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1. Introduction

Because it’s there.

Sir Edmund Hillary

‘Because it’s there’ was the answer of Sir Edmund Hillary to the question why he scaled

Everest. It might be also the answer to the question why mankind studies nature. Complet-

ing this statement with ‘and because nobody tried before’ describes parts of the motivation

why we decided to develop a tool to stretch adherent cells with light. With this thesis

I hope to contribute a bit to the understanding of the mechanical properties of cells and

supply a new technique for their investigation.

With a variety of origins, functions and shapes cells are the fundamental building blocks of

the majority of the living world. By clustering they can form all different kinds of creatures,

from algae to sequoia trees, from bacteria to elephants and from worms to human. A

human body consists of 1014 cells, each with specific properties necessary to fulfill its task.

Among other parameters, the mechanical properties are of great importance for control

and function of cells and subject of research in different fields of science. Besides biology,

they also caught the interest of architects [70], clinical researchers [73], and even physi-

cists [20]. In recent studies their mechanical properties have been linked to various kinds

of cancer [56,74] and diseases [20, 58,63].

Starting with the invention of the optical tweezers [4] and the AFM [6] in 1986, the way was

paved to characterize cells by physical properties beyond optical interactions. Due to their

physiological relevance, mechanical properties of cells are nowadays subject to an increasing

number of studies. Alone for the year 2017 ’Web of Science’ lists 14,787 new articles under
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1. Introduction

the topic ‘Cell Mechanic’.

Plenty approaches exist to measure mechanical properties of cells including micropipette

aspiration [16], stretching of cells between two plates [7, 76], AFM or similar techniques

[12,29,60,75], stretching of the substrate [30] or by micro needles [19] and cell poking [15]

experiments. All these techniques have two problems in common. Firstly, results of the

same sample type but acquired with different techniques differ up to several orders of mag-

nitude. Secondly, they all involve a probe that has to interact with the sample in contact,

leading to an adaption of the cells to the new environment and hence to biased values [23].

The fact that already fluorescent staining could lead to mechanical changes in cells, points

out the sensitivity of the system [43] and emphasizes the need for a contact free method

for probing the mechanical properties of cells without changing them.

In 2001 Jochen Guck was the first who approached this problem by using the force gen-

erated by photons when passing a transition between different refractive indices [25]. He

used a microfluidic channel where the cells flow by a system of two opposing optical fibers

connected to a laser of 1.3 W. If the laser is operated at low power outputs, cells are trapped

between the fibers due to the intensity gradient. By ramping up the laserpower, the cells

get elongated and this deformation is imaged from below with a microscope. Images are

taken and the cell is fitted by an ellipsis. The temporal evolution of the ratio of the half axis

serves as marker for deformation. Over the years many studies of mechanical properties of

cells were published using this setup [10,24,26,27,62]. Despite the success of this method,

one restriction stays present. In order to stretch the cells, they have to be singularly avail-

able in a suspended state. This excludes the majority of human cells that tend to grow in

clusters and on solid substrates. Till now, trypsin is used for this purpose that chemically

stimulates cells to detach. However, one has to keep in mind that this kind of drug can also

alter mechanical properties and that the properties of suspended, trypsinated phenotypes

can be completely different to their adherent counterpart.

To overcome these difficulties, we developed a technique capable of stretching cells with

laser light while adhered to a substrate. This is, to the best of our knowledge, the first

setup that is able to exert forces on cells on the order of hundreds of pico newtons and

measure their response without a probe while the cells are still in their favored environment

and state. We solved the challenges of the deformation detection parallel to the optical
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axis and the analysis of the data with proper models as well as their interpretation in a

biological and structural way.

In the first part of this work the theoretical framework for evaluation and interpretation is

presented. After a brief introduction into the biology and structure of cells, the physical

principles behind stretching with light are revealed. In order to describe the behavior of

cells during stretching, different models are introduced and discussed. To determine which

model fits the data best, the Akaike information criterion is explained together with meth-

ods to determine whether or not two statistical datasets are different.

The second chapter is dedicated to the applied measurement setup and routines. After

a brief review of the required specifications of the setup, the developed solutions for cell

height detection and stretching are presented. The most important points of cell prepara-

tion are followed by a detailed description of the measurement procedure. The chapter is

closed by a summary of the techniques used for data post processing and analysis.

In the ‘Results and Discussion’ chapter firstly the fitting of the derived models onto the

acquired datasets is analyzed in order to find the best fitting model. With the help of

this model the viscoelastic properties of the cells are analyzed and compared among the

different sample types. Due to ambiguities in data analysis, a second model is used that

confirms and consolidates the findings from the first model. Additionally, the empirically

motivated stretched exponential approach is used to characterize the temporal behavior of

the stretched cells, leading to complementary physical and biological insights. Comparing

the results to passive microrheology measurements (PMR) strongly indicates that the newly

developed method of optical stretching of adherent cells is more sensitive than the estab-

lished PMR method.

This thesis ends with a conclusion of the most important findings and an outlook giving a

hint of what is possible in future when adherent cells are stretched with laser light.
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2. Theory and Model Selection

In theory, theory and practice are the same. In practice, they are not.

Albert Einstein

Despite the fact that this is a work in experimental physics, it is absolutely necessary to have

a theoretical understanding of the processes governing sample behavior and experimental

setup. Most of the concepts used in this thesis have already been described somewhere in

literature. However, their identification, putting them together, setting them in context and

understanding their implication for measurement and interpretation is absolutely crucial for

convincing results.

Firstly, there will be an overview of the general nature of cells, especially of the used

3T3 fibroblasts together with the components governing the mechanical properties. In the

second part the relevant physical interactions of light with matter, leading to the stretching

forces, are introduced. The models used for analysis of the deformation are derived in

section 2.3. This section also includes a dissussion of the excitation function that describes

the stress introduced by the laser. Next, a more empirical model, the stretched exponential,

is discussed as a candidate to describe the deformation processes. In the last section of

this chapter different aspects of probability theory and its implication on measurements

and data interpretation are described. Section 2.5 starts with a concept to determine the

quality of the fit with the so called Akaike Information criterion, followed by the log-Normal

distribution function to clip statistical datasets and finally different measures of significance

are introduced.
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2. Theory and Model Selection

2.1. Biological Principles of Cells

As stated in the introduction, the goal of this thesis is to design, build, test and apply a

new measurement and evaluation technique to determine mechanical properties of adherent

cells. Although the focus lies on the side of the measurement technique, it is necessary to

have at least a fundamental idea of how the subjects under test, adherent cells in general

and 3T3 fibroblast in particular, work.

In the following, we firstly will have a brief look at the general constitution of cells before the

individual components that determine the mechanical properties of the cell are discussed

in more detail. Thereby the individual contribution of the single components to the overall

stiffness is assessed and the possibilities to deliberately target some of them, for example

by introducing drugs, is reviewed.

2.1.1. Cells in General

Life in general is based on the DNA and RNA molecular structures. These building blocks

of life have to be organized and protected in a way that they can withstand various envi-

ronmental conditions and fulfill their tasks. The variety of different lifeforms on earth is

simply a manifestation of different ways to encapsulate these valuable building plans of life.

Nowadays, biologists differentiate between three major forms of life, the archaea, bacterias

and eukaryotes. While the former two belong to the so called prokaryotes where DNA and

RNA is loosely organized and floating within the whole cell only encapsulated by a cell

membrane, the latter ones have an additional part, the so called nucleus, where the DNA

is tightly folded and restrained within a double layered membrane. The nucleus is a closed

compartment within the cell and is surrounded by the cytoplasm. The cytoplasm contains

the cytoskeleton and the cell organelles. The latter consists of ribosomes, the endoplasmic

reticulum, lysosomes, mitochondria and the Golgi apparatus and is mainly responsible for

the biochemical processes within the cell [3]. The cytoskeleton, as already hinted by the

name, is responsible for maintaining and adjusting the mechanical properties and keeps the

cell in shape. Clusters of eukaryotic cells form the common forms of life like fungi, plants

and animals.
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2.1. Biological Principles of Cells

Figure 2.1.: Endothelial cells with stained parts of the cytoskeleton: In this image
different parts of the cell are stained with fluorescent dyes for visibility.
The nucleus is marked in blue, actin is red and microtubules are stained
with a green dye. Intermediate filaments are not stained since they are
omnipresent in the cell and would cloak all other filaments. (anonym
(https://commons.wikimedia.org/wiki/File:FluorescentCells.jpg), ’Fluores-
centCells’, als gemeinfrei gekennzeichnet, Details auf Wikimedia Commons:
https://commons.wikimedia.org/wiki/Template:PD-US.)

3T3 Fibroblasts are cells originally obtained from Swiss albino mouse embryo tissue. Fi-

broblasts are primarily responsible for the production of the extracellular matrix and collagen.

Additionally, they play an important role in wound healing [82]. The cell line was established

in 1962 and serves as a standard cell line for fibroblasts [78].

2.1.2. Cytoskeleton

When investigating mechanical properties of cells, investigation of the cytoskeleton is most

important. It consists of three main components:

• Actin filaments

• Microtubules

• Intermediate filaments

Microtubules can be described as straight, stiff, long and hollow rods that are responsible

for the overall stability of the cell. They have a diameter of approximately 20-25 nm and a
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2. Theory and Model Selection

persistence length of several millimeters [18]. The so called MTOCs or microtubule orga-

nizing centers are located in the vicinity of the nucleus and appear to be the ’origin’ of the

microtubules. Originating from there, they are organized in a radial manner towards the

membrane of the cell. However, in contrast to the other kinds of cytoskeletal filaments,

they do not stretch as far as to the rim of the cell or even interact with the extracellular

matrix or other cells directly. Microtubules serve as the conveyor of cells and transport all

kinds of proteins withing the cells. Relying solely on diffusion processes, the supply with

important proteins on specific places within the cell would be too slow, so active transport

processes on the surface of the microtubules are applied.

Intermediate filaments or IF’s are semi flexible polymers with a diameter of approximately

8 nm to 12 nm. With a persistence length between 300 nm and 400 nm they are the most

flexible part of the cytoskeleton [41]. However, in cells they form various kinds of bundles,

induced by crosslinkers and ions, which increases their apparent persistence length up to

one millimeter. They help the cells to keep their general form and, due to interlinking with

each other, they are also responsible for holding various organelles in place. In the context

of mechanical properties IF’s are very interesting since they have ambivalent behavior. If

very high forces are acting, they can be plastically stretched up to three times their original

length, while for small forces they appear to be very flexible and can transfer mechanical

signals. This behavior was studied also at the Institute of Experimental Physics at Ulm uni-

versity a few years ago [42,46,57]. Even myself did some research in the early stage of my

PhD carrier on this system applying optical tweezers [51]. Although being very interesting

in many regards, these findings will not be addressed in detail in this thesis.

Actin filaments are the third kind of cytoskeletal filaments and only the F-actin (fila-

mentous actin) contributes to the cells’ stiffness. The building blocks, G-actin strands

(globular actin) assemble pairwise in a helical manner to form the F-actin filaments. In its

filamentous form the fibers have a length around 70 nm and a diameter between 5 nm and

9 nm [50]. Due to the fast assembly and disassembly of actin filaments, they are tightly

involved in the adaption of the cells’ shape due to changing environmental conditions and

are hence mainly responsible for migration and division. The most prominent example is

probably the interaction of actin with myosin that forms the bases of muscular activities.

Actin is predominantly present in the periphery of the cell and strongly participates at the
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2.1. Biological Principles of Cells

interlinking of the interior of the cell to the outer area. It is connected to the extracellular

matrix (ECM) by focal adhesions and to other cells by adherent junctions.

Latrunculin A is a drug that inhibits the polymerization of F-actin from G-actin. In nature

the sea sponge Negombata magnifica produces this toxin and it can be extracted from this

marine life form. In various studies [65, 72, 80, 85] it was shown that cells treated with la-

trunculin A show significantly different mechanical properties leading to an overall softening

compared to the non treated cells.

Summary

• In this thesis 3T3 fibroblast are used that are eukaryotic cells and mainly consist of

the nucleus, the cytoskeleton and the cytoplasm.

• The cytoskeleton mainly determines the mechanical properties of the cells and consists

of microtubules, actin and intermediate filaments.

• With latrunculin A, the actin polymerization can be inhibited, leading to an overall

softening of the cell.
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2. Theory and Model Selection

2.2. Theory of Stretching

In the year 2000, the first stretching experiment was reported by J.Guck et al. [26]. In

this initial setup Guck used two counterpropagating waves, guided to the sample by fiber

optics, and simple ray optics to describe the stress profiles on both sides of the cellmem-

brane [24, 25]. Figure 2.2 shows a sketch of an idealized cell, a cube with refractive index

n2 surrounded by a medium of refractive index n1. For the whole theory presented in the

following and for the experiments performed, it is mandatory that the refractive index of

the object under investigation is higher than the refractive index of the surrounding medium

(n2 >n1), otherwise the physics stay the same but the forces will point in opposites direc-

tions resulting in a squeezing of the object. This requirement is fulfilled for the chosen setup,

since the medium in which the cells are cultured, has a refractive index of approximately

n1 =1.33, Although, the refractive index within the cells is non-isotropic and additionally

varies between different celltypes [9], it is always higher than the refractive index of the

medium. For further calculations a value of nCell ≈ 1.38 is used which is well within the

range discussed in literature [11,61].

Figure 2.2.: Sketch of light passing a transparent cube: Light with momentum p1
is transmitted from a medium with refractive index n1 into a medium with
refractive index n2 having the shape of a cube. At the right side, the light
leaves the cube and enters again the first medium with n1. At each transition
a portion of light is reflected according to Fresnel’s law and absorbed according
to the imaginary part of the refractive index.
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2.2. Theory of Stretching

In general, the refractive index is defined as the speed of light in vacuum c0 divided by the

phase velocity vPhase, Medium in the medium:

n = c0

vPhase,Medium
(2.1)

With increasing refractive index the phase velocity of the wave decreases as does the wave-

length λ:

λ = λ0

n
(2.2)

In this context, λ0 is the wavelength of the light in vacuum. This stems from the fact that

the frequency of the wave f = v
λ
is constant for all refractive indices. In the next step this

implies that the energy of a photon E = h · f passing a transition in refractive index is

not changed. However, the momentum of a photon is linearly dependent on the refractive

index of the medium it travels in. The magnitude is given by

p = h

λ
= E · n

c
(2.3)

where h is Planck’s constant. At a refractive index transition a decent amount of light

is reflected in almost all cases. Thereby, the amount of reflected light is dependent on

the difference of the refractive index of the two materials, the angle of incidence on the

interface and the polarization of the wave. Reflectivity and transmitivity can be calculated

with Fresnel’s equations.

Coming back to the gedankenexperiment from figure 2.2 and taking equation 2.3 into

consideration, it is obvious that due to the higher refractive index of the idealized cell,

the light gains momentum while the energy stays unchanged. This change in momentum

has to be compensated by the cell in order to conserve momentum. Since the change in

momentum happens directly in the transition region at the cell’s membrane, this part of

the cell gains momentum in the opposite direction of the photon’s motion. The excerted

forces are also transmitted by the cytoskeleton into the inner region of the cell.

To calculate the total force acting on the cell we have to follow the path of light and

consider the amount and direction of transmitted and reflected photons at each transition

separately. The light with power P comes from the left and hits the cube. A small portion
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2. Theory and Model Selection

is reflected (with the reflectivity R of the transition) and the rest gains momentum as it

enters the cube. Therefore, a force Ffront acts on the sidewall against the direction of the

light:

Ffront = [n1 − (1−R)n2 + 2 ·Rn1] · P
c

(2.4)

The first part with n1 − (1− R)n2 accounts for the transmitted part while 2 · Rn1 is the

contribution from the reflected photons. The light passes the idealized cell undisturbed

untill it encounters the second transition, where it leaves the cell. Similar considerations

as above lead to the force Fback at the back side, however it has to be kept in mind that

already a portion R has not even entered the cell and hence the number of photons is

reduced. The force acting on the backside of the cell then reads as

Fback = [n2 − (1−R)n1 + 2 ·Rn2] (1−R) · P
c
. (2.5)

The net total force Ftotal acting on the cell is the difference between Fback and Ffront and

points into the direction of the beam. It is a result of the non vanishing reflectance of

the cell and the compensation for the momentum transfer of the reflected photons on the

two interfaces. In the classical stretcher setup for suspended cells as described by Guck et

al. [26], a second beam counterpropagating the first one is included. This leads not only

to a doubling of the stretching forces, but also balances the stretching force on both sides

of the cell and leads to a vanishing total force. For the classical setup, this is absolutely

mandatory since the cells float freely in a microfluidic channel. For stretching the flow is

stopped and low laser powers, in the order of tens of milliwatts, are applied to trap a cell in

the middle of the channel. Now, the stretching procedure starts by ramping up the power of

the two beams. It has to be ensured by careful alignment, that the cell is neither displaced

with respect to the middle of the channel nor starts rotating due to torque induced by a

non-symmetrical distribution of power within one beam.

In the case of an adherent stretcher, the physical considerations stay the same. However,

sticking with the simple picture of figure 2.2, the left side of the cell will be fixed to a

substrate. Due to the high stiffness of the substrate compared to the cell it can be assumed

that the transferred momentum on the glass-cell interface will not lead to any deformation

of the cell due to the strong attachment. In addition, the unbalanced forces will also

12



2.2. Theory of Stretching

lead to no net displacement of the cell. In the experimental part there will be a detailed

discussion on the phenomenon of an observed substrate deformation but this is omitted in

the theoretical discussion here (see chapter 4.6). Therefore, in all following calculations

only the momentum transfer on the second transition is taken into account.

In a classical approach the ratio of intensity that is reflected on a transition with a certain

angle of incidence and refractive index difference is generally given by Fresnel’s formulas and

is dependent on the polarization of the light. As a rule of thumb, the higher the difference

in refractive index, the higher is the reflected intensity.

R = 1
2 ·

n1 cosα− n2

√
1−

(
n1
n2

sinα
)2

n1 cosα + n2

√
1−

(
n1
n2

sinα
)2


2

+ 1
2 ·

n1

√
1−

(
n1
n2

sinα
)2
− n2 cosα

n1

√
1−

(
n1
n2

sinα
)2

+ n2 cosα


2

(2.6)

In the case of our simplified cubic cell with an angle of incident of α = 0 Fresnels’ formulas

simplify to

R =
(
n1 − n2

n1 + n2

)2
. (2.7)

To get an idea of the magnitude of the force, the optical power interfering with the sample is

assumed to be 2W, the refractive index of water (the outside of the cell) is set to n1 = 1.33

and the refractive index of the inner part of the cell is assumed to have an isotropic value

of n2 = 1.38. These values lead to a reflectivity of R = 0.00034. Hence, the force on the

backside is Fback = 329 pN. As stated above, all other forces are neglected and the simple

picture is used. In literature, especially in the papers of Guck et al., more elaborated models

including slightly divergent Gaussian beams and an idealized round shape of the cell have

been investigated. In summary the round shape leads to a smaller force since the angle of

incidence is smaller and favors reflection. This is partly compensated by the Gaussian shape

of the beam. Since more light encounters the cell in the middle compared to a plane wave,

the overall reflection on a spherical object is reduced. The divergence of the beam leads to

a non vanishing amount of light passing the cell unrefracted at the side, effectively causing

a lower total power and a slightly changed stressprofile in terms of direction. However, it

turns out that for angles α < 10◦ the deviation according to equation 2.6 with the given

refractive indices is smaller than 0.1%. Since the shape of adherent cells reminds on a fried

egg, the angles of incidence stay small and this approximation is valid for almost all rays.
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2. Theory and Model Selection

In order to bring the range of possible forces into context, it can be compared to other

techniques commonly used in biophysics. As a well established technique the atomic force

microscope is widely used in cell mechanics and force spectroscopy. The forces used to

analyze cells reach from the low nN regime up to several tens of nN. With the optical

trap forces in the range of 0.1 pN up to several tens of pN are possible. Hence the optical

stretcher bridges the gap between tens of pN and some nN which is not easily accessible

by other means.

An additional point that highlights the potential of optical stretching is the fact that it

is completely contact free. Applying the techniques describes above, a probe has to be

used that interacts with the sample. This implies that both, measurement and detection

of the response, are strongly localized. The force distribution of an optical stretcher is

quite smooth and for the case of an adherent, flat cell almost homogenous (neglecting

the Gaussian beam profile). This is in contrast to the locally applied force in an optical

tweezers setup where beads are linked to the objects under test and caught with a highly

focused laser [51]. It has to be stated that up to the year 2000 no contact free method to

investigate the mechanical properties of cells was known. Moreover, it apparently took 18

more years to build the first setup that is also able to measure adherent cells contact free.

To get an idea about the strain that can be achieved with the optical stretcher, a brief

back of the envelope calculation is done. For the elasticity of the cell a Young’s modulus

of E = 100 N
m2 is assumed. With a force of Fback = 329 pN and an area of A = 100µm2

the stress is σ = Fback
A

= 3.3 N
m2 . With an assumed cell height of L = 5µm the stretching

is ∆L = L σ
E

= 165 nm. This simple calculation underestimates the real strain since a cell

is not a purely elastic body but has to be described as a viscoelastic material (see section

2.3.2 and 2.3.3).

