to 1.3 mm is named

S . » the sample where the backbone-thickness 4 is increased to 10 mm is named § 0

with reduced slat-width w (1.3 mm) and increased backbone-thickness /# (10mm) is named N

and the sample increased distance between slats 4 (2.5 mm) is named S o5 10 the force-displace-

ment curves of the sample in Figure 4.24C the geometries are represented by the regarding name.

the sample

The same holds for the following description and discussion of the results. In Figure 4.24D the

force-displacement curves of tensile tests with the samples DS and S, | with oil and without oil

between the slats are presented. Due to restrictions in the measurement setup, the tensile tests were
only conducted up to a displacement of 30 mm compared to the displacement of 40 mm simulated
in the FEM simulations. This was still sufficient to see all important influences of the parameters

on the stiffening behavior.

The comparison of the simulated and the tensile test data of the demonstrator sample in Figure 4.24A
shows that their behavior is generally the same. Both curves show a constant initial stiffness up to
a displacement of ~15 mm and a constant final stiffness from a displacement of ~18 mm. The only
difference is that the simulated initial and final stiffness is higher than the measured one. A similar
behavior can be found when comparing the simulated and tensile test data of the other geometries
(see Figure 2.25D). As the simulated force-displacement curves only differ from the measured curves
in their absolute value but not in their general behavior, the influences listed in Table 4.2 in chapter
4.3.2.9 should also apply to the measured geometries. This will be discussed in the following:

Sample S

,» the sample with a decreased slat-width compared to the demonstrator sample DS

shows a decreased initial stiffness and an increased final stiffness, compared to the demonstrator

sample (see Figure 2.24C). The stiffening takes place at roughly the same displacement. This beha-
vior follows exactly the behavior determined via FEM analysis. The decreased initial stiffness arises
from the decreased stiffness of the slats. It scales with the power of 3 with the slat-width. A decrease
will, therefore, lead to a decrease in stiffness. The increase in final stiffness is caused by the decrease
in backbone length due to the decreased slat-width. A shorter backbone is stiffer and will lead to an
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increased final stiffness. As the distance between the slats was not changed, the displacement where

the stiffening occurs should stay the same.

Sample §

h_10°
sample DS shows a slightly higher initial stiffness and a clear increase of final stiffness, compared to

the sample with an increased backbone-thickness, compared to the demonstrator

the demonstrator sample (see Figure 2.24C). The stiffening occurs at a similar displacement. This
behavior follows exactly the behavior determined via FEM analysis. The increase in initial stiffness
can be explained with a decreased influence of the backbone on the stiffness of the sample, due to
its increased thickness and consequently increased stiffness. The increase of final stiffness can also
be explained with an increase of backbone-stiffness due to the increased thickness. As the distance
between slats has not changed, a shift of the displacement at which the stiffening takes place was

not expected.

Sample S

1.3 5h_10°
compared to the demonstrator sample DS shows a decreased initial stiffness and increased final

the sample with an increased backbone-thickness and a decreased slat-width

stiffness compared to the demonstrator sample (see Figure 2.24C). The decreased initial stiffness is
caused by the decreased slat-width and the increased final stiffness is caused by a superposition of the
increased stiffness of the backbone due to its decrease in length caused by the decreased slat-width

and the increased backbone-thickness. The slat-width of sample S, ;and S . is the same. This

explains why their initial stiffness is the same. The backbone-thickness of sample §,  and S .,

are the same. Caused by the fact that the backbone-length of sample S, is shorter than the

backbone-length of sample S, , , the final stiffness of sample S is slightly higher than the

1.3_h_10
final stiffness of sample S, .

Sample §

d25
sample DS, shows a decreased initial and final stiffness compared to the demonstrator sample (see

the sample with an increased distance between slats compared to the demonstrator

Figure 2.24C). This decrease can be explained by the increase in backbone-length due to the increase
in the distance between the slats. In this special sample, another effect occurs. Due to the largely
increased distance between the slats, they do not touch in response to the displacement. This explains

why there is no stiffening-effect visible in the force-displacement curve.