Comparing these values and also the calculated and measured values in the following sections

with already published results for different cell types, the fundamental problem of measuring

viscoelastic, biological materials has to be considered. Plenty of studies have shown that

the absolute values of stiffness, viscosity, shear- and compression moduli determined with

different instrumentation can not be compared among each other. This is due to the

different physical interaction of the measurement device with the sample and the different

parts of the sample being probed. A very illustrative example for this has been observed
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2.2. Theory of Stretching

within various measurement techniques of the AFM. There is a discrepancy in the measured

stiffness, if a sharp tip poking the cell at many positions is used compared to the case that

a round bead with a diameter of up to 10µm is attached to the cantilever, gently touching

the surface of the cell. What can be observed within one method is even more pronounced

among competing methods since an alteration of the properties of the measured sample by

the probe itself can not be excluded. However, using one method to compare the physical

properties of various samples among each other is possible, since then, interactions and

alterations are the same. If care is taken even the quantitative results, simply speaking

sample A is stiffer than sample B, can be obtained from different measurement methods.

Summary

• The physics of stretching is determined by the gain and loss of momentum from

photons passing a transition of refractive index.

• The total stress is determined by the laser power, the reflectivity of the sample,

the shape of the cell and the difference in the refractive index between the cell and

medium.

• Due to heterogeneity, the unknown exact shape of each individual cell and the spatial

distribution of the refractive index within the cell, the absolute value of the stress

cannot be determined.
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2. Theory and Model Selection

2.3. Theoretical Principles and Examples of

Viscoelastic Models

For more than 100 years physicists and engineers are modeling the behavior of elastic bodies

with different theoretical approaches. Probably the best known model for a purely linear

elastic body is the so called Hook’s law [31]. In the following, a theoretical framework of

the elastic theory is briefly reviewed and special attention is paid to the construction of

various viscoelastic models from elementary building blocks like spring and dashpot.

2.3.1. Theoretical Framework of Elasticity

Although, in the following discussion cells are not considered as purely elastic bodies, it

is beneficial to briefly review the mechanics of elastic bodies under stress. This part of

the chapter follows the book from Landau and Lifschitz [40] and will pave the way for

further analysis of more complex models. Apart from this, the simple elastic body with

carefully defined forces is the only situation that can be described fully analytically without

any approximations.

If a point x in an elastic body is displaced towards an other point x’ , this can be described

with the displacement vector ui = x′i−xi where the index i runs through all three Cartesian

components of the vector. If applicable the Einstein sum convention is used within this

section and all directions are considered equivalent. Consequently, two neighboring points

have a distance vector of dx′i = dxi + dui after deformation. Hence the displacement is

dl′2i = dx′2i = (dxi + dui)2 (2.8)

with the substitution dui = (∂ui/∂xk) dxk the change in distance becomes

dl′2 = dl2 + 2uik dxi dxk (2.9)

with the so called strain tensor uik. Assuming small deformations, this tensor reads

uik = 1
2

(
∂ui
∂xk

+ ∂uk
∂xi

)
. (2.10)
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It can be easily shown that a change in volume V is given as the sum of the diagonal

elements of the stress tensor:

dV ′ = dV (1 + uii) (2.11)

The cause of a change in position of the points in an elastic body is a resulting force that

can be described as the sum of all individual forces acting on a volume element dV

Fres =
∫
F dV. (2.12)

On the other hand, the force F acts on the surface of the volume element and hence can

be calculated as a surface integral. Vector analysis demands that such a function F has

to be the divergence of a vector. Since the force itself is already a vector, the generating

function has to be a tensor of the second order

∫
Fi dV =

∫ ∂σik
∂xk

dV =
∮
σik dfk (2.13)

with dfk describing the components of the surface element. The tensor of the second order

σ is the so called stress tensor.

For the sake of completeness the torque generated by a force is also given and reads

Mik =
∫

(Fixk − Fkxi)dV =
∮

(σilxk − σklxi) dfl. (2.14)

2.3.2. Basic Viscoelastic Models

After the case of a totally elastic body was covered in section 2.3.1, this section goes one

step back in mathematical complexity and approximates this body as a perfect spring with

an unidirectional load, reducing the Hook tensor to only one dimension. In addition to that,

a second element, a so called damper or dashpot, that models the properties of a perfect

viscous medium is introduced. Although this approach seems to be a simplification of the

situation, one has to take care that the implicit assumptions of this model are met. For

example it is only valid for a point-like force acting on an isolated system, the spring or

dashpot. As in many cases in physics, we have to sacrifice generality and rigorousity in

order to be able to determine a computable model.
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2. Theory and Model Selection

In a second step these two elements will be combined to a so called Maxwell element if

they are put behind each other and to a Kelvin-Voigt element if they are aligned parallel.

To model the time dependent behavior of the material, the quantities strain ε and stress σ

are introduced as functions of time. For the stress function σ a rectangular pulse of unity

height represented by 2 Heaviside functions θ is chosen for simplicity as

σ = σ0[θ(t− tstart)− θ(t− tend)− 1]− σ0, (2.15)

if not stated different. The times tstart and tend are chosen for representation in this section

to be 1 s and 3 s respectively and σ0 is set to 1. To stick to the experimental condition

where the stress is induced to the cell by the laser and the strain or excitation is measured,

this configuration will be also used to discuss different models, i.e. the formulas are solved

for the strain ε(t). The notation and formulation of differential equations follows [21,69,77]

and for the solution an exponential ansatz is chosen. For all values no units are given in

the following since only the qualitative behavior of the models should be discussed. The

challenge of converting these arbitrary parameters from the fit into physical units is covered

in a later section (see 2.3.4).

Simple Spring

For a simple spring the so called Hook’s law is used in its one dimensional case. This means

that the force needed for or resulting from deformation is proportional to the change in

length. The constant of proportionality is called the spring constant E and has the unit

N/m. In general, stress and strain are tensors of the second order while the elastic tensor

C that is the most general representation of E is of the fourth order.

In terms of stress and strain the simplified, one dimensional, Hook’s law can be written as

σ = F

A
= E · ε. (2.16)

Hence the stress is the force F per area A and also equals the spring constant E times the

strain ε. Since no time dependence is given in the equation, changes in length as reaction

to a given stress happen instantaneously. In figure 2.3 the characteristic behavior of a
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2.3. Theoretical Principles and Examples of Viscoelastic Models

Figure 2.3.: Response of a simple spring to a rectangular pulse in strain: The
behavior of a simple elastic element to a rectangular function in the stress
(σ in orange) is shown. The amplitude of the strain ε is dependent on the
spring constant E. The higher the spring constant, the smaller the excitation.
In addition there is only a direct response of the system and no delay in time
can be observed

spring to a rectangular function in stress is shown. The stress function in orange produces

a similar shaped response in strain. Depending on the value of the spring constant, the

system is deformed more or less. For increasing spring constants, the elongation decreases.

If several elastic elements are combined in a sequential way, the stress is the same for all

elements and the total strain is the sum of all individual stains. The distribution of strain

among the elements is governed by their elastic modulus. The resulting modulus can be

calculated for n elements as 1
Etotal

=
n∑
i=1

1
Ei
. If they are aligned in a parallel manner, the

stress is distributed according to the stiffness and the strain is the same in each element.

The resulting spring constant can then be calculated as the sum of the individual spring

constants Etotal =
n∑
i=1

Ei.

Simple Viscous Element

The second basic element in viscoelasticity is the viscous element or dashpot. This repre-

sents the property of a purely viscous fluid and is given in units of Pa · s. For the viscous

element the stress is not governed by the absolute value of the strain but is linearly depen-

dent on the change of the strain in time. The proportionality constant is called viscosity η
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2. Theory and Model Selection

Figure 2.4.: Response of a simple dashpot to a rectangular pulse in stress: The
behavior of a simple viscous element to a rectangular pulse function in the
stress (σ(t) in orange) is shown. The linear increase of the strain ε is linearly
dependent on the viscosity η. The higher the viscosity, the flatter the slope.

and as the term viscosity already states, it is the resistance of a liquid to displacements:

σ = η · dεdt = η · ε̇ (2.17)

As a consequence this element has a time dependent part in it and to solve for the strain

at a given stress, a differential equation ε̇ = σ
η
has to be solved. This can be done by a

simple integration. The result is shown in figure 2.4.

The higher the viscosity, the slower the strain increases. However, the viscosity makes no

restrictions to the maximal amount of stretching since the strain would increase into infinity

if the strain is not turned off. As soon as the stress vanishes, the strain stays constant at

its current value. Therefore the dashpot is responsible for the time dependent behavior of

a viscoelastic system.

In the next section the two elements of dashpot and spring will be combined to a more

realistic model. It can be already seen from the two single elements that the spring with its

instantaneous response will govern the short term, whereas the dashpot will have a strong

influence on the long term behavior.
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2.3. Theoretical Principles and Examples of Viscoelastic Models

Figure 2.5.: Response of a Maxwell element to a rectangular pulse in stress: The
behavior of a Maxwell element with different parameters for spring and dashpot
to a rectangular pulse function in the stress (σ(t) in orange) is shown. The
height of the initial step is governed by the stiffness of the spring and the
slope for constant stress is dependent on the viscosity. On the right hand
side the schematic of a Maxwell element is shown together with the important
parameters.

Maxwell Element

After the two basic elements of viscoelasticity have been introduced in the last two sections,

a serial combination of the two elements is described here. An elastic and a viscous element

in a row are called Maxwell element. On the right hand side of figure 2.5 a schematic with

all important parameters is shown. The total excitation ε is the sum of the strain over the

spring εE and the strain over the dashpot εη and hence given by ε = εE + εη. The stress is

the same over both elements and hence equal to the total stress σ = σE = ση. In order to

get a relation between both elements, the equations for spring (2.16) and dashpot (2.17)

are applied. To link them together the temporal derivative of the strain ε̇ = ˙εE + ε̇η is

taken. This leads to

ε̇ = σ̇

E
+ σ

η
. (2.18)

This is the differential equation of a Maxwell element. Although its outer form seems to be

simple, the key lies in the stress function σ. In general the temporal behavior for ε has to

be found numerically. However in the special case of the rectangular pulse function (2.15)
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2. Theory and Model Selection

Figure 2.6.: Response of a Kelvin-Voigt element to a rectangular pulse in stress:
The behavior of a Kelvin-Voigt element with different parameters for spring and
dashpot to a rectangular pulse function in the stress (σ(t) in orange) is shown.
The maximum amount if strain is governed by the elastic constant whereas
the temporal behavior is influenced by viscosity. On the right hand side the
schematic of a Kelvin-Voigt element is shown together with the important
parameters.

an analytical solution can be given:

ε(t) = σ0

E · η
· [θ(t− tstart)(E(t− tstart) + η)− θ(t− tend)(E(t− tend) + η)] (2.19)

This behavior is simply a superposition of the two single elements. Recalling the used

relation ε = εE + εη this is not surprising. The spring constant governs the short term

behavior with ε = σ0/E. The long term behavior on the other side is governed by the

dashpot. In a simplified picture this is equivalent to a constant movement of the plunger

with a strainrate of ε̇ = σ0/η. Due to non reversible deformation in the dashpot, a final

displacement after release of the stress is maintained and solely dependent on the viscosity.

Kelvin-Voigt Element

The second opportunity to combine a spring and a dashpot is to align them parallel (right

hand side of figure 2.6). This is called Kelvin-Voigt element and is the easiest, non linear
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2.3. Theoretical Principles and Examples of Viscoelastic Models

model in viscoelasticity. As in the previous section, a differential equation for this case

can be derived if the material equations of the individual elements are combined according

to the distribution of stress and strain. In contrast to the Maxwell element, for a parallel

arrangement of spring and dashpot the excitation is equal in both parts: ε = εE = εη.

However, the total stress σ is distributed over both elements and reads σ = σE + ση. The

material equations obviously stay the same and can be rearranged to σE = εE · E and

ση = ε̇η · η respectively. Summing up the stresses and using the equality of all strains, the

differential equation is given by

σ = E · εE + η · ε̇η = E · ε+ η · ε̇. (2.20)

In order to solve this inhomogeneous differential equation of the first order, an exponential

ansatz is chosen. Together with the rectangular pulse function in strain, the solution is

analytically derived to be

ε(t) = σ0 · e−
Et
η

E
· θ(t−tstart)

[
θ(t− tend)

(
e
Etend
η − e

Et
η

)
− θ(t− tend)

(
e
Etstart

η − e
Et
η

)]
.

(2.21)

The integration constant has been chosen such that the offset at t=1 is 0. From figure 2.6

the influence of the two parameters can be deduced. The spring constant E is responsible for

the long term behavior. For a constant stress lasting infinitely long, the strain approaches

a constant value ε = σ
E

since the stress then completely acts on the elastic element. For

the equilibrium position after releasing the stress, the same considerations are true. The

temporal behavior of the system is governed by the viscosity. The lower the viscosity the

faster the equilibrium is reached if the spring constant is kept constant. In general it can

be seen that the higher the ratio of η
E

the flatter is the slope of the excitation.

For the following section the important insight is that the elastic constant governs the long

term excitations whereas the viscosity is responsible for the short term behavior and the

slope if the strain.
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2.3.3. Complex Viscoelastic Models

In contrast to the models consisting of two elements from the last section, more complex

models with three or more single elements are discussed here. The three parameter models

consist either of a Kelvin-Voigt element with a spring or a dashpot in series or of a Maxwell

element with one of the single elements in parallel. These 4 models cover all non trivial

cases of three parts since for all other arrangements at least two elements can be contracted

to one by calculation of an effective spring constant or viscosity.

A very common Model consisting of 4 parameters is also presented here. It is known in

the field of viscoelasticity under the names ’4 Parameter Model’, ’Simple Solid Model’ or

’Burger Model’.

Model A

For this model, a Maxwell element and a spring are arranged in parallel as shown in figure

2.7. As already mentioned at the description of the Kelvin-Voigt model, the excitations in

the parallel parts are equal and the stress is split up. This implies that the stress in the

Maxwell element σM, which is the same for spring and dashpot, is added to the stress on

the parallel spring σE1and results in the total stress σT = σM + σE1 . For the strain in the

Maxwell element εM = εE2 + εη holds true and is equal to the strain in the parallel spring

εE1 .

Figure 2.7.: Schematic of the three parameter model A:Model A consists of a Maxwell
element with a spring E2 and a dashpot of viscosity η as well as an additional
spring E1 in parallel.

Since this is the first model with three parameters, the process of finding the differential

equation will be given in detail. Plugging in everything that is known, the total stress can
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2.3. Theoretical Principles and Examples of Viscoelastic Models

Figure 2.8.: Response of the three parameter model A to a rectangular pulse in
stress: The behavior of the viscoelastic three parameter model A with different
parameters for spring and dashpot to a rectangular pulse function in the stress
(σ(t) in orange) is shown.

be given as

σ = ση + ε · E1 (2.22)

with ση = η · ε̇E1 and ε̇E1 = ε̇− ε̇E2 . The stress in the damper of the Maxwell element can

be expressed in terms of the two strains as

ση = η · (ε̇− ε̇E2). (2.23)

Now, the only remaining unknown parameter is ε̇E2 . This can be expressed as

ε̇E2 = σ̇E2

E2
= σ̇ − σ̇E1

E2
= σ̇

E2 −
ε̇ · E1

E2 . (2.24)

Taking equation 2.22 and plugging in everything that has been deduced before together

with some rearrangements leads to the differential equation for the stress in Model A. It

can be solely expressed in terms of material constants and the total strain:

σ̇ + E2

η
· σ = (E1 + E2) · ε̇+ E1 · E2

η
· η (2.25)
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This inhomogeneous differential equation of the first order is solved by an exponential

ansatz. The integration constant is determined by demanding a vanishing strain for times

t < 1:

ε(t) = − 1
E1(E1 + E2) · e

− E1E2t
η(E1+E2) · σ0

[
θ(t− tend)

(
(E1 + E2)e

E1E2t
η(E1+E2) − E2e

tendE1E2
η(E1+E2)

)
−

θ(t− tstart)
(

(E1 + E2)e
E1E2t

η(E1+E2) − E2e
tstartE1E2
η(E1+E2)

) ]
(2.26)

In figure 2.8 equation 2.26 is plotted for different combinations of E1, E2 and η. The rough

form of the displacement function is the same for all parameter combinations: A step at the

onset of the stress followed by a creep behavior towards a maximal value. After releasing

the stress, the same processes happen in an inverse way, the displacement drops instantly

by a decent amount and creeps back to zero for long times. This is quite intuitive, since

the parallel spring E1 forces the whole system back to the initial state.

The steps in ε directly after the onset and release of the stress have the same magnitude

and are determined by the two elastic elements. From equation 2.26 and the two curves

with the parameters (E1 = 1, E2 = 3, η = 0.4) and (E1 = 3, E2 = 1, η = 0.4) in figure

2.8, it can be seen that the height of the jump is only dependent on the combination of E1

and E2.

The maximal strain is determined by the elastic element E2. The viscous damper η is

responsible for the time needed to reach the maximal strain. For higher viscosity the final

value is approached slower than for lower ones as can be seen from the first two strain

curves where only the viscosity is varied.

Model B

The second three parameter model is a combination of a Kelvin-Voigt model with an

additional spring in series. The derivation of the differential equation is similar to the one

explained in detail for model A. The total strain is given as a combination of the strain in

the Kelvin-Voigt element and the strain in the additional spring whereas the stress is the
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2.3. Theoretical Principles and Examples of Viscoelastic Models

Figure 2.9.: Schematic of the three parameter model B: Model B consists of a Kelvin-
Voigt element with spring E1, dashpot of viscosity η and an additional spring
E2 in series.

same in both parts of the model:

ε = εKV + εE2 and σ = σE2 = σE1 + ση (2.27)

With the help of the material equations 2.16 and 2.17 the indexed quantities can be ex-

pressed in terms of total stress and strain. This leads to the differential equation

σ̇
E1 + E2

η
· σ = E2 · ε̇+ E1 · E2

η
· ε (2.28)

As in the previous model this is an inhomogeneous differential equation of the first order in

ε. With the stress function σ from equation 2.15 the solution is given by

ε(t) = σ0

E1 · E2
· e−

E1t
η

[
θ(t− tstart)

(
(E1 + E2)e

E1t
η − E2 e

E1tstart
η

)
−θ(t− tend)

(
(E1 + E2)e

E1t
η − E2 e

E1tend
η

)]
. (2.29)

As expected, the solution is a combination of exponential functions given for the different

regimes of stretching and releasing by the Heaviside step function. For simplicity, the

integration constants have been chosen in a way that the excitation is zero for times smaller

than 1.

Similar to the influence of the viscosity on the temporal evolution of the strain. The higher

the viscosity, the slower the approach to the long term equilibrium value. In figure 2.10 this

can be seen from the first two strain curves that differ only in their viscosity. For the model

with a viscosity of 0.2, the equilibrium value is reached quite fast what implies a higher

slope in contrast to the curve with a viscosity of 1 that is much flatter. For the release of
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2. Theory and Model Selection

Figure 2.10.: Response of the three parameter model B to a rectangular pulse
in stress: The behavior of the viscoelastic three parameter model B with
different parameters for spring and dashpot to a rectangular pulse function in
the stress (σ(t) in orange) is shown.

the stress the same is true, the element with the higher viscosity needs a longer time to

come back to its initial position.

In contrast to model A where the step at the onset of the excitation or relaxation is

dependent on both elastic constants, in this case it is solely determined by the single spring

in series to the Kelvin-Voigt element.This is demonstrated by the last two curves that have

springs with an elastic constant of 2 and 5 but at interchanged positions. From equation

2.28 it can be seen that the time independent term is not symmetric in E1 and E2. The

step at the onset of the stress has the same height as for the release, if the system is in an

equilibrium state before turning the stress off.

Model C

The next model is a combination of a Kelvin Voigt element with spring E and dashpot η1

that is followed by an additional dashpot η2. The distribution of stress and strain under

load is similar to Model B and can be noted as

ε = εKV + εη2 and σ = ση2 = σE + ση1 (2.30)
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Figure 2.11.: Schematic of the three parameter model C:Model C consists of a Kelvin-
Voigt element with spring E dashpot η1 and an additional dashpot η2 in series.

In order to formulate a differential equation for the temporal behavior of the strain at a

given stress function, it is necessary to replace the indexed values in stress and stain by

material constants and derivatives of global stress and strain functions. This leads to an

inhomogeneous differential equation for the strain of the second order

σ̇ + E

η1 + η2
· σ = η1η2

η1 + η2
· ε̈+ Eη2

η1 + η2
· ε̇ (2.31)

It should be noted, that in contrast to the models presented so far, this is the first one

with two viscous elements. Therefore it is also the first one with a second derivative of the

strain. However, since only derivatives of ε are involved, for a first step the equation can

be integrated and then solved with an exponential ansatz. The solution is given as:

ε(t) = σ0

Eη1η2
·
[
η1 σ0 θ(t− tend)

(
η2

(
e
−E (t−tend)

η1 − 1
)
− E (t− tend)

)
+η1 σ0 θ(t− tend)e−

E t
η1

(
e
E t
η1 (E (t− tend) + η2)− η2 e

Etstart
η1

)]
. (2.32)

As before, the solution is given without the integration constants for simplicity. In figure

2.12 equation 2.32 is plotted for four different combinations of parameters. For each curve

only one parameter is changed so that their influence on the behavior can be seen. As a

general property of this model, the dashpot in series with the Kelvin-Voigt elements lead

to a creep behavior for longer times. This can be seen in all curves for times t > 2 where

the displacement increases linearly with time and the slope is governed by η2. A good

illustration is the difference of the first two strain curves in figure 2.12. Additionally, this

element leads to a non vanishing displacement after release of the stress even for long times.

The spring in the Kelvin Voigt element determines short term behavior of the function and
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Figure 2.12.: Response of the three parameter model C to a rectangular pulse in
stress:The behavior of the viscoelastic three parameter model C with different
parameters for spring and dashpot to a rectangular pulse function in the stress
(σ(t) in orange) is shown.

governs the displacement from which the linear creep starts. This can be seen nicely as

the difference between the curves two and three where the viscosities are kept constant

and only E is changed. The dashpot in the Kelvin-Voigt element is also responsible for the

evolution of the curves for short times. It defines how fast the spring is expanded and hence

how long it takes until the purely linear creep from dashpot two sets in. The curves three

and four only differ in the viscosity. With a lower value of η1, curve three approaches the

linear region faster than curve four with a doubled viscosity.

For the release of the stress the same arguments hold true, except that there will be no

linear creep for long times and the curves totally flatten out with a remaining offset.

Model D

As the last possible, non trivial combination of three elements, model D is presented in

figure 2.13. It consists of a Maxwell element and a parallel dashpot. As before, the stress is

distributed over the Maxwell element and the dashpot according to the values of the single

elements. The total strain equals the strain over the dashpot η2 and over the complete
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Figure 2.13.: Schematic of the three parameter model D: Model D consists of a
Maxwell element with spring E, dashpot η1 and an additional dashpot η2 in
parallel.

Maxwell element

σ = σM + ση2 and ε = εη2 = εM = εE + εη1 . (2.33)

As seen in Model C, the replacement of the individual stresses and strains by the material

constants leads to a differential equation of the second order in ε without a zero order term.

The same procedure as for Model C leads to the following equation

σ̇ + E

η1
· σ = η2 · ε̈+ η1 + η2

η1
E · ε̇ (2.34)

For solving the equation, an exponential ansatz together with previous integration is chosen

and lead to:

ε(t) = 1
η2(η1 + η2)

η2θ(t− tstart)

t− E(η1 + η2) + η2
1

(
e
−E(t−tstart)(η1+η2)

η1η2 − 1
)

E(η1 + η2)


− η2

E(η1 + η2) · θ(t− tend)e
−E(t−tend)(η1+η2)

η1η2(
e
E(t−tend)(η1+η2)

η1η2
(
E(t− tend)(η1 + η2) + η2

1

)
− η2

1

)]
(2.35)

The strain function ε(t) from equation 2.35 is plotted in figure 2.14 for four different sets

of parameters. From one curve to another, only one parameter is changed so that the

influence of each can be traced. As in the previous model, the strain does not vanish after

release of the stress (t > 3). This is caused by the two dashpots in the parallel parts of

the element. From scheme 2.13 it can already be guessed, that the combination of η1 and

η2 governs this behavior. The latter is confirmed by the the first two curves where both
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Figure 2.14.: Response of the three parameter model D to a rectangular pulse
in stress: The behavior of the viscoelastic three parameter model D with
different parameters for spring and dashpot to a rectangular pulse function in
stress (σ(t) in orange) is shown.

viscosities are equal and so is the remaining displacement, whereas in all other cases one

changed parameter leads to a different value.

The same argument is true for describing the constant slope for times larger than 2. Since

there is no isolated spring in the system, no step at the onset of the motion can be seen.

Thus, the short term behavior is governed by the combination of the spring and the dashpot

η2. In figure 2.14 this can be seen from the difference of the first three curves compared

to the last one, where a quadrupling of the viscosity leads to a significant change in slope

but a doubling only in the spring constant has a minor effect for short term behavior.

4-Parameter Model

After all non trivial combinations of three elements have been described, the next and last

model is a system consisting of four single elements. The most famous one is a Kelvin-

Voigt element followed by a Maxwell part as shown in figure 2.15. This model is called ’4

Parameter Model’ or ’Burgers Model’. In the polymer community it is also known as the

’Simple Solid Model’ and has been applied for various materials and scenarios. The total

strain is the sum of the individual strains in the Maxwell elements εE1 and εη1 and the strain
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2.3. Theoretical Principles and Examples of Viscoelastic Models

Figure 2.15.: Schematic of the 4 parameter model: The 4 parameter model consists
of a Maxwell element with spring E1, dashpot η1 followed by a Kelvin-Voigt
model with spring E2 and dashpot η2.

of the Kelvin-Voigt part εKV. The stress is the same for the single elements of the Maxwell

part (σE1 ,ση1) and the Kelvin-Voigt Element as a whole (εKV). This reads as follows:

σ = σE1 = ση1 = σKV = σE2 + ση2 and ε = εE1 + εη1 + εKV (2.36)

By substituting the equations for the individual elements into the total strain relation, one

ends up with the differential equation for the 4 parameter model.

σ̈ +
(
E1

η1
+ E1 + E2

η2

)
· σ̇ + E1 · E2

η1 · η2
· σ = E1 · ε̈+ E1 · E2

η2
· ε̇ (2.37)

This differential equation is of the second order in ε and σ and is solved with the exponential

ansatz and a rectangular pulse function in stress. This leads to

ε(t) = σ0 θ(t− tstart)
E1

− σ0 θ(t− tend)
E1

+

σ0

E2η1η2
·
[
η2θ(t− tend)

(
η1

(
e
−E2(t−tend)

η2 − 1
)
− E2(t− tend)

)
η2e
−E2t

η2 θ(t− tstart)
(

(E2(t− tstart) + η1)e
E2t
η2 − η1e

E2tstart
η2

)]
. (2.38)

The solution is plotted in figure 2.16 for different values of the individual elements. A very

obvious observation is that the dashpot η1 is responsible for the continuous creep at longer

times (starting in figure 2.16 at approximately 2 seconds) and also determines the remaining

elongation after the release of the stress. The higher the stress and the longer it is applied,

the higher the remaining strain is. The spring E1 determines the instant response to a

change in stress. This is manifested as a step at one and three seconds that is proportional
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2. Theory and Model Selection

Figure 2.16.: Response of the 4 parameter model to a rectangular pulse in stress:
The behavior of the viscoelastic 4 parameter model with different parameters
for spring and dashpot to a rectangular pulse function in the stress (σ(t) in
orange) is shown.

to the stiffness of the spring. The combination of the spring E2 and the dashpot η2 in the

Kelvin-Voigt element is responsible for the absolute amount and the slope of the strain at

shorter timescales, here up to approximately two seconds.

2.3.4. Relevance of Excitation Functions

All previous models are first principle models. This means, that a physical situation is

assumed, the corresponding equations are set up and solved which lead to an analytical

mathematical function describing the behavior. In simple words, this is the calculation of

the stress-strain relation. Therefore the stress is assumed to be known, however this a

very critical point and needs further considerations. The rectangular pulse function used

for the calculation of the stress-strain relation in the previous sections is neither physical

(there are no real steps in the excitation and the absolute value was chosen arbitrarily) nor

very practical, due to the non-differentiable points at the edges of the step. Therefore, an

alternative to the excitation has to be found that is continuous differentiable and physical

reasonable.

As I will explain in section 3.3, the stretching laser is a Ti:Sapphire laser with a Gaussian
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2.3. Theoretical Principles and Examples of Viscoelastic Models

beam. The switching of the laser is done by a rotating shutter (see 3.3.2) that covers

the beam from the side. Hence, the accumulated intensity hitting the sample resembles

the spatial integral over a Gaussian beam profile. Calculating this function leads to the so

called error function:

∫
I0 e

− 2x2
w dA =

√
π
2 I0
√
w erf

[√
2x log(e)

w

]
2
√

log(e)
(2.39)

This is already a slightly simplified version valid for a perfectly collimated Gaussian beam

with a width of w and a total intensity of I0. The measurement of the total intensity

after the objective i.e. at the place of the sample is possible, however it is difficult and the

amount of absorbed light in the immersion oil and the glass, as well as potential reflections

can not be taken into account. By far more difficult is the measurement of the beam waist

at the sample. This was tried to be assessed by measuring the back reflection of a silver

coated sample but turned out to be not reliable. Due to these two reasons, the excitation

function was simply assumed to be an error function that takes the qualitative physical

situation into account, multiplied with a scaling factor called σ0.

σ(t) = σ0 [Erf[a · (t− tstart)]− Erf[a · (t− tend)]] (2.40)

The times tstart and tend are the times the laser is switched on and off.

In figure 2.17 a set of error functions is shown with different parameters. The parameter a is

a measure for the steepness of the curve. The bigger a is, the faster the transition happens.

This is the quantity that represents the speed of shutting the laser. It is determined by

measuring the accumulated intensity on a photo diode (see section 3.3.3).

However, the physical quantity σ0 is more controversial. It determines the height of the

plateau and hence the maximal stress. By knowing the refractive index, the shape of

the stretched object and the laserpower, physical units can be assign to the parameters

determined from the fits. However, there are numerous difficulties to be overcome:

• The cell has a non homogenous refractive index. It varies over the cell area, for

example it is known that the apparent refractive index of the nucleus is higher than

in the rest of the cell [9, 11,61].
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2. Theory and Model Selection

Figure 2.17.: The error function as excitation function: A combination of two error
functions as excitation function for the modulated laser. Different values for
the free parameters are shown. Parameter σ0 is the half of the plateau and a
gives the steepness of the curve. tstart and tend are chosen to be 1 s and 3 s
respectively

• A cell is not a cube. This means that the direction of the refracted beam has to be

calculated at each point and this changes the transferred momentum. In addition the

reflected part of the beam changes if the angle of incidence onto the surface changes.

• The beam has a Gaussian shape. This causes different stresses at different position

with respect to the center of the beam.

• Positioning of the beam is prone to errors of approximately 1µm, so even if all the

before mentioned issues could be calculated, some uncertainty remains.

• Each cell is different. This is the most important point, since even if it would be

possible to model a cell in a Gaussian beam and recover the stress profile, this would

have to be done to each measured cell. That is just impossible due to the unknown

three dimensional shape of the cell.

Due to these reasons within the whole thesis the parameters will be given in arbitrary units

and a value of 0.5 is assumed for σ0. The implication arising from this choice is discussed

in the results part.
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Summary

• The models of interest consist of different combinations of springs and dashpots.

• The models of Kelvin-Voigt, four different models consisting of three elements and

the 4 parameter model are tested.

• The models A, C, D and 4P show a creep behavior for constant stress.

• The excitation function is an integrated Gaussian function that mimics the shutter

behavior of the laser.

• To determine the individual parameters of the viscoelastic elements, the differential

equations of the individual models are established and solved with the determined

excitation function.
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2.4. The Stretched Exponential Function

In contrast to the models described in section 2.3.3, the so called stretched exponential

approach does neither depend on combinations of the basic elements described in section

2.3.2, nor can it be easily derived from first principle considerations of the viscoelastic

system and the acting stress. It is an empirical model, valid for different kinds of systems in

physics, biology and material science, where the most important ones are briefly described

later. The stretched exponential function approach can not be derived by the response of

a system to a specific interaction but is used in various situation where the behavior of a

system is governed by a huge amount of similar but different decaying processes. Therefore,

the considerations about excitation functions from section 2.3.4 are not important for this

kind of analysis.

After a theoretical motivation of the stretched exponential function and its significance for

physical systems, variations in the parameters are discussed.

2.4.1. Theoretical Considerations and Origin

The principle of the stretched exponential function was introduced in 1848 by Kohlrausch to

describe the discharging of an electrometer [38]. The model has the form of an exponential

decay with an additional exponent for the exponential function:

f(t) = C · e−(λ∗t)β (2.41)

The constant C is the value of the function f(t) at times t = 0. If f(t) is regarded as a

decay function of something, C represents the starting point. The characteristic relaxation

rate λ∗ is also referred to as the inverse relaxation time 1/τ . The exponent β is within the

range of 0 < β < 1 and for the special case of β = 1 the classical exponential function is

recovered. In general, the stretched exponential function is applied if various exponential

decays happen within the sample. It is important to mention that if the sum of the decays

is known and only the relaxation rate and the amount of each component within the system

is unknown, it is better to use the sum of functions directly. However, if the amount of

different relaxation times is very big (best infinity) the stretched exponential can be applied.
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2.4. The Stretched Exponential Function

The original purpose of the stretched exponential is to describe the distribution of relax-

ation rates λ with only one additional parameter β. The form containing more physical

information about the system is the probability distribution function

P (s, β) with s = λ

λ∗
. (2.42)

It is linked to the commonly known form of the stretched exponential of equation 2.41 via

its convolution with an exponential function:

e−(λ∗t)β =
∫ ∞

0
P (s, β) · e−sλ∗t ds (2.43)

For this purpose the normalization of λ to λ∗ was done in equation 2.42. The probability

density P (s, β) is normalized in a way that its integral, evaluated from zero to infinity, is

equal to one. One can see that in general the probability density can be written as the

inverse Laplace transformation given by

P (s, β) = 1
2πi

∫ i∞

−i∞
e−x

β esx dx, (2.44)

or, with a substitution of u = −ix, as the Fourier transformation

P (s, β) = 1
2π

∫ ∞
−∞

e−(iu)β eisu du. (2.45)

It can be shown that for rational values, an analytical solution for P (s, β) can be found. If β

is represented as a fraction, the expression gets more complicated with increasing values for

numerator and denominator and consists of sums of so called generalized hypergeometric

functions pFq(a; b; z). As an example that is close to the values of the investigated system,

the probability distribution for β = 2
3 is given as

P
(
s,

2
3

)
= 6z7/4 · e−

2
27s2

[
Ai(z)− 1√

z
Ai’(z)

]
(2.46)

Here z = (3s)−4/3 is applied and the Airy functions Ai(z) are used as explicit representations

of the generalized hypergeometric functions.
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2. Theory and Model Selection

Figure 2.18.: Probability distribution function leading to a stretched exponential:
The probability density P (s, β) is plotted over the parameter s = λ/λ∗. With
increasing β the distribution broadens and the peak is shifted towards smaller
values. Scheme taken from [33], Fig.2b), page 184430-2.

If a stretched exponential function is fitted to a dataset, its distribution function should be

determined and discussed since the sole calculation of the values λ and β does not always

reveal the full truth about the system and its behavior. That is why in the next section the

different parameters are put into context with their physical significance.

2.4.2. Parameters and their Significance

In the previous section it was already mentioned that although the stretched exponential

is not a model derived from first principle physics of a system, it can deliver valuable

insight into a special class of problems. In contrast to the often used, but mathematically

vague and physically incomplete interpretation that the spreading parameter β only gives

the broadness of the time constants, a lot more can be learned by having a closer look

at P (s, β). The argumentation in this section follows the papers of Johnston, Huber and

Williams [32,33,84].

For the limit that β approaches unity, one gets a classical exponential decay. Therefore, the

probability distribution function has to select the relaxation constant λ∗ from the continuum

of λ. Regarding equation 2.45, P (s, β) collapses to a Dirac Delta function δ(λ∗) in case

of β = 1. Plugging this into equation 2.43 leads to the well known form of an exponential

decay.
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2.4. The Stretched Exponential Function

As β decreases from unity, P (s, β) gets broader. This is the classical effect and can be

seen in figure 2.18. Here, for different values of β, the probability density is plotted over

several decades of λ/λ∗.

The second insight from the probability density is that the peak is shifted towards a smaller

ratio of λ/λ∗. This is a very important finding since it means, that the most probable

relaxation constant is also dependent on the stretching coefficient. This implies a very long

tail for high values of s which can not be seen clearly in figure 2.18 due to the logarithmic

s-axis. For physically solid conclusions from the measurement data, the most probable

relaxation time s(Pmax) is of interest. In [33] it is shown that the decrease of s(Pmax)

follows an exponential decrease with decreasing β. This leads to an intrinsic low-s cutoff.

The third interesting thing to consider is the median of the probability distribution. Applying

the definition of the median of a probability distribution one has to calculate

∫ smedian

0
P (s, β) ds = 1

2 (2.47)

that is the value of s which is equally likely to be bigger or smaller than smedian.For values

of 1 > β > 0.5, smedian is approximately unity. This means that in this regime it is within

10% equally likely to get a relaxation rate higher or lower than s.

In the following, the most important properties of the parameters and their significance are

summed up.

• λ∗ is not the average relaxation rate (that would be infinity for β < 1), but an intrinsic

property of the probability density function P (s, β).

• For 1 > β > 0.5, λ∗ is within 10% of the median of P (s, β).

• β is a measure of the full width half maximum of the logarithmic probability density

function, not of the broadness of the distribution of values itself.

• β is also a measure of the intrinsic small relaxation rate cutoff of P (s, β).

• 1/β can be also used as a relative measure for τ ∗ = 1/λ∗.
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Summary

• The stretched exponential function is ideally used for relaxation processes with con-

tinuous distribution of relaxation constants.

• It does not represent an a priori physical model but is based on empirical considera-

tions.

• The main parameter is the probability distribution function of the relaxation constants.

• In the model an intrinsic cutoff for small relaxation times is present.
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2.5. Probability Theory in the Context of Model Selection

2.5. Probability Theory in the Context of Model

Selection

In the previous sections a lot of effort was made to create, derive and understand different

models describing viscoelastic behavior. The two cases of first principles models and empir-

ical ones were introduced. Despite all considerations about the behavior of the models in

different cases and their apparent physical interpretation, they stay what they are - models.

They only describe the reality to a certain extend and with decent simplifications. This is

an issue of all physical models and often not addressed properly. All calculations rely on

implicit and explicit assumptions which numbers depend on the complexity of the model.

In the following section a description on how to find the ‘best’ model is given.

Additionally, the measurement values and hence the derived results underlay variations due

to pure statistics, inherent anisotropies of the system or systematical measurement inac-

curacies due to instrumentation and the human factor. This issue and its implication for

interpretation of the results is discussed briefly.

The last part of this sections is dedicated to the question of how statistical datasets can

be compared and what is needed to state that there are significant differences in the data

that do not originate from random sources.

2.5.1. Akaike Information Criterion

The ultimate goal in natural science is to understand and quantify reality. For assessing

reality, measurements have to be taken and compared with mathematical models. Since

reality is way to complex, it can never be fully mapped onto a model. These models are

always approximations of the ‘truth’ and the challenge is to find a simple, but not too

simple, model to compare the measurement results to. Here Albert Einstein’s demand

‘Eyerything should be made as simple as possible, but not simpler’ has to be taken serious.

Kullback and Leibler introduced in 1951 a measure to determine the ‘closeness’ between a

model and reality [39], the so called ‘Kullback-Leibler distance’. It is defined as:

I(f, g) =
∫
f(x) log

(
f(x)
g(x|θ)

)
dx (2.48)
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The Kullback-Leibler(KL) distance is a measure of the information loss if the model g (or

different models with the known parameters θ) is used to approximate the truth f . In this

context the two functions f and g have to be fully known, otherwise the calculation is not

correct (how estimated models are handled will be covered later). The KL distance is not

a distance in the general sense, but is a directed distance since I(f, g) 6= I(g, f) and hence

the roles of model and reality can not be interchanged. From a mathematical point of view

it describes the expectation value of the logarithm of the ratio f
g
with respect to f . The

KL distance is always positive and equals zero if the model is the truth, i.e. if g ≡ f .

The problem is that the KL distance in the narrower sense can not be computed since the

‘truth’ f is never fully quantifiable. This is also the reason why the absolute value of the

KL distance is not important. If the best out of a set of models should be determined, the

difference in KL distance among the set of models has to be considered. Therefore it can

be rewritten as

I(f, g) = Ef

[
log

(
f(x)
g(x|θ)

)]
= Ef [ log (f(x))] − Ef [ log (g(x|θ))] , (2.49)

where Ef represents the expectation function with respect to f . The first term on the

right hand side of equation 2.49 is a constant, only dependent on the truth f . The second

term is the object of interest to determine the best model. When only calculating the last

term, the ‘order’ or ranking of the models is preserved and only the absolute value changes.

However, for model selection the absolute value of the KL distance is irrelevant and the

difference in goodness between two models is the same for KL distances of 1001 to 1010

and 1 to 10.

So in order to find the best model, one has to apply best a priori knowledge of the system

to find candidate models gi and compare them by their relative KL distance. If the model

is not fully known or parameters are estimates (for example by fitting g to a dataset), only

the estimated KL distance is recovered. In addition the principle of parsimony has to be

considered, hence models should be as complicated as necessary and as simple as possible.