By introducing silicone oil on the surfaces of the slats, the friction of these surfaces was drastically
decreased. This situation of decreased friction was compared to the initial situation of the sample.
The test was conducted with the demonstrator geometry and sample S, as the stiffening effect
was more pronounced in this sample. In both samples, the final stiffness is clearly decreased by the
introduction of oil, compared to the situation without oil, while the initial stiffness stays constant
(see Figure 2.24D). This can be explained by the influence of the oil on the friction between tou-
ching slats. The stiffness of the block of touching slas is decreased with decreased friction. As only

touching slats are influenced by the oil, the initial stiffness stays constant.
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Figure 4.24A: Simulated and measured force-displacement curve of the demonstrator sample. B: Pictures of the
geometries that were tested in a tensile test setup. The demonstrator sample DS has a slat-width w of 2.1 mm,
a backbone-thickness 4 of 5 mm and the distance between the slats 4 is 0.5 mm. The deviations of the other
geometries from the demonstrator sample are identified in the subscripts of their names. C: Measured force-dis-
placement curves of the samples shown in B. D: Measured force-displacement curves for two samples from B.
Measured force-displacement curves of two samples with oil between the slats and without oil between the slats.
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Figure 4.25A shows the initial and final stiffness of the samples with different geometries. The values
were derived from tensile tests. For each geometry, three samples were tested and for each sample,
10 tensile tests were conducted. While there was no mentionable deviation between the tensile test
curves for every single sample there was a certain deviation between the tensile test curves of the
three samples of each geometry. The error bars in Figure 4.25A represent the minimum and maxi-
mum stiffness measured for each geometry and the actual marker labels the average stiffness. The
deviation is large for the final stiffness of the samples and especially large for the final stiffness of the
samples §, | jand S . .
The deviation in final stiffness is most likely caused by the clamping of the sample in the tensile test
setup. It was shown in the FEM simulations in chapter 4.3.6 that the length of the protrusion that
represents a part of the backbone that is not clamped () has a large influence on the final stiffness
of the sample. It is likely that a sample that is clamped directly at the beginning of the protrusion
has a higher final stiffness than a sample that is clamped further away from the beginning of the pro-
trusion. Both cases of clamping are shown in Figure 4.25B. In samples §, , and S the effect

10 w_1.3_h_10
of clamping is superimposed by another effect. Both samples have an increased backbone-thickness

compared to the demonstrator sample. A detailed analysis of the samples has shown that especially
samples with a thick backbone show a high variance in backbone-depth (D). As the stiffness of the
backbone depends on the depth to the same degree as it depends on the thickness (equation 4.4),
a decreased depth leads to a decreased backbone stiffness. The stiffness of the backbone has a large
influence on the final stiffness. The large variance in backbone-depth is caused by the molding
process. The molds used for the experiments are open on the top. If not enough silicone is filled
in the molds the area of the backbone shows a void. This is shown in Figure 4.25C. The result is a
decreased backbone-depth.

As described before, the simulated values for the initial and final stiffness are higher than the mea-
sured ones. This is shown in Figure 4.25D. This could have two reasons. The first one could be the
mesh size used in the analysis. Tests have shown that the initial and final stiffness of the sample is
decreased with decreased mesh size. Theory states that there is a certain mesh size upon which a
further decrease does not change the results [149]. Before this saturation was reached, the maximum
number of nodes for the software used for this work was reached, allowing no further decrease in
mesh size. The second reason could be the material model. The material model used for the simula-
tion is taken from a publication by Chen et al. [145], who used tensile test data for the derivation
of the model. In literature, a large range of stiffness, determined from tensile test data can be found
for Elastosil RT625 [95, 145, 150]. The stiffness of the Elastosil RT625 used by Chen et al. for the
derivation of the material model is the highest. Consequently, it is possible that the material used in
the tensile test in this chapter is softer than the material used for the determination of the material

model by Chen et al.
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Figure 4.25A: Initial and final stiffness of the samples measured in a tensile test. For each test 3 samples with the
same geometry were used. The average is marked in the plot and the error bars represent the minimum and ma-
ximum value. B: Two possible ways of clamping a sample in the tensile test setup. The black rectangles represent
the clamps. B.1: Sample that is clamped directly at the beginning of the protrusion. B.2: Sample that is clamped

further away from the beginning of the protrusion. C: Front view of two different samples with the geometry S, .