To simplify calculation, Akaike in 1973 found a way to calculate the KL distance by a

log-likelihood approach [1,2]. This is needed since the KL distance could not be computed

without knowledge of θ in all models and the full truth. Considering this, it is clear that
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for a given scenario there is a best value for θ that can be assessed by maximum likelihood

estimation (MLE). It is called θ0 and minimizes the KL distance for the model g(x|θ). If

in addition g is the best model, θ0 can be estimated by the MLE of θ̂. This leads to the

selection criterion of Akaike

Ey Ex
[
log(g(x|θ̂(y)))

]
, (2.50)

where the statistical expectations Ex and Ey with respect to truth are taken from two

randomly selected samples x and y. A good approximator thereof can be expressed with

the help of the likelihood function L:

log(L(θ̂|data))−K (2.51)

In other words, Akaike found a connection between the maximized logarithmic likelihood and

the relative expected Kullback-Leibler distance taking the bias of the number of estimated

parameters K into account. This accounts for the fact that the KL distance decreases

if more parameters are induced into the model. If, on the other side the parameters are

not known but estimated, the distance can also be increased by ‘noise’ in the estimated

parameters. The fact that K is added to the logarithmic MLE accounts for the ‘fitting

an elephant’ problem, that with enough free parameters almost every model can be fitted

to every dataset [47]. That is why there is a malus for estimated parameters. This is

strongly related to the problem of under- and overfitting that will be discussed in the data

evaluation part. Due to historic reasons Akaike multiplied the function with -2 and the

nowadays applied Akaike information criterion (AIC) reads as

AIC = −2 log(L(θ̂|y)) + 2K. (2.52)

This means that one has an estimate of the (relative) distance between the truth that

generated the datapoints and the model. In contrast to the KL distance, the AIC can

be positive or negative. However the absolute value is not relevant but only the relative

difference between models is important. Again, the model with the smallest AIC is assumed

to be the best estimate of the truth.

Although the AIC in its initial formulation in equation 2.52 can be applied in various ways,
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the most posed question in data analysis is often: ‘Which model should be fitted to the

data?’. Under the assumption of a least square fit routine and normally distributed errors,

the AIC can be calculated as a function of the sum of the root squared errors (RSS) and

the number of unknown parameters.

AIC = n · log(RSS) + 2K (2.53)

Hereby n denotes the number of values considered for the fit. Again K is the number of

estimated parameters. It should be noted that σ̂ as well as the intersection point of the fit

(or a absolute constant in the fit function) are also estimated parameters and have to be

taken into account.

Akaike assumed that the models are sufficiently ‘close’ to the data i.e. the truth. Takeuchi

derived a more general criterion if the model deviates more from the dataset. However

from his derivation the AIC is recovered for close models and within this thesis only the

AIC will be used. For fits where the number of free parameters is large and the number of

datapoints is small, the AIC has to be corrected by an additional term to take over- and

underfitting into account.

AICC = n · log(σ̂) + 2K + 2K(K + 1)
n−K − 1 = AIC + 2K(K + 1)

n−K − 1 (2.54)

In the corrected AIC there is an additional malus if the number of estimated parameters is

within the same region as the number of datapoints. In literature it is recommended to use

the corrected AIC if the ratio n
K

is smaller than 40 [8]. If this ratio approaches infinity, the

correction factor vanishes. I will always use the corrected AIC since the ratio of some of

the datasets is within the region of 40-50. Additionally, the AIC should be never compared

with the corrected AIC in order to find the best model. In the rest of the thesis, the term

AIC denotes the corrected Akaike Information criterion.

At a first glance, the AIC seems only to rank different models into an order, determining

the best fitting model with the smallest AIC value. However, from the difference in the AIC

values between the best fitting model and the other ones

∆AICm = AICm − AICbest, (2.55)
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on can find the relative Kullback-Leibler distance of which the other models are further

away from the ‘truth’. With this in mind and the fact that the Akaike method is based on

a log-likelihood approach, the so called Akaike weights can be computed:

wAICm = e−
1
2 ∆AICn∑

n e
− 1

2 ∆AICn
(2.56)

The summation in the denominator is carried out over all models and equation 2.56 yields

the likelihood of the model m. In order to compare different models j and k it is convenient

to divide their wAIC values by each other wAICj
wAICk

, leading to the so called evidence ratios. The

higher the ratio is, the more probable is model j compared to model k. However, there

is no physically motivated or mathematically deductive value of a model to be rejected or

accepted.

2.5.2. Log-Normal Distribution and Cumulative Distribution

Function

The next step in data analysis is to recover the parameters from the fitted model and

interpret them correctly. As described in section 3.5 the measurement of a specific cell type

consists of various measurements of individual cells and within each cell several beads are

analyzed. Due to measurement inaccuracies, statistical uncertainties, biological differences

among the cells and anisotropic environments of the beads within the cell, the data will

show a certain variation and hence the parameters recovered from the fit will show a decent

spread. Firstly, measures have to be found to exclude particles where the fit did not converge

properly. Secondly, it is necessary to determine from a statistical distribution of parameters,

originating from two different populations, whether they differ significantly from each other

or not.

To answer the first question, one should have a closer look at the distribution of the

parameters itself. As described in section 2.3, all models deliver physical parameters, either

of a viscoelastic model with values of elasticity and viscosity or for time constants and

spreading parameters in case of the stretched exponential function. They also have to be

positive values in order to be physically reasonable. Additionally, they are all properties of
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(a) (b)

Figure 2.19.: PDF and CDF of the logarithmic normal distribution: (a) Probabil-
ity distribution function of the logarithmic normal distribution for different
combinations of the parameters µ and σ. The smaller σ, the narrower the
distribution.
(b): The corresponding cumulative distribution functions with the parameters
from (a) where the points of inflection correspond to the maximum probability
density.

biological systems. These two facts lead to the assumption that they might be distributed

according to a logarithmic normal distribution [45, 81, 86]. It is defined as a (continuous)

distribution of a random variable whose logarithm is distributed according to a normal

distribution. The probability distribution function of the Log-normal distribution is defined

as

P (x) dx = 1
xσ
√

2π
· e−

(lnx−µ)2

2σ2 dx (2.57)

with the parameters σ > 0 and µ ∈ (−∞,∞). With this definition the mean and median

of the distribution is given by

Mean: E(x) = eµ+σ
2 , Median: x̃ = eµ. (2.58)

As third important property of the logarithmic normal distribution the variance is defined

as

var(x) =
[
eσ

2 − 1
]
e2µ+σ2

. (2.59)

On the left hand side of figure 2.19, four different Log-normal distributions are given. The

general behavior can be seen in all of them. The region of the variable X is limited to the
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positive region (Xε[0,∞)) what is why this distribution is often applied if the biological

or physical principles exclude negative values of X (what would inevitably occur if, for

example, a normal distribution is assumed). The tail of the Log-normal distribution for

large values of X converges to zero that the mean stays finite as given in equation 2.58.

As expected from the equations 2.58 and 2.59, the width and the peak of the distribution

depends on both parameters µ and σ and can not be separated from each other. As a rule

of thumb, the smaller µ and σ are, the more the peak gets shifted towards smaller values

and the narrower the distribution is.

Since the probability density function (PDF) is fitted to the histogram of a dataset, es-

pecially for sparse data too little support points are present. Therefore, the cumulative

distribution function CDF is introduced and will be used in data analysis to categorize the

fitted parameters and sort out some of them. It is defined as the integral over the proba-

bility distribution function from −∞ up to a desired value of x. This then represents the

probability that the quantity of interest (Y ) takes on a value less or equal than this upper

integration limit x.

CDFY (x) =
∫ x

−∞
PDFY (u) du (2.60)

In the case of the logarithmic normal distribution, the cumulative distribution function is

also given as the integral and can be expresses in terms of the error function ‘Erf’ as

CDFLogN(x) =
∫ x

−∞
PDFLogN(u) du = 1

2 + 1
2 Erf

[
ln(x)− µ√

2σ

]
. (2.61)

In figure 2.19 (b) the cumulative distribution functions of the Log-normal distributions are

given in the respective colors. As stated before, the CDF indicates the probability that the

quantity of interest is smaller or equal to X. If the maximum probable value of the PDF is

at smaller values, the onset of the CDF is steeper. For rather broad distributions, i.e. those

where the PDF is flatter, also the CDF increases slower and higher values of X are needed

to get the same probability that the variable is equal or below the value of X. As already

mentioned above, we will assume some of the parameters that we get out of the fits to be

Log-normal distributed. This is due to physical limitations (negative viscosities and elastic

constants do not make sense in this context) and due to inhomogeneities in the biological

sample, in which case it is common sense within the community to use the Log-normal
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(a) (b)

Figure 2.20.: Example for Log-normal distribution and a cut Log-normal distribu-
tion: (a) Probability distribution function and data for a Log-normal distri-
bution with µ = 0.5 and σ = 0.5 and the same dataset with a cut at 90 %
of the data and a normal distribution with µ = 1.6 and σ = 0.65.
(b): CDF of the dataset (blue) and the corresponding CDF (green) of the
Log-normal distribution with the parameters µ = 0.5 and σ = 0.5 of the log-
arithmic normal distribution. The cutting was done at 90% probability that
is at approximately X = 3.25

distribution. However, there are additional obstacles in data generation and interpretation.

This can be due to measurement errors in the calibration process (see section 3.2.2) or

due to problems with the fitting. It turned out that in this cases a significantly too large

value for the calculated parameter is returned. In order to ‘fix’ this in a later stage of the

evaluation, the Log-normal distribution, better its CDF is cut at 90%. This excludes high

values of the parameter and makes the distribution more symmetric.

On the left hand side of figure 2.20, 100 datapoints are randomly drawn from a Log-normal

distribution with the parameters µ = 0.5 and σ = 0.5. The dataset is shown in blue and the

corresponding PDF in green. On the right hand side, the datapoints X are sorted according

to their value and plotted according to the ratio of other values that are smaller than X.

The CDF of the dataset (blue) can be compared to the CDF from the applied distribution

(green). For clipping of the dataset, the value of X that represents the 90% value is

calculated from the CDF to be approximately 3.25. Hence for the clipped value distribution

in 2.20 (a, red) only the values with X < 3.25 are considered. The new distribution is no

longer an analytical one. For reasons of hypotheses testing explained in the next section a

normal distribution with the values of µ = 1.6 and σ = 0.65 is also fitted to the data for

comparison (orange).
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2.5.3. Statistical Tests and their Significance

After fitting the data with a model and recovering the parameters of interest, the results have

to be evaluated. After the introduction of the Akaike Information Criterion to determine

which model mimics the reality best (see 2.5.1) and the analysis of the distributions of

the datapoints in the last section, now the difference of the parameter set among different

sample types has to be investigated. Therefore, statistical tests are applied. Such tests

compute a probability for the correctness of a hypotheses due to the statistical distribution

of the parameters and are called statistical hypotheses testing. In general, a dataset is

tested against a model that is believed to describe reality. A slight modification is the case

if two datasets should be compared to each other. Therefore, one is labeled as reality and

the other is tested against it. The result is always a probability that the hypotheses is

true or false, the so called significance value or p-value. If the p-value is less than a preset

significance threshold, the so called null hypotheses is rejected.

The value of the significance level is up to the investigator. However in biology often a

significance level of 5% or 2 σ is used. This means that for p values smaller than p = 0.05

the null hypotheses is rejected. Within this work, we are interested in the question whether

from the derived parameters on can state that the used cell types are different in their

viscoelastic behavior. Hence the hypothesis is: ‘The parameters for celltype A are different

to the parameters of celltype B.’ Consequently, the null hypotheses is: ‘The parameters are

equal for both celltypes.’ For p-values below 0.05 this null hypotheses is regarded to be

rejected, what means they are different.

The most frequently used test (in biology) is the so called t-test or students t-test. There

are different specifications of this test, however in this work the so called two sample t-test is

applied since it serves to distinguish two distributions and decide whether they are different

or not. For the t-test a so called students t-distribution is used. It assumes the situation of

determining the mean of a normal distribution with a low number of ‘test draws’. It can be

described as the distribution of the sampled values with respect to the position of the real

mean of the original distribution after division by the standard deviation and multiplication

with the square root of the number of draws. The probability distribution function of the
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t-distribution is defined as

PDFT-Dist(x) =
Γ(ν+1

2 )√
νπΓ(ν2 )

(
1 + x2

ν

)− ν+1
2

. (2.62)

It involves the Gamma function Γ and the degree of freedom ν that is defined as the

number of measurements or ‘test draws’ minus one. Compared with the normal distribution,

the t-distribution has a lower peak and more pronounced tails. If an infinite number of

measurements is made, the t-distribution results in the normal distribution.

As elaborated in the previous section the distribution of most parameters from the fit do

not follow a normal distribution but rather represent a Log-normal distribution. In a stricter

sense, the t-test must not be applied on this data. There are alterations for the t-test for

Log-normal distributed data around, however due to the cutting at 90% in a later stage of

analysis, this also should not be applied.

The so called Mann-Whitney-U test or Wilcoxon rank-sum test is a nonparametric null

hypotheses test that does not require a predefined distribution. Since this test is also

applicable to data originating from a normal distribution and to data following no analytical

distribution (cut Log-normal) it is applied throughout the whole thesis.

As the name rank-sum test already indicates, the results from the draw, respective the

measurements are sorted according to their value. If, for example, the difference in viscosity

should be investigated they are all put into ascending order. Subsequently, for each value

from a species, the number of values from the other species that are smaller (or bigger)

than it is determined. Then the individual ranks from each sample are added up and called

the sum of ranks R. The calculation of the statistic U is then performed by

U1 = R1 −
n1(n1 + 2)

2 (2.63)

With n1 the number of values from sample 1. The same is true for calculating U2. The

corresponding p-values are given with respect to U and sample size in lookup tables and are

highly nontrivial to compute. The formula used by Matlab is given for sake of completeness:

p =
R1 −

[
n1n2+n1(n1+1)

2

]
− 0.5 sign(R1 − E(R1))√

n1n2(n1+n2+1)−tiescorr
12

(2.64)

52



2.5. Probability Theory in the Context of Model Selection

This is true for n1 > n2 and tiescorr is a correction term for two values being identical

(this is important for values being integers, in the case of the used parameters this can be

neglected). It should be mentioned that the rank sum test was tested against the student

t-test with the data presented in this thesis and the results do not differ up to the second

significant digit.

Summary

• To determine the quality i.e. the distance of a model to reality, the Kullback-Leibler

distance is used.

• Akaike found the connection of the maximum likelihood estimation, the Kullback-

Leibler distance and the RSS value of a fitted function.

• The modified AIC takes the amount of free fitting parameters into account and the

lower the AIC of a model fitted to a dataset is, the better it represents reality.

• AIC is only a relative value, this means for comparing different models among each

other, always the same dataset has to be used and only a ranking of the models can

be retrieved, no absolute value of closeness to reality.

• For elimination of statistical outliers in the datasets, the cumulative distribution func-

tion is used and cut at 90% coverage.

• For statistical testing, the Wilcoxon rank-sum test is used that is independent of the

statistical distribution function governing the values. This is in contrast to the well

known student t-test that assumes a normal distribution.

53





3. Experimental Methods and Data

Evaluation

Measure what can be measured, and make measurable what cannot be

measured.

Galileo Galilei

In this chapter the experimental methods are introduced and the technical implementa-

tion of the optical stretcher for adherent cells is described. Firstly, the prerequisites for a

stretching experiment and its evaluation are discussed. In this context, different experimen-

tal approaches of directing the excitation laser onto the cell, together with the experimental

challenges and reasons for failure, are covered as well as possible solutions for deformation

detection in theory and practice. The final solution takes advantage of an already well

known technique - particle video microscopy - and an existing laser setup, the Ti:Sapphire

laser. The setup of the optical detection system is described and the technique for cell

height measurements is introduced together with an appropriate calibration procedure. In

the next section, the setup and alignment of the laser is described and a self made shutter

for precise and reproducible switching is introduced. Next, the preparation and cultivation

procedure for the 3T3 fibroblast cells and the treatment with latrunculin is explained as

well as the protocol of adding tracer particles to both types of samples. In the next sec-

tion, the final measurement procedure consisting of four measurements per cell is presented

together with a quick procedure to check for correct alignment of the laser and the cells

before measuring. Finally, the individual steps of data evaluation and fitting are explained

in detail.
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3.1. Requirements and Specification of the Setup

In this section the requirements and specifications of the setup are discussed and possible

implementations are shown. Firstly, the demands on the laser and on sample geometry for

a reproducible, save and fast measurement are addressed. In the second part the demands

on the detection setup are reviewed before possible implementations and their problems are

presented in the last subsection.

3.1.1. Requirements of the Laser Setup

As already depicted in the introduction, the aim of this work is to stretch adherent cells with

light. As a controllable and adjustable high power light source, a Ti:Sapphire (Mira Optima

900 F, Coherent) laser is chosen. The theory and physics behind the stretching process were

already discussed in section 2.2. Since living adherent cells should be measured, the first

concern has to be not to denaturate the proteins and kill the cells while stretching with the

laser. To avoid heating, a laser wavelength in a spectral region where cells absorb minimal

amounts of energy has to be chosen. Since cells are always cultivated and measured in cell

medium, consisting mostly of water, this is the material the wavelength should be adapted

to. The fact that a cell also consists predominantly of water, is an additional reason to

select a wavelength in a transmission-window of water. Such a spectral region can be found

around 800 nm. Lasers at this wavelength are commercially available on the market.

The question if and in what amount laser light is modifying cells is discussed in several

studies that will be briefly reviewed in the following. In general, one can assume that

the shorter the exposure time and the lower the deposited power, the less the cell will be

damaged. First measurements on heating in a classical optical stretcher setup were done by

Ebert et.al. [17]. Gyger et. al. transfected a cell line with a heat sensitive cation channel

and tested it in the optical stretcher setup by investigating the Ca2+ inflow due to heating

via fluorescence imaging while stretching [28]. The same group showed an increase in

temperature of (23± 2) K at 2W total power for 2 s [83]. Two years later, they used these

findings to have a closer look on how creep compliance curves of heated cells differ from

non heated ones [35]. Theses studies are continued in [68] and the results have to be borne

in mind for the discussion of findings of this thesis. This will be especially important when
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comparing mechanical properties derived from the adherent optical stretcher experiments

with values determined by other means.

Since adherent cells are investigated, the laser has to be aligned perpendicular to the

substrate where the cells adhere to. Hence, the classical optical stretcher setup as initially

reported in [26] is no option. In section 3.1.3 different approaches to implement the laser

in optical setups are presented.

3.1.2. Requirements of the Detection Setup

When the cells are stretched with the laser, the membrane on top of the cell is pulled

in the propagation direction of the laser beam. The physics lies within this movement

of the membrane and hence it has to be measured with sufficient precision. This is a

very challenging task, since most of the common detection techniques in microscopical

cell measurements are only able to detect the circumference of the cell. This is for the

purpose of stretching only applicable if the axis of stretching is perpendicular to the axis of

detection. As the cell membrane itself is not detectable with a classical microscope setup,

one either has to apply specific markers on the membrane (e.g. fluorescence or beads), use

scanning techniques (Z-stack) or exploit the different refractive index of the cell and the

surrounding medium in a holographic or interferometric setup. As an additional difficulty, at

the beginning the prerequisite for the detection method was to have a temporal resolution

of at least 100 values per second. This is necessary because the expected timescale for

stretching and relaxation is in the sub second regime. However, during data evaluation it

turned out that even 250 images per second are not sufficient for determining all parts of

the dynamics. The spatial resolution should be in the range of tens of nanometers in order

to detect and discriminate different values of stretching due to the low stress exerted on

the cell. This point turned out to be relatively easy to achieve, in contrast to the other two

requirements.
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3.1.3. Possible Implementations of Laser and Detection Setup

In this section different setups for the implementation of stretching laser and detection path

are discussed briefly. All presented solutions were tried, but didn’t work as expected or had

to be discarded due to other reasons.

Inline Holographic Setup

As a first attempt to stretch cells and measure their elongation, a classical Mach-Zehnder

interferometer setup was chosen [44, 87]. The idea is to split a detection laser into two

parts. While one part passes the sample, the second serves as a reference beam. In the

context of the required magnifications for cell measurements, this technique is called digital

holographic microscopy [22]. With holographic techniques not only information about the

intensity of an image is stored, but also the phase can be retrieved. In the case of biological

cells almost all photons pass the object of interest unscattered, hence the contrast to the

background is very low. However, the refractive index of the object is different compared

to the surrounding and alters the phase of the light that passes the cell. With a digital

holographic microscope these changes in phase can be detected. Therefore, the physical

principle of two interfering waves is applied and for the intensity distribution of a hologram

the following formula can be given:

IH(x, y) = |R(x, y)|2 + |O(x, y)|2 +R(x, y)∗O(x, y) +R(x, y)O(x, y)∗ (3.1)

The intensity in the hologram plane IH(x, y) is the result of the interfering object wave

O(x, y) and the reference wave R(x, y). Illuminating the hologram with the reference

wave (physically in classical holography and mathematically in digital holography) it can

be reconstructed. In this case reconstruction is done by mathematically applying a plane

wave. The image can be numerically shifted between different focal planes and in addition

to the amplitude also the phase, that is directly related to the optical pathlength, can

be recovered. Once the phase φ is determined it has to be unwrapped to get rid of the

2π phase jumps. The difference in the phase of the object and the background can be
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Figure 3.1.: Inline holography setup and results: On the left hand side a schematic
view of the holographic microscope is shown. The laser is divided (BS1) into
an object beam, passing the sample and two objectives, and the reference beam
that is reunited with the object beam after the second objective (BS2). On the
right hand side the reconstructed phase of a 3µm polystyrene bead is shown.
The 2π phase wrapping and lots of disturbing interferences can be seen.

measured and is linked to the thickness L(x, y) of the object under test via

∆φ(x, y) = 2π
λ

(n0 − nC) · L(x, y) (3.2)

with λ the wavelength of the light, n0 and nC the refractive indices of the medium and the

cell respectively.