The red boxes mark the area of the backbone. While it is completely filled with silicone in C.1, it is not completely
filled in C.2. D: Initial and final stiffness determined via FEM simulation and tensile test measurements for the
different samples. For sample S, , .no FEM simulation was conducted.

4.4. Conclusion

In the presented FEM simulations a demonstrator sample that showed a certain amount of strain-stif-
fening was introduced. Several geometrical parameters of this sample were systematically altered
FEM simulations and the influence of these parameters on the strain-stiffening behavior was deter-
mined. It was possible to explain the influence of all tested parameters and it was possible to predict
the initial stiffness for a certain geometry with an analytical approach. This analytical approach was
not applicable to the final stiffness, as the stiffness of certain parts of the geometry was not reliably
predictable. Experimental tensile tests with representative geometries supported the conclusions that
were taken to describe the influence of geometrical features. Additionally, the influence of friction
between the samples was analyzed via FEM simulation and tensile tests. It could be shown that the

final stiffness of the sample is influenced by friction. Generally, the tensile tests showed the same
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behavior as the simulated results but led to a lower initial and final stiffness. This was either caused

by a too large mesh size or a material model that was determined with a material that was too stiff.

In order to match the tensile tests with the FEM simulation, in the future two improvements should
be incorporated. It has been shown that the stiffness of the entire sample can be described by just
describing one part of the sample, the quarter-structure. It has additionally been shown that the
force-displacement behavior scales linearly with sample depth. These two features can be exploited
to decrease the mesh size. If only the quarter-structure with a lower depth would be simulated, the
size of the simulated geometry is drastically reduced compared to the simulations conducted in this
chapter. Consequently, the mesh size can be further reduced until the maximum number of nodes
is reached. Another alternative would be to change to a program without limitations in the number
of nodes. It is also possible to determine the parameters for the material model with measured data
from the exact same material and with that match the model with the real results. For this work the
accuracy of the simulation was sufficient as the qualitative behavior of the simulation and the tensile

tests matched perfectly and the role of geometrical feature could be determined.

With the help of simulations, it could in the future be possible to find a way of predicting the stiffness
of the parts of the backbone that has not been described yet. This would allow an exact analytical
description of the initial and final stiffness and would ideally supersede the FEM simulation.

4,5. Materials and Methods

4.51. FEM simulation

In this sub-chapter, the different settings in the program Abaqus 6.13 (Simulia, USA), that were
done to achieve the simulated force-displacement behavior of the sample, are listed. The headlines

of the following sections are named after the different modules in the program.

4511. Module ,Part"

In this module, the actual shape of the part was defined. A cuboid solid with the depth and the outer
dimensions of the sample was constructed and all features like the gaps between slats and parts to
form “clamps” were cut out from the cuboid to yield the final shape. The sample was divided into
partitions along slat walls to make the future mash applicable and the slats walls that were supposed

to touch during the simulation were defined as surfaces. Figure 2.26 shows the steps to visualize it.
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Figure 4.26: The four steps in the module “Part” in Abaqus. A: A cuboid structure is constructed. B: Several parts
are cut out. C: The structure is divided into several partitions and D: Slat walls are defined as surfaces.

4.51.2. Module “Properties”

In this module, the material of the sample during the simulation was defined. In the case of the
standard sample, two material behaviors for the silicone Elastosil RT625 (Wacker) were provided:
The density, derived from the material data sheet [87], and the hyperelastic material parameters.
These parameters were taken from Chen et al. [145] where the Yeoh model was chosen to describe

the hyperelastic properties of this specific material. All parameters are listed in Table 4.3.

Table 4.3: Mass density and hyperelastic material parameters for the Yeoh model describing the silicone Elastosil
RT625

Mass density p, W, M,
1.31 g/ecm3  0.148 -0.009 0.004

The material was applied to the part in the form of a solid homogeneous section.

4,51.3. Module "Mesh”

In this module, the sample was meshed. Global seeds were defined by setting the approximate global
size to 0.5 and then a mesh with C3D8RH elements was constructed. The sample with the mesh
is shown in Figure 4.27. These elements are defined by Abaqus as “8-node linear brick, hybrid,
constant pressure, reduced integration, hourglass control” and described being well suitable for the

type of simulation [149].
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Figure 4.27: Sample with the applied mesh of 8-node linear brick elements.

4.51.4. Module "Assembly”

After meshing of the part, three sets of nodes were defined in the assembly module. These node
sets play an important role in some of the next modules. The first set of nodes was composed by all
nodes on the outer surface of the left clamp. These nodes were supposed to be fixed during simula-
tion. The node set was therefore called “fixed nodes”. The second set of nodes was composed by one
single node on the outer surface of the right clamp. It was the so-called “load node”, as this node
represented the load during the tensile test. The third set of nodes was composed of all the other
nodes on the same surface. It was called “following nodes”, as their properties were later connected

to the load node. Details are shown in Figure 4.28.

Figure 4.28: Node sets defined in the Assembly module. A: One set, the “fixed nodes” is composed of all nodes
on the outer surface of the left clamp. B: The “load node” is a single node on the outer surface of the right clamp
C: The “following nodes” are all other nodes on this surface.

4,51.5. Module "Interaction”

In this module, the interaction of parts of the sample was defined. First, for each pair of touching
surfaces between slats, a surface-to-surface contact was defined and the coefhicient of friction between
these surfaces was set to 0.05. Second, an equation constraint between the “load node” and the “fol-

lowing nodes” was defined by setting the “following nodes” to a coefficient of 1 and the “load node”
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to a coeflicient of -1. By this constraint, all deformations defined to act on the “load node” were set
to act on the “following nodes”, too. This allowed to read out the force that acted on this special
node in the analysis after the simulation. This force represented the force on the entire surface and

could be used to describe the force-displacement behavior of the entire sample.

4,51.6. Module “"Load”

In this module, the deformation of the sample that was actively applied during the simulation
was defined. First, an amplitude was defined that increased linearly between 0 and 1. Second two
boundary conditions were defined. The “fixed nodes” were set to be encastered. This means that no
translation or rotation in any direction was allowed. This should simulate the fixed clamped end of
the sample. A displacement boundary condition was applied to the “load node”. A displacement
of 40mm in one direction was allowed and all other translations and rotations were inhibited. The
carlier defined amplitude was applied to this boundary condition to ensure a linear increase of dis-
placement between the beginning and the end of the simulation. This is simulating the elongation

of the sample in the tensile test.

All described settings allowed the simulation of a tensile test of the sample. For the analysis in this
work mainly the force-displacement behavior of the “load node” that represented the force-dis-
placement of the entire sample was analyzed. For each simulation, 500 evenly spaced displacement
values and the regarding forces were available and could be analyzed the same way as force-displa-
cement values from mechanical tensile test tests. To modify the geometry of the sample, in order to
determine the influence of geometry on the force-displacement behavior, the shape of the model
was changed in the first module and then the settings in all other modules were adapted to the new

shape. To detect the influence of friction only the coefficient of friction in the interaction module

had to be changed.

4.5.2. Experiments on polymer samples

The tensile tests in this chapter are conducted in a tensile test setup that was built by the members of
the working group of Prof. Adelung,. It featured a stepper motor (PD57-2-1161-TMCL, Trinamic,
Germany) that provided a tension by driving a threaded rod with a slope of 0.5 mm, and a load
cell (Kmm 62 500N, Inelta, Germany) to measure the force. Information about the measured force
was transferred to a Labview program (National Instruments, USA) over a data acquisition board
(USB-2537, Measurement Computing, USA) and a custom-made amplifier. Pictures of the tensile

test setup are shown in Figure 4.29.
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Fixed clamp Load cell

Figure 4.29A: Top view of the tensile test setup. The sample is fixed in two clamps. The fixed clamp is attached to
the load cell and the mobile clamp is attached to the threaded rod that is driven by a stepper motor. B: Side view
of the tensile test setup.