In figure 3.1 the used setup is shown. It was designed in an upright way in order to keep

the sample with the cells and the medium horizontal. The imaging laser is split by the

polarizing beamsplitter BS1 into the reference beam and the object beam. With a λ/2

plate the relative intensity of the beams to each other can be adjusted. The object beam

passes an objective, the sample and a second objective before it is reunited by the sec-

ond beamsplitter BS2 with the reference beam and imaged by a CCD camera. It has to

be mentioned, that the alignment of reference and object beam is chosen in an off axis

configuration. This minimizes problems with the twin images in the reconstruction. The

stretching laser follows the object beam path and has to be blocked in front of the camera.

The reconstructed image on the right hand side of figure 3.1 shows the phase of a 3µm

polystyrene sphere with a refractive index of n = 1.6. The illumination with the refer-

ence beam was done numerically by assuming a plane wave and the image was translated
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mathematically into the best focal plane. It can be clearly seen that besides the 2π phase

wrapping which was not corrected, since the noise was too high for all tried algorithms, lots

of interference fringes and disturbances impair the image quality.

Because of these artifacts this approach was no longer pursued. They emerge from 3

different sources. Firstly it turned out to be almost impossible to keep the beam path

free of dust. Dust is always a problem in optical instruments but since the hologram is

illuminated mathematically with the reference beam, deviation from the physical reference

beam for hologram formation and the model used for reconstruction decrease the quality of

the reconstructed image tremendously. Secondly, it turned out that within one beampath

there are already interference effects visible from the beam with itself. They originate from

partial reflections of optical elements and could be corrected in general, but only if these

interferences do not change over time (e.g. due to changes in length by temperature differ-

ences). The third and by far most prominent problem is the mechanical stability. Vibrations

lead to changing optical pathlengths of the two ways and induce a rapidly changing inter-

ference pattern in the hologram plane. Due to the relatively large area between the two

arms (approx. 20 x 20 cm2) theses vibrations made it impossible to record and compare a

timeseries of holograms. One way around would be a more compact design what was tried

by K. Mertens in a different context, but this also turned out to not have the requested

precision [48].

Due to the given reasons, it was not possible to stretch and detect cells in a satisfying

manner. However, it has to be mentioned that there are holographic microscopes around

that have the necessary resolution and stability [9, 34,71].

As a personal comment in retrospective, I think that such a setup can be successful if it is

combined with the existing optical tweezers setup for increased stability and encapsulated

in a box to prevent dust on the optical components. For future applications, I think, this

might be a valuable additional detection technique for the setup.

Quantitative Phase Microscopy

As a second approach, quantitative phase microscopy was tried. This technique is already

successfully applied in electron microscopy [49,52,79]. The mathematical principle was in-

troduced by Paganin in 2002 [54]. It is closely related to the classical holographic approach
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and already Gabor mentioned that the reconstruction of a complex wavefield without as-

sumptions is an ill posed problem due to the occurrence of twin images (at least at the inline

setup). In electron microscopy this poses a real problem since scattered and non-scattered

electrons from a partial spatial coherent source interfere with each other in some of the

imaging modes. To overcome this problem and to be able to also measure material contrast

even if it is a pure phase object, different techniques were applied. Common to most of

them is that images of the same object are taken at different focal positions, also known

as focus stack. With these images the so called transport of intensity equation (TIE) can

be solved [54]:

∇x,y · [Iz(~r)∇x,y ϕ(~r)] = −~k∂ Iz(~r)
∂ z

(3.3)

In this equation the image intensity in different focal planes Iz(~r) is associated with the

phase of the light ϕ(~r), the wave vector ~k and the change of intensity with changing focal

position ∂ Iz(~r)
∂ z

. ∇x,y is the gradient operation within one image plane.

To solve for the phase, a solution of the equation

ϕ(~r) = −~k∇−2∇x,y ·
∇x,y∇−2 ∂ Iz(~r)

∂ z

Iz(~r)
(3.4)

has to be found. To find the solution, the change of intensity for different foci ∂ Iz(~r)
∂ z

is

calculated discretely from the images taken at different focal position. The numerically more

challenging task is to calculate ∇−2 since this is equivalent to solve a Poisson equation.

There are plenty of methods and programs around to master this task, however it is not

straight forward and physical and mathematical restrictions have to be taken into account.

Reconstruction of the image was tried with the help of Christoph Koch1 who developed

similar algorithms for the electron microscope [37,53,55]. It turned out that a combination

of mathematical propagation theory and decent boundary conditions are necessary to solve

equation 3.4. In addition to the mathematical requirements on the reconstruction, also some

technical issues have to be considered. The alignment of the sample should be perfectly

perpendicular to the optical axis to avoid lateral shifts when changing the focal plane. In a

classical approach, the focus stack is captured by moving the sample relative to the optics.

However, this is not feasible since a temporal resolution of at least 100 frames per second
1Now: Department of Physics, Strukturforschung/Elektronenmikroskopie, Humboldt-Universität Berlin
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Figure 3.2.: Quantitative phase microscopy setup and results: On the left hand side
the setup of the quantitative phase microscope is depicted. The light is split
up by a 50:50 beamsplitter and the two cameras with additional optics cap-
ture the image. The distance of the cameras with respect to the sample is
slightly different to get images of two focal planes. On the right hand side
the reconstructed height of a sample with melted polystyrene spheres is shown
(Reprinted and adapted with kind permission from Jonas Pfeil).

is required which is impossible with this technique. Hence, we decided to take only two

images at different focal planes, one underfocused and one overfocused. The calculated

intermediate served as zero reference. This is a valid approach since linearity is demanded

by the equations anyway.

In figure 3.2 the experimental setup is shown on the left hand side. The sample is illuminated

by a LED to ensure partial spatial coherence of the light in a Köhler like setup. After passing

the sample, the light is collected by an objective and divided by a 50:50 beamsplitter. The

two cameras with an additional, identical optical magnification system are positioned in

a way that one underfocuses and the second one slightly overfocuses the sample. In this

way, the two images for the reconstruction can be taken at the same time and with proper

synchronization the cameras are able to capture up to several hundred images per second.

Reconstruction of the phase is done after recording and uses a new, not yet published

algorithm from Christoph Koch. To test the system, partially melted polystyrene beads with

a diameter of 10µm are measured in immersion oil. The immersion oil with a refractive index

of n = 1.58 is necessary to prevent phase changes larger than π within two pixels [59]. This
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Figure 3.3.: Setup and measurement for stretching in a capillary: On the left hand
side the setup is shown where the cell in the capillary is stretched by a laser
emerging out of a fiber from the right. The deformation is detected with the
objective below and hence stretching and detection axis are perpendicular. On
the right hand side a measurement is presented from top to bottom, the laser
is off, on and then again turned off. Since the changes in cell shape are hard to
see by eye, an additional image is presented. It is calculated by a self-written
algorithm involving the optical flow and color coded according to the amount
of stretching.

is important since otherwise the reconstruction algorithm is not converging. This depicts

already one of the problems of this technique. The starting parameters for the algorithm

and the optimal defocus distance have to be found by trial and error for each sample.

Together with the low reconstruction speed (approx. 50 seconds per picture, leading to

a reconstruction time of 4.5 hours for a measurement with 250 frames and 1.3 seconds

stretching time) it turned out that this approach is not yet ready for this application.

Stretching in a Capillary

As a third approach for stretching and detection, a method with conventional imaging was

chosen. To illustrate sample orientation and the setup, a scheme is displayed on the left hand

side of figure 3.3. To apply the classical, optical cell characterization tools, the changes in

cell-shape have to be perpendicular to the direction of the optical axis. Hence, the optical

axis of imaging (vertical) and stretching (horizontal) were chosen perpendicular. This is a

great challenge due to spatial restrictions and alignment of the cells. To address a cell with

the laser it is mandatory to know the position in the plane perpendicular to the stretching
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direction. In addition there should be nothing below the cell (in the direction of imaging).

This is only possible if the space where the cell can adhere is limited to approximately the

cell size. In the presented setup this is achieved by using a squared capillary of only 50µm

inner diameter. Choosing a good cell concentration and using gravity for sedimentation,

the cells adhere to only one wall of the capillary. This wall is oriented parallel to the imaging

plane so laser induced changes of cell height can be seen with an optical microscope. Due

to spatial restrictions, the laser is guided with an optical fiber towards the cell. By changing

the position of the capillary with respect to the fiber, different cells can be addressed.

The biggest problem in this setup lies on the biological side. Firstly, the cells have to

be cultured in a common chamber for adherent cells, because in the capillary they would

spread over the entire area not only over one side. So they are suspended using trypsin

that might already change some properties. Secondly, the cells have to be inserted into the

capillary and time has to be given to re-adhere. During this time no motion of the medium

should be introduced. Due to the limited sample volume the supply with fresh medium

via diffusion is not enough. Therefore, the cells die approximately 20 to 40 minutes after

insertion. Regarding the fact that already the adherent phase takes a minimum of 15

minutes, measurement time is very limited. This is the reason why this technique was

abandoned at the end. An additional issue, that would be possible to solve, is the stability

of the blank optical fiber when repositioning the sample.

However, in principle this setup is capable of stretching single adherent cells. On the right

hand side of figure 3.3 the stretching of a 3T3 cell in a capillary is demonstrated. The

upper picture shows the cell in an initial state before stretching. In the middel, the cell is

illuminated with the laser and stretched to the left. After shutting the laser off, the original

state is recovered as shown in the lower picture. To analyze the changes in shape, an

algorithm was written that uses the optical flow between consecutive images to determine

the deformation. On the right hand side, the result of the calculation is superposed with a

magnified picture of the stretched cell. The brighter the color the bigger the strain. It can

be seen that the cell is stretched more in the upper half (yellow) than in her middle and

lower part (dark blue). So in principle it is possible to stretch and characterize cells in this

setup. However, a second measurement on the same sample could not be conducted since

no other viable cell was found in the capillary after ten more minutes.
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Summary

• A setup for the characterization of adherent cells by stretching with a laser requires

a combination of optics for directing the beam towards the sample as well as optics

and methods to detect the changes in cell shape.

• Greatest challenge is that stretching and detection have to happen in the same axis.

• Classical holographic microscope techniques should be capable of measuring the de-

formation, however failed in the case described due to mechanical instabilities and

permanently impinging dust.

• Phase reconstruction with the TIE failed due to the not yet optimized algorithm. This

leads to long reconstruction times and lots of ‘hands-on work’ adjusting parameters

for each individual measurements

• Stretching and detection in a capillary was performed successfully. However, the

setup was not compatible with the biological needs of cells.
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3.2. Optical Detection and Cell Height Measurement

As described in section 3.1.2 various specifications regarding the detection setup have to

be considered. In section 3.1.3 three possible, but not completed approaches have been

described briefly. In the following section, the final setup consisting of a custom built

microscope (see section 3.2.1) for both, the determination of the cell height (see section

3.2.2) and the stretching with the laser, is characterized.

3.2.1. Microscope Setup

The final method for cell height detection involves the tracking of polystyrene beads at-

tached to the cell and is described in detail in section 3.2.2. For this purpose a setup

designed for optical tweezers experiments is extended and used. Therefore, a slightly mod-

ified detection path to the classical optical trap setup was designed. The original setup

described in [57] was extended and improved in cooperation with Tobias Paust, Ines Mar-

tin, Daniel Geiger and Irina Schrezenmeier. A detailed characterization of the setup can

be found in [46, 51, 57]. The most important changes include the installation of a new

illumination setup capable of Koehler illumination. This increased the signal to noise ratio

(SNR) significantly and facilitated bead detection and tracking [46]. In addition, a manual

zoom system was placed directly in front of the highspeed camera. This is important since

the setup evolved over the years towards a multifunctional system where different kinds

of measurements with different demands on resolution and fields of view are performed.

For all measurements described in this thesis the zoom is kept constant (additional mag-

nification of 1.5). Third major change is the design and implementation of a new sample

holder capable of tilting and hence of correction of sample tilt. In figure 3.4 the detection

path of the setup is shown with only the optical elements important for the stretching and

detecting task. Possible extensions and additional components of the setup can be found

elsewhere ( [57], [51], [46], [5]). The newly inserted dichroic beamsplitter is necessary to

couple in the stretching laser and can be passed by the visible light, forming the image of

the sample, with almost zero loss.

The light from an experimental new LED-array (OSRAM GmbH) light source is collected

by a lens (collector) and focused into the back focal plane of the condenser (Leica, 10 x).
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3.2. Optical Detection and Cell Height Measurement

Figure 3.4.: Detection path schematic of the setup: The sample is illuminated by a
LED light-source operating in Koehler-illumination mode by lens Li1, Koehler-
aperture Ai1 and the condenser. The image is formed by the objective and lens
L1. It is further magnified by the lenses L2 and L3 before finally projected onto
the CMOS chip of the high-speed camera by an adjustable zoom system.

In between, the field aperture is installed. This is an important feature since it restricts

the illuminated area of the sample. In operation, this area is chosen as small as possible,

since a wider illuminated field leads to an increase of light scattered from irrelevant parts

of the sample into the detection area. This causes an overall increase of brightness but at

the cost of an decrease of contrast and a worse SNR.

After passing the sample the light is collected by the high numerical aperture microscope

objective (Nikon, APOTIRF 100 x NA1.49). Although this is an infinity corrected objective,

there is a given range where the achromatic tube lens L1 (f = 150mm) has to be placed

in order to give the best image possible. For proper magnification, an additional Keppler

telescope with a magnification of m = −2.5 (f1 = 250mm, f2 = 100mm) is installed. The

whole optic is designed such that an image is formed approximately 10mm in front of the

zoom telescope (OPTEM Zoom 70XL). The zoom telescope has a fixed magnification of
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3. Experimental Methods and Data Evaluation

2 x and a manual one that can be adjusted between 0.5 x and 7 x. The zoom telescope

is directly connected to the highspeed camera (Imaging Solutions, MotionXtra NX4).The

final magnification is chosen that approximately 15 pixel on the camera represent 1µm in

the object plane. The detailed calibration of the camera is described in the next section

(3.2.2).

The coverslide with the cells is mounted into a custom built sample chamber (see [46], Ap-

pendix A8) and is flooded with the same cell medium that is used in cell culture (see 3.4).

The sample is positioned on a piezoelectric table with a range of motion of 100 x 100 x 20µm

(PI-561-3DD, Physikalische Instrumente) which rests on a stage that can be moved with

the help of stepper motors (Owis PS90, LTM60) by 50mm in the xy-plane for coarse

positioning.

3.2.2. Positon Detection and Cell Height Measurement

As mentioned earlier, the measurement of the cell height is based on the detection of 1µm

polystyrene beads attached to the membrane of the cell. The beads are tracked with a

slightly modified version of the particle tracking software published by Rogers et al. [64].

The diffraction pattern of an uniformly illuminated disc, in this case the bead, is an Airy

pattern. This pattern can be described using Bessel functions whose maximum can be

approximated by a polynomial. This is utilized to find the center of the bead by fitting

a fourth order polynomial with a Gaussian weight to the 2D intensity distribution of the

image.

Ifit(x, y) =
i+j=4∑
i=0, j=0

Pi, j(x− xn)i(y − yn)j (3.5)

The intensity at position x and y is fitted by equation 3.5 where the polynomial coefficients

Pi,j are determined. Therefore, a Gaussian weighting function W (x, y) is used where an

estimated apparent bead radius of R is implemented:

W (x, y) = exp
(
−(x− xn)2 + (y − yn)2

R2

)
(3.6)

This method is very precise and leads to an precision of approximately 15 nm in the xy-

plane. However this is only the statistical error from the method itself. In the real setup

68



3.2. Optical Detection and Cell Height Measurement

further sources of errors have to been taken into account. The sources and elimination of

errors as well as functions to simulate them have been developed together with Fenneke

KleinJan in the early stages of this work and a paper discussing the improvements has been

submitted. In general one can distinguish between static and dynamic errors.

• Static errors: They originate from statistical deviation in the gray value of the

pixels that are used to fit the polynomial, leading to slight shifts in the determined

center of the bead. Together with Ines Martin this was investigated and routines were

developed to minimize or correct for this error [46].

• Dynamic errors: This kind of error can be further differentiated into system vibra-

tions and motion blur due to long illumination times. The latter can be minimized by

choosing the shutter times as short as possible in order to minimize the distance the

bead can move during the recording of a single image. To account for this problem,

the illumination was set as bright as possible and the shutter was adjusted that an av-

erage grayvalue of 100 was achieved (this value comes from investigations regarding

the static errors). The error induced by system vibrations is by far the most promi-

nent one. Crocker et. al. developed a method to correct for this by calculating the

motion of the center of mass of all beads and subtract this from the motion of each

individual bead [14]. Rowlands and So realized that an additional factor is needed to

prevent subtraction of random common motion [67].

For the evaluation of the passive microrheology measurements, all above mentioned cor-

rection methods were taken into account. For this purpose, the particle’s motion is only

evaluated in the xy-plane and hence the presented procedure, together with a calibration

measurement to determine the conversion factor from pixels to µm, is sufficient. However,

to determine the position of a bead in the direction of the optical axes (from now on labeled

as z-direction), not only the center of the bead in the xy-plane but also the apparent radius

has to be measured. The ‘color’ of the bead and hence its point spread function is given by

the position relative to the focal plane of the objective. Beads with a dark center are closer

to the objective than the ideal focal plane and white ones are further away. By measuring

beads fixed to the substrate, a relation between apparent bead diameter and the position

relative to the focus can be derived. Therefore a linear ramp with a peak to peak amplitude

of 2µm in z direction is applied by the piezo stage.
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3. Experimental Methods and Data Evaluation

Figure 3.5.: Height calibration for fixed beads: In the upper row pictures of a fixed
bead during a calibration measurements are shown. The diameter of the bead
is increasing with increasing distance from the focus. In the lower left the
intensity cross section of the bead is depicted for different heights. In the lower
right the apparent diameter determined by the tracking algorithm is shown over
the respective piezo position.

In figure 3.5 a part of a calibration measurement is shown. The ‘0’ position is chosen

arbitrarily and in general not only a half period (moving from 0 to 2µm), but 3 complete

cycles are measured. The bead appears bigger, the further away from the focus it is moved.

To show the change in diameter for each picture the cross section is shown. The local

maximum in the middle at approximately -0.2µm is not considered by the particle tracker.

It can be clearly seen that the width of the profile increases with the focal height. In the

right picture the calibration was already done and as a result the apparent diameter is

shown over the distance to the reference 0. The slope of this function is calculated to be

0.34 µm
µm . For further calculation this value is used to determine the height of the sample.

An absolute position can not be given, since one does not know exactly where the focus

with respect to the bead lies. This is no problem because for all measurements presented

in this work, only relative positions and changes in positions are important.

Summary

• For cell height detection tracer particles are bound onto the cell membrane and the

position of the bead is determined via the apparent radius i.a. by a point spread
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3.2. Optical Detection and Cell Height Measurement

function approach.

• The setup of the optical trap is used and only minor changes were applied.

• The correction and evaluation methods developed in previous works were applied to

all measurements.
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3. Experimental Methods and Data Evaluation

3.3. Laser Setup

After different approaches, the optical trap setup (see section 3.2.1) and the TIRRotDFM

setup (Total Internal Reflection Rotational Dark Field Microscope - developed together

with Daniel Geiger and Daniela Beck and explained in [5]) proved to be the easiest and

most reliable solution for directing a high power laser beam on a cell. In the following

two sections, firstly the beampath of the used setup is described and secondly a self-made

rotating shutter is introduced.

3.3.1. Beam Path and Alignment of the Stretching Laser

As mentioned above, a great part of the TIRRotDFM setup is used to guide a Ti:Sapphire

laser called MIRAOptima 900 F [13] (pumped by a solid state laser Coherent Verdi V10)

with an output power of 2W in CW-mode towards the sample. In figure 3.6 the beam

path is illustrated. The Mira laser is coupled in after the dichroic mirror combining the two

fluorescence excitation lasers. This ensures the functionality of the TIRRotDFM setup and

enables us to additionally use the lasers for classical fluorescence imaging while stretching

(not described in this thesis). The naming of the components follows the nomenclature

in [5] for convenience.