The tensile tests were conducted with a speed of 0.5 mm/s and up to a displacement of 30 mm. In
the tests where the friction between the slats was decreased by introducing oil, silicone oil for oil
baths (Sigma-Aldrich/Merck, Germany) was used. Samples were made from the silicone Elastosil
RT625 (Wacker, Germany). The two components of the silicone, A and B, were mixed according
to the manufacturer’s instructions [87] in a 9:1 ratio. The mixture was degassed in a desiccator and
poured in a mold. After a second degassing step in the desiccator, the polymer was cured in an oven
at 70°C for 1 hour. The molds were milled from solid aluminum blocks. A sketch of the molds is
shown in Figure 4.30. At the end of each clamp, a spare part was added. It that could be destroyed

when taking the sample out of the form and was cut off to form the final sample.

4o

Sketch of a mold for the production of silicone samples for tensile tests.
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For each of the geometry related tests, three samples of the same geometry were measured for 11
cycles. The first cycle was discarded as an initial slipping of the sample in the clamps occured. To
present the results, the 10 curves for one sample are combined into one curve by an averaging al-
gorithm in the software Origin 9.1 (OriginLab, USA). This was possible as there was no notable
difference between the curves. As there was a certain difference between the averaged curves of the
three samples of each geometry, they were are again combined into one with the help of the aver-
aging algorithm. The average curve was used to present the general strain-stiffening behavior of a

certain geometry, the minimum and maximum values were used as information for the error bars.

For the friction related tests, only one sample per type was used. It was measured without oil and
afterward with oil. Again, 11 curves were measured for each sample in each state and the last 10
curves were combined to a single curve with the averaging algorithm in Origin 9.1, to show the

general force-displacement behavior

4.5.3. Determination of stiffness from measured and simulated curves

The stiffness of a sample is the slope in its force-displacement curve. To determine the initial and
final stiffness of a sample the slopes of the representing parts of the curve had to be determined.
This was done by fitting a line to each section of the curve. The size of the section was determined
for each curve individually. It was chosen to be as large as possible, but small enough to represent a

purely linear section. The fit was conducted with the software Origin 9.1.
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Conclusion and perspective
5. Conclusion and perspective

In this thesis, two strategies were presented how biomimetic structures of silicones can be used in two
very different types of applications. Micro-pillar arrays were used to represent the confinement cells

encounter in the extracellular matrix and cell-inspired structures showed strain-stiffening behavior.

5.1. An artificial extracellular matrix

A.castellanii adapted their vacuole diameter to the available space inside micro-pillar arrays in order
to be able to intrude them. This showed the cell’s ability to actively adapt internal structures to
spatial confinements, which are also common in the extracellular matrix in body tissue. In further
experiments, A. castellanii phagocytosed stiff artificial micro-particles. Particles that were smaller
than the distance between the pillars in the structure did not significantly influence the migration
behavior of the cells. In the cases where A. castellanii had phagocytosed particles that were at least in
one dimension larger than the gap between the pillars, most cells were completely hindered in their
movement. Still, some cells showed remarkable problem-solving skills to enter the structure or move
inside the structure. These approaches gave new insights into the cells” ability to act as an intelligent
and active system. The approach of the cell to lift the artificial cargo above the pillar structure in
order to migrate through it proved their ability to sense spatial information about their environment
and to choose a method of minimal effort for migration. Their approach of selectively guiding or
even twisting particles such that cell movement inside the structures is possible indicates that the
cells have a mechanism to sense the orientation of phagocytosed particles and to actively adapt to
external confinements. Some cells actively dragged particles through the gap between neighboring
pillars and thereby deformed the pillars. This allowed an indirect measurement of the forces the cells

are able to apply on phagocytosed particles.