After passing a λ/2 plate and a polarization beamsplitter cube for variable beam attenuation,

the Mira laser is directed with four mirrors towards mirror M8. As an additional element a

frequency doubling or tripling can be easily implemented into the laser path if needed. The

mirrors M8 and M7 direct the laser onto the optical bench with a telescope consisting of

the two lenses L7 (f = 35mm) and L6 (f = 100mm), that enlarges the beam diameter

by a factor of 2,9 to approximately 5mm. The aperture in the focal point of L7 is not

used for the Mira laser since the beam quality is already sufficient. The mirrors M6 and

M5 direct the beam on a second optical bench with the lenses L5 (f = 150mm) and

L4 (f = 150mm). In between these lenses, the rotating prism can be placed. It has to

be mentioned that the prisms are not necessary for the setup itself but they facilitate the

alignment of the beam. The telescope does not modify the beam diameter but is necessary

in order to get the collimated beam rotation around the optical axis with the prisms. With

mirror M4 the beam is directed towards the optical bench of the detection setup and the
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3. Experimental Methods and Data Evaluation

dichroic beamsplitter DC-BS couples the beam into this path against the direction of the

detection light. Aperture A1 helps with the adjustment and is opened completely while

measuring. The parallel beam is focused with L1 (f = 150mm) onto the back focal plane

of the objective (Nikon, APOTIRF 100 x NA1.49). This leads to an (almost) collimated

beam with a very small diameter of approximately 20µm on the sample. The upper part

with the condenser is not important for the stretching process but can be helpful for the

alignment.

Since alignment of the laser is crucial for successful measurements, the procedure is briefly

described. Therefore, it is assumed that the alignment procedures for the Mira laser,

the beam path from the Mira laser to mirror M7, the telescope consisting of L6 and L7

and the detection path are already done. Additionally it is assumed that the sample is

perpendicularly aligned with respect to the optical axes. The challenge is now to align the

laser with the detection path and direct it into the sample. For stretching it is mandatory

that the laser hits the objective centrally and perpendicularly. For this purpose it turned

out that the rotating prisms, part of the TIRRotDFM setup, are of great help. They are

positioned almost in contact so that no beam displacement is introduced. Aperture A1 is

closed and with the help of mirror M4 and the self made mount of the DC-BS the laser is

directed through A1. The objective is removed and a custom made screw-on aperture is put

in the back focal plane of the objective. With M4 and the DC-BS the beam is now directed

through both apertures. The objective is inserted again and a test sample is placed on the

sample holder. The collimator is removed and with the viewer card the beam diameter and

direction is checked. Ideally it should hit the ceiling above the objective (a marker is placed

there) with a diameter marginally bigger than the one at the sample plane.

To further optimize the alignment, the aperture A1 is opened and the prisms are separated a

bit so that the beam is displaced from the optical axis. This leads to a tilt of the beam after

the objective. By rotating the prisms, the beam should rotate around the marked position

at the ceiling. With the help of the two mirrors this circular movement is optimized. The

collector is mounted again and the sample is brought into an appropriate focus position

that an image is formed at the high-speed camera. Although the dichroic beamsplitter will

direct reflected laser light out of the detection beam path, there is a very small amount

of laser light, reflected at the bottom of the coverslip, that is transmitted (due to the non
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ideal reflectivity of the DC-BS) and can be seen on the camera if all lights are shut off and

the illumination time is maximized. This spot should be in the middle of the image and

illuminate a circular area of 20µm in diameter. Again the alignment can be checked by

separating the prisms and turning them. Care has to be taken that the time the laser is on

at full power is kept to a minimum in order to avoid damage on optical components. If the

alignment is finished the prisms can be removed from the beam path since they decrease

laserpower by approximately 6%.

3.3.2. Rotating Laser Shutter

Classical stretching experiments include the measurement of the stretching as well as the

relaxation process. Therefore, the cells are stretched for a certain time (laser is on) and

then the stress is released and the relaxation of the strain is observed (laser is off). For

reproducible results and accurate fitting it is necessary to precisely determine and apply

the so called on-time of the laser. To avoid negative effects on beam shape and stability,

the switching process should be done independently from the laser. Therefore, a custom

chopper wheel mounted on a stepper motor is used. For the measurement procedure it is

important that the switching process itself is as fast as possible. This minimizes effects of

nonuniform intensity distribution on the sample and stretching some areas more or for a

different time than others. Therefore, the wheel is manufactured that approximately 1/5

of the circumference is cut out and so during the rest of the rotation period the laser is

blocked. That is why the wheel can turn faster and hence minimizes the switching time.

However, it still provides enough time to manually set a second shutter during the off-times

to ensure illumination only during one cycle. The motor is controlled with an Arduino

microcontroller that can be programmed with a small dial to set the rotation speed. For

all measurements the on-time was set to 1.3 seconds what equals a time constant in the

program of 4500.

3.3.3. Determination of the Excitation Function

After the discussion of the beam path and the setup to switch the laser on and off, in this

section I will focus on the quantitative description of the time dependance of the laser’s
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3. Experimental Methods and Data Evaluation

Figure 3.7.: Measurement data and fit for the shuttered laser: The process of switch-
ing the laser on by the rotating shutter has been measured by a photodiode
and an error function is fitted to the datapoints

intensity. As already elaborated in section 2.3.4, the absolute value of the stress can not be

determined. Nevertheless, it is important to know the temporal behavior produced by the

laser light switching. To measure this, a photodiode was inserted into the beam path after

the shutter. One has to make sure that the beam underfills the area of the photodiode

when turned on. The shutter is rotated and the temporal evolution of the voltage over the

photodiode is measured.

In figure 3.7 the voltage is plotted over the time. Recalling the excitation function from

equation 2.40 and only regarding the part for switching on, one gets

σ(t) = σ0 · Erf[a · (t− tstart)] (3.7)

By fitting this function to the experimental dataset, the free parameters σ0, a and tstart
can be determined and are given in table 3.1. The values of σ0 and tstart have no further

implications on the following measured result. However, the steepness of the curve a, that

was determined to be 157.42, will be applied in all excitation functions used to derive the

time dependent strain function ε(t) in section 3.6.2.

The conclusions drawn from the theoretical considerations about the influence of a shutter

cloaking a Gaussian beam from the side were approved by the measurements in an impressive
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Table 3.1.: Fitparameters for switching the laser on
Parameter Value
σ0 4.55V
a 153.42
tstart -0.0001 s

manner.

Summary

• Stretching of the cell is induced by a Ti:Sapphire laser illuminating the cell with a

collimated beam.

• The task of switching the laser on and off is solved with a custom built rotation

shutter with adjustable speed.

• From theoretical and geometric considerations, the stress function, i.e. the temporal

evolution of the power interacting with the sample, can be described by an error

function. The parameter determining the dynamics of the error function was found

by measurements with a photodiode.
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3.4. Cell Preparation

As already mentioned before, NIH/3T3 mouse fibroblasts were used for the experiments.

They were cultured in Dulbecco’s Modified Eagle Medium with 5% of penicillin and 10%

of fetal calf serum (Bio&Sell). For better adhesion of the cells, after washing with ethanol,

the coverslips for measurements were coated with fibronectin (5µg/cm2, Sigma-Aldrich).

As markers for the cell height serve 1µm polystyrene beads coated with protein G. They

were purchased readily coated from Polisciences, Inc. The protein G coating is crucial for

the experiments since it inhibits the endocytosis of the beads into the interior of the cell.

These beads are known to bind to the outer part of the cell membrane, representing an

excellent marker for membrane displacement. However, it should not stay unmentioned

that during experiments plenty of beads were found to be incorporate inside the cell instead

of adhere to the outer side of the membrane. For analysis, care was taken to only trace

particles binding to the membrane. Without any staining or other measures it was up to the

experimentalist to decide whether the bead is inside or outside of the cell. This is probably

the most important point for the analysis of the large spread in the recovered parameters.

To attach the beads to the membrane, the cells were kept for 75 minutes in a solution

consisting of 6µl bead solution and 2ml of culture medium. After this time cells were

washed two times and measurement started approximately 30 minutes later. One sample

was not measured longer than 90 minutes in order to avoid alterations in the cells due to

non-ideal environmental conditions.

Latrunculin A Treatment

To destruct the actin part of the cytoskeleton, Latrunculin A was used (BioMol). This was

done in order to have a different sample type whose mechanical properties are known to

differ from the untreated cells. Latrunculin A disrupts the actin formation in the cell by

inhibiting the polymerization from G-actin to F-actin. It is a marine toxin extracted from

the sea sponge Negombata magnifica.

The 3T3 fibroblast were treated with a 0.5µM solution of Latrunculin A purchased from

Cayman Chemicals for 30 minutes. Prior to this, they were cultivated as explained above

with the difference that the beads have only been applied for 60 minutes. This turned
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out to be the best time for optimal results with maximal amount of beads adhering to

the membrane while the ratio of bead inside the cell was low. After the 30 minutes of

latrunculin, cells were washed three times with culture medium.

Summary

• 3T3 fibroblast cells are are used in the experiments.

• Latrunculin A is used to alter the fibroblasts’ mechanical properties.

• 1µm polystyrene beads are attached to the cells and serve as markers.
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3.5. Measurement Procedure

In this section, a typical measurement procedure is described. Important steps and proce-

dures that has been developed exclusively for the experiments presented in this work are

explained in a more elaborated way than the techniques that are well known.

For best laser power stability the Mira Ti:Sapphire laser should be turned on at least two

hours before the measurement starts. Cells are prepared as described in section 3.4 and

the sample is placed on the microscope. Verifying an exactly perpendicular alignment of

the sample with the optical axis is crucial for both, reproducible cell stretching and correct

detection of the embedded beads. This is done by scanning a great area of the sample

(approx. 10 x 10mm2) with the stepper motors. If the cells are in the focal plane over the

entire scan, a proper alignment can be assumed. If not, and if the microscope setup was

adjusted correctly during the basic setup, a slightly tilted sample can be assumed. This

can be corrected by tightening the bolt on the sample chamber properly and equally since

the chamber is sealed by a PDMS ring that might be unevenly compressed if the bolts are

differently tight. As a test for the laser alignment an area of the sample that is excluded

from measurement later on is selected and the shutter time of the camera is set to maxi-

mum. This ensures that the small amount of laser light reflected from the backside of the

coverslip is seen on the camera. The alignment of the laser is good, if the laserspot is in

the middle of the camera and has an approximate apparent width of 20µm.

For stretching, a cell has to be chosen that is not in contact with another cell, has at

least 4 beads in a similar plane that can be tracked and beeing not in the direct vicinity

of the substrate or the rim of the cell. In addition the cell should look ’normal’, hence not

undergoing proliferation or apotosis (often indicated by a round shape) and be in the before

determined spot of the laser. Four different measurement steps are carried out:

Calibration: The determination of the conversion factor of the apparent bead diameter

and the respective distance to the focus is carried out as described in 3.2.2. However, the

apparent diameter and its change with height is influenced by the surrounding of the bead,

namely the refractive index of the medium in the vicinity of the measured bead. This implies

that different conversion factors have to be applied, both, when the bead is on the cell or

on the substrate and also if it is nearby specific cellular components like the nucleus. To
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Figure 3.8.: Stretching of a cell: A brightfield image of the cell before stretching is shown
on the left. The picture in the middle shows the cell 1.1 second after the onset
of the stretching. On the right hand side a contrast enhanced difference picture
is shown for better visibility. The scalebar is 5µm.

ensure best results, the conversion factor of each individual bead is determined. Therefore,

a triangular pattern with a peak to peak amplitude of 2µm and a frequency of 0,2Hz is

applied by the piezoelectric stage (Physik Instrumente).

Passive microrheology measurement before stretching (PMR1): The PMR1 mea-

surement is taken for two reasons. Firstly, it allows for computing the mean square dis-

placement (MSD) of beads attached to the cell and later also the calculation of the shear

moduli. These values can then be compared to other measurements done at the institute

and give insight whether the sample preparation was successful or not. Second, it serves as

a reference for the second PMR measurement. The PMR measurements were done with

a measurement frequency of 1000Hz for 8 seconds leading to a total of 8000 images per

measurement.

Stretching and releasing: For the actual stretching experiment the rotation period of the

shutter is set to a value of 4500 that corresponds to an illumination period of 1.3 seconds,

measured with the photodiode. The framerate of the camera is adjusted to 250 frames

per second and a total of 1100 images is recorded. The laser is blocked manually till the

rotating shutter is in an ‘Off’-position. Then the block is removed and the acquisition

started. As soon as one illumination period is done, the beamblock is inserted again and

the acquisition is stopped. This leads to approximately 200 images without the laser then

the cell is stretched over 325 images and the relaxation can be studied over 575 pictures.

In figure 3.8 images of the cell before (left) and during stretching (middle) are shown. The
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difference is not easy to be seen by eye. Therefore, a difference image of the two pictures is

shown on the right hand side . The changing interference pattern can be easily identified.

There is almost no change visible in areas where no beads are present. This is the reason

why a bright field image of the cell without particles can not be used alone to determine

the cell height.

Passive microrheology measurement after stretching (PMR2): The second PMR

measurement is done with the same parameters as the first one. It is meant to reveal

differences in the Brownian motion of the beads, hence the mechanics of the cell after the

stretching process. Heat induced damages in cell components, new equilibrium position of

biopolymer conformation after stretching or potential destruction of cytoskeletal filaments

are potential reasons for such changes.

Summary

• Careful alignment of the setup is crucial for successful measurements.

• For each cell four different measurements have to be taken.

• The measurements include calibration, PMR1, the actual stretching measurement

and finally a second PMR measurement.
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3.6. Data Processing and Function Fitting

In this section the processing of the data recovered from the height analysis is discussed.

Firstly the calibrated dataset has to be brought into a readable form for the fitting program.

The crucial part for determination of the mechanical properties is the fitting of the models

discussed in section 2.3 to the measured timeseries of heights. Therefore, the excitation

function described in section 2.3.4 has to be taken into account to determine the final fit

functions and to simplify them.

3.6.1. Preprocessing of the Data

After performing the measurement procedure described in section 3.5, the raw data of the

stretching experiment has to be converted into physical units of height. This is done using

the calibration procedure described in section 3.2.2. After determining the conversion factor

from apparent bead diameter to relative height, the data of the stretching experiment are

converted.

Figure 3.9.: Processing of the raw height data: On the left hand side the raw data
recovered from the detection of the focal height from one bead is displayed.
The excitation as well as the relaxation is visible. On the right hand side
the processed dataset is shown. The datasets are cut properly, the height is
adjusted to be zero at the onset of the motion and the relaxation is mirrored
in order to be describable with the same function as the excitation part. In
addition, a moving average smoothing of 7 points is applied.

Since only the relative change in height during the stretching is of interest for the evaluation

but not the absolute height of the bead, the height before the exposure with the laser is

used as reference value.
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One stretching experiment involves both, the excitation with the laser and hence the stretch-

ing of the cell and also the release of the strain leading to a decrease in the apparent cell

height. Both processes should be investigated separately, since it is possible that there will

be a kind of hysteresis effect in the mechanics itself or irreversible changes in the material

induced by the stretching. Therefore, the signal is cut in two parts. Cutting 0.1 seconds

before blocking the laser turned out to give best results. For simplicity the signal of the

relaxing part is inverted, leading to a signal similar to the one resulting from the excitation.

Now, both signals can be fitted with the same function and one can be sure that differences

in the fitted parameters are due to variations in the processes themselves rather than in

numerical uncertainties or intrinsic instabilities of distinct fitting functions.

In order to eliminate noise, mostly occurring due to problems during the tracking, the final

dataset is smoothed. Therefore, the Mathematica function ’MovingAverage’ with a range

of seven data points is used. The range was chosen with respect to the captured framerate

of 250 images per second. This combination of parameters ensures that the interesting

mechanics on the timescale of approximately 0.1 seconds can be investigated while physi-

cally irrelevant deviations, occurring for example from mechanical vibrations or noise on the

camera, are neglected. Single drawback of this method is that the very first points during

stretching and releasing are biased and the onset of the motion is blurred. However, due

to the relevant timescales for the interesting mechanical parameters, this will be neglected

if not stated otherwise in the explicit model.

In figure 3.9, the transformation from raw data to the datasets later used in the fitting

routine is depicted. On the left hand side the original dataset of stretching (image 180 to

490) and releasing (image 490 till the end) is shown. It is quite obvious that the signal is

very noisy due to non-perfect conditions during measurement and analysis. On the right

hand side the dataset is split into an excitation part (blue) and a relaxation part (red). They

are both 1.3 seconds long while the onset of the motion is chosen to be at 0.1 seconds.

The time before the motion starts is padded with zeros what turned out to significantly

improve fit convergence in a later stage. In addition, the onset of the motion was fixed to a

value of height zero and for the relaxation the motion is mirrored in order to use the same

fitting function as for the excitation. To reduce the noise and simplify fitting, the moving

average of 7 points as described above was also applied. The apparently similar height of
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the excitation and relaxation part on the right hand side in contrast to the clear difference

of the long term behavior on the left hand side is caused by the modified region of interest,

since the motion is clipped on both sides 1.2 seconds after its initialization to have equal

length.

3.6.2. Fitting Functions and Procedures

For proving the ability of the designed setup and developed routines, careful measurement

and analysis is crucial. Therefore, in this section the detailed procedure of fitting the models

described in section 2.3.3 is given. Although the models and corresponding differential

equations have been discussed in the theory part, the final DGL with the correct excitation

function from section 2.3.4 is given here. Since the correct excitation function is way more

complex than the simple rectangular function used in section 2.3.3, it was not possible

to determine analytical results for all models. Hence it was chosen to fit the stretching

and releasing part separately. With this simplification, closed forms for all models were

obtained. Firstly, the resulting DGL for all models are given and the solution for the 4

parameter model is presented as example for all other solutions. Then a brief look will be

taken at the integration constants involved and how exactly the fitting was done.

Differential Equations of all Models

As indicated above, the final differential equations differ from the ones presented in the

theory part since the error function is used as excitation function. Also the solution was only

computed for the stretching part, the releasing part is treated with the same function with

the mirrored values as describes above. The fitting is done individually so the recovered

parameters are not influenced by each other. Hence the time dependent stress applied to

the model is given as

σ(t) = s0

2 + s0

2 · Erf[a(t− tstart)] = s0

2 (1 + Erf[a(t− tstart)]) (3.8)

with s0 = 0.5 and a = 153 as determined in section 3.3.3. With this in mind, the so called

single sided differential equation for the models read as follows:
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Kelvin-Voigt model :

E1ε(t) + ηε′(t) = s0

2 Erf(a(t− tstart)) + s0

2 (3.9)

Model A:

(E1 + E2)ε′(t) + E1E2

η
ε(t) =

E2
(
s0
2 Erf(a(t− tstart)) + s0

2

)
η

+ as0e
−a2(t−tstart)2

√
π

(3.10)

Model B:

E1E2

η
ε(t) + E2ε

′(t) =
(E1 + E2)

(
s0
2 Erf(a(t− tstart)) + s0

2

)
η

+ as0e
−a2(t−tstart)2

√
π

(3.11)

Model C :

E1η2

η1 + η2
ε′(t) + η1η2

η1 + η2
ε′′(t) =

E1
(
s0
2 Erf(a(t− tstart)) + s0

2

)
η1 + η2

+ as0e
−a2(t−tstart)2

√
π

(3.12)

Model D:

E1(η1 + η2)
η1

ε′(t) + η2ε
′′(t) =

E1
(
s0
2 Erf(a(t− tstart)) + s0

2

)
η1

+ as0e
−a2(t−tstart)2

√
π

(3.13)

4 parameter model :

E1E2ε
′(t)

η2
+ E1ε

′′(t) =
E1E2

(
s0
2 erf(a(t− tstart)) + s0

2

)
η1η2

+

as0e
−a2(t−tstart)2

(
E1+E2
η2

+ E1
η1

)
√
π

− 2 · a3s0e
−a2(t−tstart)2(t− tstart)√

π
(3.14)

Solving the Differential Equations

The DGLs presented in the previous section have to be solved in order to get a time

dependent function of the strain ε(t). This was done by using Wolfram Mathematica 11.0

and the command DSolve. Since the models involve DGLs of the first and second order

in the solution, one or two integration constants will always be left undetermined. They
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have to be fitted too or have to be determined by other means. First, fitting was tried,

however in some models the integration constant don’t decouple from other parameters

and get either arbitrary or inhibit fitting at all. In addition to that very narrow restrictions

for the range of allowed values for the parameters have to be made and the starting point

has to be chosen carefully. To avoid this, I chose to find physical conditions the integration

constants have to follow in order to fix them. Therefore, I used the fact that for times

shorter than the onset of the motion (the part where the dataset is forced to be zero) both,

the fit function and its first derivative have to be zero. With these two conditions, the

integration constants were fixed. In table 3.2 the models with the integration constants

and the way how they are determined are given. In addition, there is an overview about

the fitted parameters.

Table 3.2.: Different models with their corresponding integration constants and
fitting parameters:

Model Integration Constants Parameters
Model KV C1 → ε(tstart) = 0 E1,η1
Model A C1 → ε(tstart) = 0 E1,E2,η1
Model B C1 → ε′(tstart) = 0 E1,E2,η1
Model C C1 → ε′(tstart) = 0 and C2 → ε(tstart) = 0 E1,η1,η2
Model D C1→ε′(tstart) = 0 and C2 → ε(tstart) = 0 E1,η1,η2
4 Parameters C1→ε′(tstart) = 0 and C2 → ε(tstart) = 0 E1,E2,η1,η2
Stretched Exp. None B,τ ,β

With the expressions presented above and the conditions for fixing the integration constants

expressions for ε(t) were obtained.