Therefore, micro-pillar arrays are a suitable system to provide spatial confinements for Acanthamocba
trophozoites and to modulate their motion. The results of the experiments might be the foundation
for novel strategies to prevent Acanthamoeba-born diseases. These might in the future include ways
of stopping amoeba from entering body tissue by letting them phagocytose particles that hinder
their movement inside the body tissue. Another method could be to lure amoeba into artificial pillar

structures and let them phagocytose particles that do not allow them to leave the structure.

Information about cell migration in micropillar arrays can be adapted to the migration behavior
of other pathogenic microorganisms, or migrating cancer cells. Cancer cells that form metastases
migrate through body tissues in a similar way as Acanthamoeba trophozoites. Consequently, methods

of cell-trapping might be applied in this field in the future, too.

A further interesting aspect to study would be the impact of particle stiffness on the capture of A.

castellanii by the micropillar arrays. A method of producing monodisperse alginate micro-spheres
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was developed together with Saman Stolting during the course of this thesis [151]. These microsphe-
res are very soft (~50 kPa [152]) compared to the ones used in the described experiments (-3 GPa
[153]). It will be exciting to see how A. castellanii adapts its behavior inside micro-pillar arrays after

phagocytosing such soft particles and how it transports particles of different stiffness.

5.2. A strain-stiffening structure

Biomimetic strain-stiffening has been demonstrated by shaping silicone in a way that it shows an
increasing stiffness in response to elongation. The general concept for shaping the material was adop-
ted from the ability of cells to actively cross-link parts of their cytoskeleton to increase their stiffness.
The biomimetic strain-stiffening structure presented consists of four sets of slats elastic that were
connected via a backbone made of the same elastic material. The influence of several geometrical
features, as well as the influence of friction between the slats, was determined by FEM simulations

and conclusions about these influences were proven by experiments using tensile tests.

All samples regardless of their specific geometry showed an initial linearly increasing force-displace-
ment curve, representing the initial stiffness of the material. After a certain displacement, the slope
of the force-displacement curve started to increase to finally show a linearly increasing force-dis-
placement behavior with an increased stiffness, compared to the initial stiffness. This was the final

stiffness of the sample.

The main influences that determined the strain-stiffening of the sample are the following: (1) The
thickness of the backbone mainly influences the final stiffness of the geometry. An increase of back-
bone thickness leads to an increase of final stiffness. (2) The thickness of the slats influences the
initial stiffness. A decrease in thickness of the slats leads to a decrease of the initial stiffness. (3) The
distance between the slats was shown to influence the displacement at which the structure starts to
stiffen. An increased distance between the slats leads to a stiffening at larger displacement. (4) The
friction between slats influences the final stiffness of the sample. An increase in friction leads to an

increase in final stiffness.

The presented method of introducing strain-stiffening into a material by biomimetic structuring is
simple to achieve but to my best knowledge completely new. This was supported by the acceptance
of the patent “Schicht mit variabler Festigkeit” [146] and the patent search prior to the application
of the patent “Progressives Auslenkungselement, Herstellungsverfahren dazu sowie Verwendung”
by the PVA Schleswig-Holstein.

The biggest advantage of the method is, that it is based on the pure structure of a material. This
allows several degrees of freedom in the design of such strain-stiffening materials and provides
several unique features. Generally, all materials that can deform elastically can be shaped to show

strain-stiffening. This includes biocompatible materials. As there is no further chemical modification
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Conclusion and perspective

of the material, a biocompatible material will stay biocompatible in the strain-stiffening geometry.
The effect is completely reversible. If a purely elastic material is used, the strain-stiffening effect is
completely speed independent. The method is not limited to a certain length scale so that it can in

principle be produced from the micrometer- to the meter-scale.

Three main future applications for the strain-stiffening structure were determined during the course

of this thesis. They are shortly described in the next sub-chapters.

5.2.1. Strain-stiffening structures in soft-robotics

Supported by the recent advances in the design of intelligent soft materials and flexible sensor and
actuator technologies, novel soft material robotic systems have been developed. These systems often
referred to as soft robots, are autonomous machines that majorly consist of soft materials. In seve-
ral cases, these materials have a stiffness that is comparable to that of soft biological tissues [154].
With the transition from rigid materials to soft materials, the design and modeling of robots have
changed. While in conventional rigid-link robots only a finite number of degrees of freedom can be
implemented, soft robots can have a virtually infinite number of degrees of freedom. Even though
this high dexterity might generally be desirable, controlled movement can only be realized if there
is a certain balance between compliance and internal kinematic constraints [155]. At this point
strain-stiffening structures become important. They can be used to allow full flexibility to a certain

degree of deformation and to act as constraint after further deformation.

Structures that show strain-stiffening in more than one direction might be desirable for the appli-
cation in soft robotics. Such structures could be constructed by a combination of the pillar arrays
from chapter 3 and the strain-stiffening structures presented in this thesis. In such structures the
function of the slats is taken over by the pillars and the function of the backbone is taken over by
the substrate below the pillars. Figure 5.1 shows several strategies to achieve layers with strain stiffe-
ning in different directions. Pillars with a square cross-section, shown in Figure 5.1A, represent the
simplest method of combining pillar structures and strain-stiffening structures. A similar amount
of stiffening should be observed by shearing the top-layer and the bottom-layer in the directions
perpendicular to the pillar surfaces. A slightly more complex structure, shown in Figure 5.1B, can
be obtained by using hexagonally arranged pillars with a triangular cross-section. In these samples,
the stiffening should occur in the three directions perpendicular to the pillar surfaces. Figure 5.1C
shows a very advanced method. Two samples with the same pillar arrangement are glued into each
other to achieve an arrangement of pillars that provides a high degree of stiffening in certain directions
and a low degree of stiffening in other directions. For these applications the possibility of producing
the samples in the micrometer range might offer high potential as thin layers with special properties

could be combined to increase the strain-stiffening effect.

The idea of using the strain-stiffening structures as parts of soft-robotic systems was included in a
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project proposal for the Prioritiy Programme “Soft Material Robotic Systems” funded by the DFG
(Deutsche Forschungsgemeinschaft), which was submitted in December 2017.

A B C {% =
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Figure 5.1: Structures with strain stiffening in more than one direction. The substrate on top of the pillars is
partially removed in the graphic to show the arrangement of pillars below. A: Sample with pillars with a square
cross-section. Stiffening can occur in the two directions perpendicular to the pillar surfaces by shearing the subs-
trate above and below the pillars. B: Sample with pillars with a triangular cross-section. Stiffening can occur in
the three directions perpendicular to the pillar surfaces. C: Structure with direction-dependent strain-stiffening.
Two identical structures with specially arranged hexagonal pillars (green and purple) are glued into each other.
The resulting arrangement provides directions where strong strain-stiffening is achieved (red arrows) whereas
other directions appear soft (black arrows).

5.2.2. Strain-stiffening structures as parts of orthoses

In our society orthopedic disorders become increasingly prevalent. This might be caused by an
increased average age and an increased life expectancy [156]. The result is a steadily increasing de-
mand for orthotic devices, especially by elderly adults [157]. Current applications of orthotic devices
range from bandages for the stabilization of joints after traumata or ligament ruptures to complex

individually manufactured orthoses, like corsets or leg orthoses.

As in many fields, also in the field of orthotics, there is a constant need for improvement. One
particular example that shows that need is the example of “genu recurvatum”. According to a study
by Portnoy et al. 40-68% of poststroke patients, who regain walking ability, experience a symptom
called genu recurvatum, a knee hyperextension, during the stance phase [158]. There are special
orthoses available that could prevent this symptom, but they are not widely used, because of don-

ning difficulties, unaesthetic appearance, and excessive weight perceived by the patient [158, 159].

Not only complex orthoses bear the danger that they might not be used due to such reasons. Even
simple bandages include hard components that might be uncomfortable and can lead to severe
pressure sores. An improvement of this situation is not only relevant for elderly patients, where the
skin is sensitive and heals slowly, but also for pediatric orthoses, where comfort and aesthetic reasons

play an important role.
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The strain-stiffening material developed and investigated in this thesis is completely produced from
flexible parts and thus might allow an improvement in the field of orthotics. Its ability to allow
for full flexibility and softness to a certain degree and to provide support due to the stiffening at
larger deformations, for example when carrying out a movement in the wrong direction, makes it

a promising solution.