Again, all calculations have been done with Mathematica. However, due to numerical

instabilities regarding the solving for the integration constants, each term has to be checked

for plausibility. It turned out that often Mathematica added or subtracted terms multiplied

with very small numbers in the order of 10−405. These terms have been removed prior

fitting since they might lead to ambiguity and have no physical meaning. Due to the length
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of the expression as an example only the solution for the 4 parameter model is given:

ε(t) = 1
2as0

(
Erf(a(t− tstart))

(
a
( 1
E1

+ 1
E2

)
+ a(t− tstart)

η1

)
+ a

( 1
E1

+ 1
E2

)
−

aErf
(

1
2aE2
η2

+ a
5

)
e
−
E2(η2(t−tstart− 3

a3 )− 1
4a2 E2)

η2
2

E2
−

ae
E2(E2−4a2η2(t−tstart))

4a2η2
2 Erf

(
− E2

2aη2
+ at− atstart

)
E2

+ a(t− tstart)
η1

+ e−a
2(t−tstart)2

√
πη1


(3.15)

Fitting of the Functions

As for all previous calculations, Mathematica 11.0 was also used for fitting. After reading

the values prepared as described above, the function was defined and the command Non-

LinearModelFit was used for fitting. Along with the model and the dataset also the desired

fit parameters and their starting points have to be given. It turned out that starting with

a value of 1 for all parameters works fine. The allowed range of values needs more careful

considerations. Since almost all parameters converged well, the range was principally set

to [0.001;100]. For the parameter E1 it was more an issue since for the 4 parameter model

it often runs into the upper boundary as discussed in section 4.2. Hence for E1 the limits

were set to [0.001;1000]. The problem of fitting E1 will be discussed in detail in the results

section. The fit by Mathematica contains the residuals, the RSS value and the Akaike

information criteria in the form described in section 2.5.1.

Summary

• After calculation of the height data from each image, the height over time signal is

cut into an excitation and a relaxation part.

• Smoothing with a 7 point moving average function reduces measurement noise with-

out significant change of the biological information encoded in the signal.

• Differential equations are solved with the before determined excitation function.

• Boundary conditions and integration constants are fixed due to physical considerations

prior to fitting the model to the dataset.
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It doesn’t matter how beautiful your theory is, it doesn’t matter how smart you

are. If it doesn’t agree with experiment, it’s wrong.

Richard P. Feynman

In this chapter, the models derived in chapter 2 are applied to the data acquired with the

measurement techniques developed in chapter 3. The mechanical properties of two different

sample types are determined. The wildtype 3T3 fibroblast are compared to the latrunculin

treated fibroblasts.

In order to do this, firstly the best fitting model is determined by qualitative and quantitative

analysis of the fitting functions. Secondly, for the 4 parameter model - the best fitting

one - the relevant parameters and their distributions are analyzed and set into context to

biological and structural properties of the cells. Additionally, detailed analysis is also done

for model C. As an empirical model the stretched exponential is also applied to the data.

For comparison, the results are discussed in the context of microrheological measurements

in cells. Finally, the influence of the substrate on the determined parameters as well as

implications for further measurements are discussed.

In figure 4.1 an overview over the 6 viscoelastic models introduced in sections 2.3.2 and

2.3.3 is given. The Kelvin-Voigt part on the right hand side is in series with two parallel

Maxwell elements. The naming of the parameters in the different models is give in the

table below the scheme and is the same as used in the theory section and will also be used

throughout this chapter. If the element is not present, it can be replaced either by a stiff

connection indicated by ∞ or the junction is completely deleted indicated by 0.

89



4. Results and Discussion

Figure 4.1.: Overview of the viscoelastic models and the naming of the parameters:
The six different viscoelastic models can be constructed from this scheme. The
naming of the parameters is given in the table. If a parameter is not given in
a model, the respective element has to be removed indicated by a 0. If the
element is replaced by a stiff connection, it is indicated by ∞.

4.1. Comparing Different Viscoelastic Models

All models described in section 2.3 have to be tested with real measurement data. Therefore,

a qualitative assessment of the functions that are fitted to the dataset is done. This shows

under which conditions the respective model mimics the data well and where problems

occur. Quantification is done by using the AIC to rank the models according to their

overlap with the data.

4.1.1. Qualitative Analysis of Different Viscoelastic Models

This section focuses on the differences, similarities and capabilities of the six viscoelastic

models introduced in section 2.3 to describe the deformation dynamics of a cell under stress

with the setup described in section 3.2. Therefore, all models are fitted to all datasets and

one representative result out of this set is shown and analyzed in the following. The aim is

to compare the dataset to the fitted function and determine with the help of the residuals

i.e. the difference between the datapoints and the fit, where problems occur and what

they mean for the further usability of the model. Firstly, special attention is paid to the

short term behavior, often referring to a fast response of the model to the stress function.

Secondly, the capability of the model to mimic the onset of flattening of the curve and
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thirdly how good the long term behavior i.e. the creep of the system is mirrored in the

model.

Figure 4.2.: Dataset, fit and residual values for models KV and A: a) Experimental
data and best fitting function determined with the Kelvin-Voigt model. b)
Residual values for the Kelvin-Voigt model. Small systematic deviations are
visible especially in the residual plot where the values change from positive
(0 - 0.2 s) to negative (0.2 - 0.6 s) and back (0.6 s - end).
c) Experimental data and best fitting function determined with model A. d)
Residual values for model A. The step at the onset of the deformation, origi-
nating from the singular spring, does not fit the data well. This is obvious in
the fitted model diagram as well as indicated by a deep dip in the residual plot.

The Kelvin-Voigt model is fitted to data in figure 4.2 a). The fit shows a good performance

for the onset of the motion, but within the first 30ms the fitted curve systematically drops

below the datapoints. This can also be seen in the residuals (figure 4.2b)) where the error

signal is positive up to 0.2 s. The reason is that the Kelvin-Voigt model has no single

spring that could instantaneously respond to the onset of stress. For the next region up

to 0.6 s the residuals show no clear trend, however in other measurements it is visible that

the deformation is overestimated by the model. In the example shown, the small peak at

0.4 s cloaks this behavior. Since there is only one viscous damper in the system, only one
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relaxation (or in this case excitation) time can be fitted. In the fitting routine, the parts

of over- and underestimation cancel over time. For the long term behavior in this example

the fitting seems to be pretty good, but it has to be kept in mind that in the presence of

creep this model will fail to describe long term behavior.

Model A, consisting of a Maxwell element and a parallel spring, is fitted to displacement

values in figure 4.2. In c) and d) the problem of fitting the onset of deformation gets

obvious. The model starts too steep, leading to a strong overestimation of the datapoints.

In the residual plot (figure 4.2,d)) this behavior is visible as a sharp dip in the error signal.

The reason are the two parallel springs that form, for the short timescales, an effective

spring whose response is instantaneous. However, it seems that this is not the physical

performance of the system. Compensating for this, the damper turns out to be slightly

too viscous, leading to an underestimation for times up to 0.2 seconds. The rest of the

deformation curve is mimicked quite well as can be seen from the residual values that are

closely distributed around zero for times up to one second. As already described for the

Kelvin-Voigt model, the chosen dataset shows no significant creep and hence the long term

motion is mirrored well by the model. However, for situations with creep the model would

fail.

In the parts a) and b) of figure 4.3 the response function of model B is fitted to the

dataset. It consists of a Kelvin-Voigt element with an additional spring in series. In part

a) of image 4.3 the data points from a stretching experiment are shown together with the

corresponding fit. The single spring leads to an instantaneous response of the system to the

excitation resulting in an overestimation of the deformation by the fit function. Although

the deformation has no unphysical step due to the nature of the excitation function (see

section 3.3.3), the rise of the model function is to fast. This can be seen in the residual plot

in figure 4.3 b). Neglecting the compensation of the non-precise onset by underestimation

of the dataset for times 0.03 s < t < 0.2 s, the data is approximated quite well for times

up to 0.9 seconds. For the long term behavior a creep is visible in this dataset. The model

has problems in accounting for this, since it has no single dashpot that expands as long as

a force acts on it. The spring in parallel to the dashpot rather limits the excitation of the

system at constant stress to ε = E · σ.

In the parts c) and d) of figure 4.3 the results of fitting model C on a dataset is shown. It
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Figure 4.3.: Dataset, fit and residual values for models B and C: a) Experimental
data and best fitting function determined with model B. b) Residual values as
difference between datapoints and fitted function for model B. Apparently this
model fits the short term behavior well but fails for the creep at times> 0.8 s
c) Experimental data and best fitting function determined with model C. d)
Residual values as difference between datapoints and fitted function for model
C. Here the creep is modeled well for longer times, however for short timescales
< 0.4 s systematic under- and overfitting is observed.

consists of a Kelvin-Voigt element and an additional dashpot in series. In contrast to the

model presented above, model C is capable of accounting for long term creep originating

from a constant stress. However, this is a classical example of an inappropriate model for

the corresponding dataset. In the residual plot of figure 4.3 d) this problem gets obvious.

Although the mean of all residuals is close to zero, the RSS value is very large. The residual

values deviate in a systematical manner from zero, starting with an underestimation up to

approximately 0.05 s, originating from an almost instant response of the system that can

not be accounted for, due to the two dominant damping elements. Trying to compensate

this flaw, the resulting viscosity appears to be too low for the deformation, leading to an

overestimation for times 0.05 s < t< 0.33 s. At approximately 0.4 seconds, the linear
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creep starts, although the data shows a clear curvature with d2ε(t)
d2t
6= 0. This is linked to a

spring that is determined to be too rigid, probably originating from the steep onset of the

deformation.

Figure 4.4.: Dataset, fit and residual values for model D and the 4 parameter
model: a) Experimental data and best fitting function determined with model
D. b) Residual values as difference between datapoints and fitted function for
model D. The model seem to mimic this cell quite well since the residual values
are small and randomly distributed around zero. However, for this dataset no
creep is present.
c) Experimental data and best fitting function determined with the 4 parameter
model. d) Residual values as difference between datapoints and fitted function
for the 4 parameter model. The model successfully describes the dataset for
short times and also the creep at longer times is accounted for.

Model D consists of a Maxwell element and a parallel damper, leading to the possibility of

creeping behavior for long terms. In figure 4.4 a) the model is fitted to a dataset. In this

example the onset of the deformation is smooth and hence the function fits the data well for

the short term behavior, although no instant response is possible due to the missing isolated

spring. This implies that the transition phase from short to long term behavior is not biased

by an imprecise starting condition and is mimicked well by the model. The fact that the data
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shows almost no creep for times around one second and anyway is fitted correctly, is rare.

By incidence, the combination of spring and especially damping elements - in this case they

show high values for viscosity - is capable of describing the whole motion. In the residual

plot on the right hand side this can be seen by an even distribution of the values around the

zero line. The deviations at times longer than 0.8 seconds are due to systematical problems

in determining the beads position correctly or by vibrations transmitted from the outside

into the setup.

The last viscoelastic model that is fitted to the deformation data is the 4 parameter model,

a combination of a Maxwell and a Kelvin-Voigt element. A fit with a low RSS value and

hence high overlap with data is shown in the lower half of figure 4.4. The overall good

agreement of the model with the datapoints is visible in the residual plot on the right

hand side. The deviations are distributed in a random manner around the zero line, longer

periods of under- or overestimation of the measured displacements by the fit are due to

fluctuations in the system itself, probably induced by mechanical vibrations. The onset is

mimicked well although there is no step in the system, hence spring E1 is fitted with a

high spring constant. The interplay of the second spring and the two dampers describe the

flattening of the dataset. At times longer than 0.8 seconds the linear creep of the system is

modeled by the damper η1 alone. So far, this is the best fitting model, however one should

keep in mind that it is the only one containing four free parameters.

Summary

• Three crucial parts of the deformation can be identified: short term, intermediate

and long term behavior.

• Models without single dashpots fail for deformations with creep.

• Instant response to deformation is governed by a (effective) single spring.

• The 4 parameter model is the only one fitting all timescales under different conditions

(creep, no creep, instant response, smooth onset).

4.1.2. Quantitative Analysis of Different Viscoelastic Models

After focusing on the strengths and weaknesses of the individual models in describing

the measured deformation, this section will use the Akaike information criterion (AIC), as
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introduced in section 2.5.1, to measure the quality of a fit and to find the best model from

a statistical point of view. All models are fitted to all datasets and with the help of the

RSS value, the AIC is determined according to equation 2.54. As a short reminder, the

lower the AIC value is, the better the model describes the dataset.

Figure 4.5.: Akaike values for viscoelastic models fitted on 3T3 cells: The AIC values
of the 6 viscoelastic models are plotted for non-treated 3T3 cells for switching
the laser on (upper image) and turning it off (lower image). The 4 parameter
model is the best with median AIC values of -1954 and -1995. It is followed by
the models C and D. The worst model is the simple Kelvin Voigt model which
also has the greatest spread.

In figure 4.5 the AIC values for the deformation of the non treated 3T3 fibroblasts are

shown. A similar boxplot, but for the cells treated with latrunculin A is shown in figure

4.6. In the upper half, labeled with ‘ON’, the stretching is analyzed while in the lower part,

labeled with ‘OFF’, the relaxation process is investigated. The median values of all models
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are also given in table 4.1.

Figure 4.6.: Akaike values for viscoelastic models fitted on 3T3 cells treated with
latrunculin: The Akaike values of the 6 viscoelastic models are plotted for
latrunculin treated 3T3 cells for switching the laser on (upper image) and
turning it off (lower image). The 4 parameter model is the best with median
AIC values of -1839 and -1898. It is followed by the models C and D. The rank
of goodness is equal to the non-treated cells.

It is obvious, that the Kelvin-Voigt model shows the worst performance, followed by the

models A and B. Models C and D are almost equally good and the 4 parameter model

turns out to perform best according to the AIC. The ranking is the same for both cell types

and both cases. It is interesting that both pairs, model A and B as well as model C and

D show almost identical values. Small differences in the AIC values for these models can

only be observed for the latrunculin treated cells. However, it should be mentioned that

this might be caused by the larger number of 149 measured beads compared to only 90 for
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Table 4.1.: Median of the distribution of Akaike values for different viscoelastic
models

Model 3t3 On 3T3 Off 3T3 Lat On 3T3 Lat Off Rank
n=90 n=90 n=149 n=149

KV -1446 -1550 -1359 -1406 6
A -1630 -1713 -1516 -1569 4
B -1630 -1713 -1515 -1567 5
C -1826 -1898 -1783 -1848 2
D -1826 -1898 -1783 -1847 3
4P -1954 -1995 -1839 -1898 1

the non-treated cells. The physical reason for the described order lies in the constituents

of the model. While Model A and B consist of two springs and one dashpot, model C and

D are assembled of one spring and two dashpots. With the considerations from the last

section, there are two main reasons why the group of models C and D is better suited to

fit the deformation:

1. Many cells exhibit a creep behavior for stretching times longer than 0.8 seconds where

the constant force leads to a linear deformation. This is only possible for having a

dashpot without a spring in parallel to it. In model C this is dashpot η2, in model

D the combination of η1 and η2. In model A and B each dashpot is restricted by a

parallel spring.

2. Short and long term dynamics obviously happen at two different timescales. When

regarding the formulas for the individual models in section 2.3.3 (equations 2.26 for

A, 2.29 for B, 2.32 for C and 2.35 for model D) the intrinsic difference of the two

groups of models gets clear. The solutions for the models C and D include effectively

two exponential functions. Although they have the same exponent and hence time

constant, one of them has a time dependent pre-factor and hence the dynamics can

happen at different timescales. The only difference in the time constants is that in

case of model C it is E
η1

and η2 serves only as pre-factor while in model D the dynamics

are determined by E(η1+η2)
η1·η1

.

From all four diagrams it is obvious that the lowest AIC values are obtained with the 4

parameter model. Although the p-values determined by the Wilcoxon rank-sum test are

not given in the diagram, they lie within the range of 2 · 10−6 and 9 · 10−8 when tested

against the second best model for all cases. This becomes even more striking when recalling
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equation 2.56 where the relative evidence ratio is calculated. Plugging in the numbers for

the lowest distance of the 4 parameter model to the second best that is model C in the

case of relaxation for the latrunculin treated cells, the difference is 51. Putting all models

in equation 2.56 and calculating the probability that the 4 parameter model is not the best

fitting one p is 4.211 · 10−11. Or in other words the probability that it is indeed the best

fitting model is 99.9999999958%.

As already explained in previous sections, biological cells have an intrinsic spread in almost

all parameters within a population. Therefore, having a look at the distribution of the AIC

values is also very instructive, since it is not only of interest which model fits the ‘median’

cell best, but also to judge whether it is applicable to a whole distribution of individuals

within one population. The spread of the AIC values for the individual models is given as

the span between first and third quartile, i.e. the range of 50% of the values between 25%

and 75%. The first thing to mention is that the span varies for one model almost by a

factor of 2 between the different situations of switching and latrunculin treatment.

As it is already the worst fitting model from the median values of the AIC, the Kelvin-Voigt

model also shows the broadest distribution of the 50% confidence box with a maximal span

of 472 for the relaxation of the non treated cells. The same is true for models A and B

that are covered together here due to the findings from the last section. As they are ranked

fourth and fifth by the mean values, the maximum 50% span also lies at this position and

is calculated to be 410 for excitation of the latrunculin treated cells. The more interesting

models are the three best fitting models determined by the median AIC value. The models

C and D previously ranked second and third, change the place with the 4 parameter model.

C and D have a maximal 50% span of 378 for the excitation of the latrunculin treated

cells. For the same samples the 4 parameter model also shows the lowest 50% span of

410. This is even more astonishing since the superiority of this model regarding the median

consideration is so tremendous. Tellingly, model C also shows the lowest span of all models

and samples for the relaxation of the non treated cells with 274.

From this different conclusions can be drawn. The accordance of the median and span

data for the Kelvin-Voigt, A and B model firmly disqualifies them as a valid approach to

describe stretching or relaxation. The reduced span of Models C and D compared with the

4 parameter model forces one to overthink the strong statement of the best model made
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on the base of the median. Apparently the 4 parameter model is still considered to be the

best, however it seems to be not as robust as the other two models. The physical reason

for the deviation cannot lie in noise or measurement errors but has to be searched in the

intrinsic heterogeneity of the samples. The mathematical cause is discussed within the next

section and originate from incorrect fitting or more precise, from the inadequately chosen

temporal resolution (see 4.2).

Summary

• The median of the AIC values leads to a ranking with decreasing Kullback-Leibler

distance to the real data: Kelvin-Voigt, B, A, D, C and the 4 parameter model.

• The probability for the 4 parameter model to be the best one is almost 100% ac-

cording to the Akaike information criterion.

• The spread of the 4 parameter model is larger than the one of models C and D and

therefore a lower stability to deviations from the expected curve is observed.
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4.2. Results from the 4 Parameter Model

In the last section, the AIC was applied to determine which of the models has the smallest

Kullback-Leibler distance to the dataset, i.e. is the best fitting one. The 4 parameter

model turned out to be the best choice although in the variance of the AIC values a hint for

potential problems was identified. In this section, the parameters determined by fitting the

4 parameter model to the dataset are discussed. As a short reminder, the model consists

of a Maxwell element with spring E1 and dashpot η1 arranged in series with a Kelvin-Voigt

element consisting of a spring E2 and a dashpot η2. All values are given in arbitrary units

as discussed in section 2.3.4.

Figure 4.7.: Distribution of values for spring E1 for the 4 parameter model: The
distribution of the parameters for the springs E1 together with the correspond-
ing p-values originating from the rank-sum-test is shown. E1 shows a large
spread that is due to numerical instabilities in the fitting. For E2 a significant
difference between the values of the treated and untreated cell line can be seen.

In figure 4.7 the fitted values of the springs E1 are visualized for the excitation and relaxation

part of the measurement for both sample types in a boxplot. The red horizontal bar indicates

the median and the box covers the span of values from 25% to 75%. The whiskers represent

the dataset from 5% to 95% respectively. At first glance it is obvious that for the values of

E1 the distribution is very broad for all sample and measurement types. However, for the

latrunculin treated cells, labeled by ‘Lat’, the box spans almost the whole allowed space of

values (0 to 1000), ranging from 7 to 978 for the stretching part and from 9 to 939 for the

relaxation measurement with a median of 418 and 430 respectively. For the non treated
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Figure 4.8.: Histogram of the distribution of values for spring E1 of the 4 param-
eter model: The values of stretching and relaxing are shown together. The
histogram of the distribution shows three populations for both sample types.
One is located a low values between 0 and 50, a second one in the region of
450 and a third one at the given limit of 1000. For the wildtype 3T3 cells 148
and for the latrunculin treated cells 274 values are used.

cells the quartiles range from 5 to 413 with a median of 9 for stretching and from 6 to 462

with a median of 27 for the relaxation process.

The spring E1 is responsible for the instantaneous response of the system. One can state

that besides the fact that the spread is very high, the spring has significantly different

median values for the treated and the non treated cells. However, having a closer look

at the distribution of the values leads to a more elaborate explanation. In figure 4.8,

a histogram of the distribution of E1 is shown where the values for the stretching and

relaxation part of the different sample types are combined. The perception is that the

values are not smoothly distributed over the entire range but three sub populations can be

identified. The first accumulation of values is around the lower limit from 0 to approximately

50. The second population is located at values between 350 and 475 and the last one is at

the upper limit ranging from 900 to 1000. The location of the subpopulation is identical for

both sample types. However for the latrunculin treated cells the two populations at higher

values are relatively lager.