Soft strain-stiffening structures might in the future replace hard components that limit the degree of
flexibility in conventional orthotic devices and could, therefore, be a part of lighter, easier to apply
and more comfortable to wear orthoses. Especially the possibility to use 3D printable materials allows

a very flexible design of orthotic devices with the strain-stiffening effect already included.

The idea of using the strain-stiffening structures as parts of orthoses was the basis of a project proposal
for the Proof of Concept Grant funded by the ERC (European Research Council). It was submitted
under the Acronym “STRAINSTIFF” and got accepted in May 2018.

5.2.3. Strain-stiffening structures as artificial blood vessels

In our aging society, not only an increase in demand for orthotics can be detected but also an increase
in demand for synthetic vascular grafts. This is caused by a worldwide increase in cardiovascular di-
seases [160]. Today s solutions, i.e. artificial blood vessels produced from polyethylene terephthalate
and expanded polytetrafluoroethylene, are mainly used as large-caliber replacements (diameter >6
mm). As soon as they are used for smaller caliber applications the rate of failure is high. One of the
main reasons for this failure is intima hyperplasia, an increase of blood vessel diameter, at the site of
the junction to the artery. The causes for this intima hyperplasia are amongst others at compliance
mismatch between the relatively rigid artificial vessel and the more elastic native vessel, and a lack of
endothelial cells on the walls of the artificial vessel [161, 162]. In a review by Sarkar et al. [162] several
characteristics are listed an ideal vascular graft should possess. These include mechanical strength
and compliance to withstand long-term hemodynamic stresses, non-toxicity, biocompatibility and
operative suturability. Especially the demand for compliance of mechanical properties between the
artificial blood vessel and the native blood vessel might be satisfied with solutions including the
strain-stiffening material, as studies have shown that arteries have a significant strain-stiffening that

is similar to the effect generated by my material [163, 164].

Figure 5.2 provides the sketch of a possible method of including strain-stiffening structures into an
artificial blood vessel. Several blocks with slats and backbones, the red structures in the sketch, can
be combined to form a tube. This tube shows, similar to a real blood vessel, strain stiffening upon
deformation in the radial direction. The blue structures in the sketch represent layers that might be
included to have a smooth inner and outer surface of the vessel. Especially a smooth inner surface
might allow an even blood flow. To allow an ingrowth of endothelial cells pores might be included

in the backbones and additional layers.
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If the vessels are made from silicone some other characteristics of an ideal vascular graft could be
matched. Silicones can be produced to be non-toxic and biocompatible [86]. Some silicones, like
Elastosil RT 625 provide an outstanding crack propagation resistance, which would provide the

desired good suturability. Hence, the results achieved in this thesis are a promising starting point

for further investigations in the field of synthetic vascular grafts.
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Figure 5.2: Sketch of the cross-section of a possible structure of an artificial blood vessel including strain-stiffe-
ning structures. It consists of a combination of several blocks of slats and backbones (red) and an additional layer
on the inside and on the outside of the structure to provide smooth surfaces (blue). The structure would show

strain-stiffening in radial direction.
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Figure 4.9A: The simulated demonstrator sample can be simplified by assuming four equal parts. Each part is
marked with a different color and number. B: The mechanical properties of the sample can be represented by a
series of two parallel arrangements of two springs. Each spring represents the stiffness of one part of the sample.
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Figure 4.10: The purple quarter-structure of the simulated demonstrator sample (A) can be treated as a combina-
tion of five parts (B). Each part is marked with a different color and number and can be represented by a spring.
The mechanical behavior of the entire quarter-structure can be described by that series of five springs. #, are the
corresponding spring constants. B
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Figure 4.8: Sketch of the demonstrator sample with backbone-thickness 4, number of slats NV, slat-length / slat-
width w, distance between slats 4, sample depth D, protrusion length p/p’and gap between sets of slats g.
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