The general purpose of this spring is the instantaneous response to stress. So for large
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values of E1 it appears to be a solid rod that can not or only marginally be deformed, i.e.

there will be no instantaneous response visible in the dataset. In principle two explanations

are available:

1. The heterogeneity of the samples is as high as the values indicate and within one

sample type there are three populations, one with a soft spring, one with a hard

spring and one with a rod instead of a spring (very high values of E1).

2. This whole effect is a measurement artifact.

Both arguments are true to a certain extent. It is undoubted that the distribution for the

high values is governed by the upper limit of the fit that is 1000. If this limit is raised,

the values migrate towards the new limit as do the values of the second population that

is located approximately in the center of the new value range as before (data not shown).

This is a strong hint that these are artifacts arising from numerical problems of fitting.

Apparently the fitting routine has an additional local minimum for approximately the center

of the allowed values. The reason for the accumulation of high values of E1 is hidden in

the measurement procedure. The dataset is acquired with a temporal resolution of 250

frames per second and subsequently smoothed with a 7 point moving average. This means

that the timescale shorter than 10ms can not be resolved. In combination with the high

value of the spring that leads only to a minor response amplitude, the short term behavior

is masked and cannot be determined. On the other hand, the governing term including the

spring E1 is 1
E1
+ 1
E2

that is dominated for high values of E1 by the second spring E2. The

combination of both effects leads to the arbitrary behavior of E1 for large values.

However, one is still able to extract information about the measured samples from this

result. Apparently the arbitrary behavior occurs more often in the latrunculin treated cells

than in the non-treated ones. This leads to the hypothesis that latrunculin is somehow

responsible for the short term, spring like behavior of the cell. The overall softer behavior

of the treated cells should reduce the measurement problem since a larger step should be

better detectable because it leads to a softer spring. An additional hint that especially the

actin is represented by E1 is the increased amount of high values of E1 in the latrunculin

treated cells indicating the absence of the element.

The situation for the spring from the Kelvin-Voigt part E2 is somehow more clear, at least

from a statistical point of view. It is shown in figure 4.9. In contrast to the results from E1,
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Figure 4.9.: Distribution of values for spring E2 for the 4 parameter model: The
distribution of the parameters for the spring E2 together with the corresponding
p-values originating from the rank-sum-test is shown. E2 shows a significant
difference between the values of the treated and untreated cell line.

the distribution of values of E2 is narrower and hence the median of the groups more infor-

mative. The non-treated cells are characterized by a median of 0.59 with a 25% and 75%

box of 0.47 and 0.71 for stretching and 0.62 in boxes from 0.50 to 0.83 for the cells treated

with latrunculin. The difference between stretching and relaxation is not significant with

a p-value of 0.17. The same is true when comparing the two processes for the latrunculin

treated cells, here the p-value is 0.12 and the individual measurements yield a median of

0.53 with boxes from 0.39 to 0.64 for the excitation and 0.53 boxed between 0.40 and 0.77

for the relaxation. The interesting thing to compare is the difference between the treated

and the non-treated cells. In case of the stretching process a difference in the median of

0.06 or 11%, with respect to the lower value, is significant with a p-value of 0.028. For

the relaxation, the difference is 0.06 (17%) leading to a p-value of 0.037. Remarkably, the

p-value for the relaxation is higher than the one for the excitation part although both, the

absolute and relative difference is greater for this process. This stems from the fact that

the spread of the parameter is wider in the case of the relaxation measurements.

It can be concluded that the spring E2 appears softer for latrunculin treated cells than

for the non-treated ones. This is also true when the values for excitation and relaxation

are combined (data not shown). Hence, the maximal strain in the Kelvin-Voigt element

(determined by E2) is different. This implies that the reversible part of the stretching is
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larger for the latrunculin treated cells than for the wildtype. The biological interpretation is

that actin has an influence on the elastic properties of the cell. Since this is no new finding,

the fact that this behavior is measured by the experiment validates the setup.

Figure 4.10.: Distribution of the viscosity of dashpot η1 for the 4 parameter model:
The distribution of the viscosity of dashpot η1 together with the corresponding
p-values originating from the rank-sum-test is shown. As for the spring, a
significant difference between the values of the treated and untreated cell line
can be seen. The difference between switching on and off is not significant
for η1. The treated cells appear to exhibit in general a lower viscosity.

After the elastic parameters have been discussed, in figure 4.10 the distribution of the

viscosity of the dashpots η1 is shown in a boxplot. It is responsible for the irreversible

creep for long timescales i.e. the remaining strain after turning all external forces off. The

excitation of the non-treated sample shows a median of 3.1 with a box ranging from 2.5

to 5.4, while for the relaxation 2.3 and 4.6 enframe the median of 3.3. For the latrunculin

treated cells the excitation is described by the median η1 of 2.6 with a box of 2.1 and 4.0

and the relaxation is characterized by the median value of 2.5 in a box between 1.9 and

3.4.

There is no significant difference between the excitation and relaxation, neither for the

wildtype (p-value 0.24) nor for the latrunculin treated cells (p-value 0.057). However, one

should keep in mind, that it is almost significant for the treated cells and that the differ-

ence of this group is larger as for the wildtype. Comparing the values from the treated

and non-treated cells, a significant difference can be found. For the excitation a p-value

of 0.025 and for the relaxation of 0.0036 is obtained indicating that the viscosity of η1 is
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higher for the latrunculin treated cells. This implies that the deformation of this sample

type is larger for equal strength and time of the stress, compared to the non treated cells.

Another effect, although not finally proved with the data provided here, is that apparently

the latrunculin treated cells are easier manipulated and altered by the stretching procedure.

This conclusion can be drawn since the difference between the sample types is bigger for

the relaxation i.e. the measurement after the exposure, and is supported by the almost

significant difference from excitation and relaxation for the treated cells.

Figure 4.11.: Distribution of the viscosity of dashpot η2 for the 4 parameter model:
The distribution of the parameter η2 for the dashpots together with the corre-
sponding p-values originating from the rank-sum-test is shown. A significant
difference between the values of the treated and untreated cell line can be
seen. The difference between switching on and off is not significant. The
treated cells appear to exhibit in general a lower viscosity.

The last parameter to be determined is the viscosity of the dashpot η2 in the Kelvin-Voigt

element that is responsible for the slope for short timescales. It is shown in figure 4.11. For

the latrunculin treated cells the excitation is described by the median η2 of 0.060 with a

box of 0.038 and 0.087 and the relaxation is characterized by the median value of 0.076 in

a box between 0.050 and 0.12. The excitation of the non-treated sample shows a median

of 0.079 with a box ranging from 0.062 to 0.01, while for the relaxation 0.066 and 0.14

both enframe the median of 0.090.

For this parameter all values are significantly different compared to each other. The p-values

between the sample types are 0.0010 and 0.0046 for excitation and relaxation respectively.

But in contrast to the other parameters, here also the difference within one sample type
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is high. A p-value of 0.023 is calculated for the wildtype and of 0.0009 for the latrunculin

treated cells. The general finding is that the treated cells deform faster (lower viscosity)

than the non treated ones. This is in good accordance with a simple picture of rods (actin)

in water (cytoplasm). If the water is moved from one side to another (stretching and re-

leasing), the rods increase the resistance, leading to a slower mass transfer. Interpreting the

differences within one sample type for excitation and relaxation is more difficult as for the

other parameters. The dataset states that viscosity increases in the relaxation process. This

can not be linked to a heating effect since then a decrease of viscosity would occur. The

same is true, with the argument given above, for the destruction of cytoskeletal filaments.

This would also decrease viscosity. An explanation for the behavior might be a partial

destruction of single filaments together with a change in conformation from stretched to

curly. This might lead to congestion of some ‘pores’ or pathways cytoplasm moves around

the cell.

Figure 4.12.: Median excitation data recovered from the 4 parameter model: The
median elongation recovered from the fitted parameters from the 4 parameter
model are shown together with the applied stress. The overall deformation
is higher for the cells treated with latrunculin. The values for stretching and
releasing are summarized in this plot.

At the end of this subsection the excitation and relaxation process is combined into one

dataset and the median of all parameters are set in the equation for the displacement of

the 4 parameter model. In figure 4.12 the result is shown for the latrunculin treated cells

(green) and the wildtype 3T3 fibroblasts (blue) together with the excitation function. A
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clear difference can be seen here and the displacement for the treated cells is significantly

higher than for the non-treated ones. The step induced by spring E1 is not visible since the

median lies in the region of 500 and hence the amplitude is not visible at this timescales.

The long term behavior also seems to be similar for both sample types, indicated by the

almost parallel progression of the curves for longer timescales. The difference lies in the

temporal behavior and absolute value for intermediate times where the treated cells deform

faster and further. I want to emphasize that this representation serves only for illustration

purposes since no statements about the distribution of curves can be made. However, this

was discussed in detail for all parameters above.

It can be concluded that the measurement technique together with the applied model for

data evaluation shows a clear difference in the mechanical properties between the untreated

cells and the cells treated with latrunculin. In 2000 Rotsch et.al. showed that such differ-

ences are hardly detectable by AFM measurements due to to locality of the measurement

and the interference of the probe with the cells [66]. Wakatsuki et al. used a microindenta-

tion to probe the mechanical properties of the cell and found a softening of approximately

10% for the concentrations used in this thesis [80]. However, they used latrunculin B

instead of latrunculin A and were not able to exclude measurement artifacts from probe

induced alterations of the cells.

Summary

• The 4 parameter model fits the data well and the deduced interpretation from the

parameters match the expected biological behavior in almost all cases.

• The parameter E1 shows three populations, is prone to numerical instabilities and

can not be determined reliably with this setup. However, the number of outliers and

relative abundance in the different sample types can be interpreted by considering the

biological context.

• E2 appears to be harder for the wildtype cells than for the latrunculin treated ones

what was expected from previous findings.

• The single dashpot η1 has a lower viscosity for the treated cells and a first hint of

different mechanics of excitation and relaxation is given.

• The same is true for η2 that leads to an accelerated deformation for the latrunculin
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treated cells.

• Comparing the median values of the two sample types, the expected behavior that

treated cells are softer, hence further and faster deformed, is confirmed.
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4.3. Results from Model C

In the last section the 4 parameter model was used very successfully to describe the cells’

behavior during stretching. Although all results could be linked to biological and structural

considerations, the instabilities and ambiguities in E1 are not yet fully resolved. Therefore,

all evaluations have been redone with model C since it stems from the 4 parameter model

if E1 is replaced by a solid rod. Conveniently model C is also the second best model when

ranked according to the AIC values.

Figure 4.13.: Distribution of values of spring E for model C: The distribution of the
parameters for the spring together with the corresponding p-values originating
from the rank-sum-test are shown. As for the corresponding spring E2 in the
4 parameter model, the differences between the cell lines are significant while
those between switching on and off are not.

In figure 4.13 the distribution of the remaining spring E2 from the 4 parameter model, now

denoted simply by E in accordance to the theory section (see 2.3.3), is shown as a boxplot

for the two different sample types and for excitation and relaxation respectively. For the

3T3 wildtype fibroblasts the median of 0.58 is boxed by 0.46 and 0.74 for the excitation,

while it is 0.63 in a box of 0.49 and 0.83 for the relaxation. The latrunculin treated cells

show a median of 0.52 boxed in between 0.39 and 0.64 for excitation and a 25% to 75%

box of 0.38 and 0.77 around a median of 0.52 for the relaxation.

Considering the p-values among the groups, the difference between excitation and relaxation

is not significant with p = 0.053 and p = 0.072 for the non-treated and the treated cells

respectively. One thing to mention is that the span of the 25% and 75% boxes is bigger
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for the relaxation process - 0.34 compared to 0.28 for the wildtype and 0.39 in contrast to

0.25 for the latrunculin treated ones. The difference between the sample types on the other

hand are significant without doubt and show a p-value of 0.016 for the excitation and of

0.011 for the relaxation. All findings here are in good agreement with the results of the 4

parameter model in section 4.2 and hence all interpretations also hold true for this case.

Figure 4.14.: Distribution of the viscosity of dashpot η1 for model C: The distribution
of the viscosity η1 for the dashpot together with the corresponding p-values
originating from the rank-sum-test is shown. A significant difference between
the values of η1 for the treated and untreated cell line can be seen. The
difference between switching on and off also significant for this parameters.

In figure 4.14 the results for the dashpot η1 are shown, they affect the dynamics as described

in section 2.3.3. Compared to the 4 parameter model the dashpots are labeled the other

way round due to historical reasons (see section 4.2). Figure 4.14 addresses the distribution

of η1, the spring in the Kelvin-Voigt element which is responsible for the temporal behav-

ior from short to intermediate timescales. The latrunculin treated cells show a median of

0.053 boxed in between 0.067 and 0.078 for the excitation part and a 25% to 75% box of

0.044 and 0.100 surrounding a median of 0.066 for the relaxation. For the 3T3 wildtype

fibroblasts the median of 0.065 is boxed by 0.052 and 0.091 for stretching, while it is 0.081

in a box of 0.060 and 0.121 for relaxation.

All groups are different among each other with p-values ranging from 0.01 for the differ-

ence between the sample types for relaxation and up to 9.4 · 10-5 for the difference between

excitation and relaxation in the latrunculin treated cells. Since the result is the same as

for the dashpot η2 from the 4 parameter model, all conclusions and arguments stay valid.
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One additional point is that the values for η1 in model C are approximately 14% smaller

compared to the values of η2 in the 4 parameter model. This might be an artifact of the

missing spring in series with the Kelvin-Voigt element. By decreasing the viscosity of the

dashpot, the spring E is less damped, hence the system as a whole responds faster and

compensates partly for the missing spring. Additionally, the 50% span of the individual

parameters is maintained, although for the model C there are more extreme outliers visible

(total of 15 compared to a total of 10 in the 4 parameter model).

Figure 4.15.: Distribution of the viscosity of dashpot η2 for model C: The distribution
of the viscosity η2 together with the corresponding p-values originating from
the rank-sum-test is shown. η2 only shows significant difference between the
treated and non-treated cells for the relaxation part.

In figure 4.15 the parameter distribution for η2 is shown. This is the single dashpot in series

to the Kelvin-Voigt element. It equals the dashpot η1 from the 4 parameter model and is

responsible for the long term creep behavior in case of persistent stress. The distribution for

the excitation of non-treated cells is characterized by a median of 2.7 and a box of 2.1 and

4.0 respectively. Relaxation measurements for this sample type yields a median of 2.7 and

boundaries of 2.1 and 3.9. The second and fourth boxplot is dedicated to the latrunculin

treated cells and have a median of 2.5 boxed by 2.0 and 3.6 for excitation and of 2.3 in

between 1.8 and 3.0.

The differences between excitation and relaxation are not significant with p-values of 0.66

for the non-treated and 0.051 for the latrunculin treated cells. This is in good agreement

with the results obtained for the 4 parameter model considering η1. However, in contrast to
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the findings of the 4 parameter model the difference between the excitation values for the

treated and non-treated cells has a significance of only 0.14 and is hence not significant.

On the other hand, the same value for the relaxation is given with 0.0058 and is hence very

significant. There is no biological or structural explanation for this finding and only the

increased number of outliers in model C compared to the 4 parameter model might explain

this.

Figure 4.16.: Median excitation data recovered from model C: The median excitation
recovered from the fitted parameters from model C are shown together with
the applied stress. Conveniently the total strain for the treated cells is higher
than for the non-treated ones as already investigated in the previous section.

In figure 4.16 the median curves (pooled for excitation and relaxation) of the original 3T3

wildtype fibroblasts and the latrunculin treated ones are shown. As already explained in

the previous section 4.2, both displacement curves are clearly distinguishable, however the

spread is not considered here. The curves for the 4 parameter model (see figure 4.12) and

the here presented one coincide in all features. The difference in the model by the additional

spring of the 4 parameter model is not visible in figure 4.12 as described above and since

the single values of the individual parameters resemble each other, also the median curves

look alike.
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Summary

• The spring E in the Kelvin-Voigt element shows the same effects as spring E2 in the

4 parameter model.

• Dashpot η1 shows slightly lower viscosity than η2 in the 4 parameter model, compen-

sating the missing spring.

• Differences in η2 are less significant than for η1 in the 4 parameter model.

• The missing spring E1 from the 4 parameter model is compensated by slight changes

in the individual values while the general effects stay the same. However, the elimina-

tion of numerical problems with spring E1 comes at the cost of a significantly higher

AIC for model C.
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4.4. Combining the 4 Parameter Model and Model C

In the last two sections, the 4 parameter model and model C have been analyzed and

found to be in good qualitative accordance. Quantitative differences between the models

were explained and both are possible approaches to model the cells’ behavior in stretching

experiments. However, in section 4.1.2 a tremendous difference in the AIC value of the

two models was found. Considering the numerical problems and limited time resolution

for determining E1 in the 4 parameter model, the question arises whether the natural

variance in the sample leads to cells better suited for one or another model. This biological

very interesting problem will be addressed in this section by dividing the samples into two

subpopulations, one where E1 is fitted well and the other where E1 is bigger than 900.

For the latter, model C will be applied since it represents the 4 parameter model with an

infinitely strong spring E1 as explained in section 4.3.

In figure 4.17 boxplots for the combined values are shown. Due to the previous findings

that the difference between the excitation and the relaxation is small if not vanishing, both

are merged. All datasets underwent the statistical treatment of cutting the cumulative

distribution function at 90% as described in section 2.5.2. In the upper part, the wildtype

is investigated. The first box shows the AIC value of the 4 parameter model with a median

value of -1965. The 25% and 75% quartiles are located at -2126 and -1805 respectively.

The box in the middle contains all AIC values corresponding to model C and shows a median

of -1867 boxed by -2043 and -1700. In the right box, the combination of the two models

is shown. Therefore, all AIC values of the 4 parameter model, where the fit yielded a value

of E1 < 900, are used. For values of E1 > 900 the AIC value of model C is used. If the 4

parameter model did not converge for a bead, also model C is used, if it converged. This

results in more values for the combination of both models and finally leads to a median

of -1972, a 25% percentile of -2124 and a 75% percentile of -1794. The lower part of

figure 4.17 is dedicated to the results from the latrunculin treated cells. The allocation of

the values to their respective box is the same as in the case of the non-treated cells. This

results in a median of -1866 for the 4 parameter model in a box of -2037 and -1681. Model

C shows a median of -1805 boxed by -1985 and -1615. For the combination of the models

a median value of -1873 is obtained together with a 25% percentile of -2047 and a 75%
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Figure 4.17.: Akaike values for the combination of the 4 parameter and model C
compared to the individual models: For the combination the Akaike values
of the 4 parameter model were used except for those beads where numerical
instabilities in E1 occurred, there model C war used. However, this does
not seem to have a significant impact, although the mean AIC value of the
combined model is slightly lower. The result is the same for the treated and
non-treated cells. For all evaluations the 90% cutting procedure was used.

of -1682.

The difference between the 4 parameter model and model C is still very high with a p-value

of 0.0011 for the wildtype fibroblasts and p = 0.0065 for the latrunculin treated ones. This

is no surprise, since already in section 4.1.2 differences of the same order of magnitude

were observed, especially for the latrunculin treated cells the difference is even bigger than

for the dataset presented in section 4.1.2. Apparently some of the beads, eliminated due

to extrem values of individual parameters, show a worse AIC. The interesting question is

whether or not the AIC of the combined model is better than that of the individual ones.
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For both sample types this is true for the comparison with model C (p-value of 0.0006 and

0.0056) and a difference in median of 105 and 67 for wildtype and latrunculin treated cells

respectively.

A more interesting case is the difference between the 4 parameter model and the combined

dataset. Firstly the datasets are not significantly different with p-values of 0.96 respectively

0.97 for the latrunculin treated cells. However, the absolute difference in the AIC values is

in both cases 7 that would lead to the statement that the combined model is the better

one with a probability of approximately 97% according to the Akaike weights. The reason

for the slight increase is, that some of the datasets where E1 diverges are better fitted by

model C. A second effect counteracts this trend. Apparently some of of the beads that can

not be fitted at all with the 4 parameter model can be fitted with model C and vice versa.

This increases the number of beads entering the statistic, however it is not determined

that the newly considered beads lower the AIC. Furthermore, they are also subjected to

the spread in the AIC value. Taking the results from section 4.1.2 into account, the AIC

values of these beads are in general worse than the ones from the 4 parameter model and

hence the total AIC value of the combination also gets worse. So the positive effect on the

AIC gets masked. The disadvantage of this method is that the individual parameters of the

combined model can not be assessed together since the different models lead to intrinsically

different values (see section 4.3). Hence it is not suited to describe overall properties of

one sample type. However, it turns out to be very helpful in understanding the different

processes and spreads within one sample type and an evaluation procedure accounting for

this could be established in future.

Summary

• Combining model C and the 4 parameter model according to the ability to fit E1 has

no statistical significant influence on the AIC value.

• Some beads that can not be fitted with one model can be evaluated with the other,

resulting in an increased number of beads in the combined model.

• Evaluation in different subgroups is encouraged for future applications, not solely

according to the AIC value, but also to the ability to fit at all and whether E1 can

be determined or not.
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4.5. Results from the Stretched Exponential Approach

The models in the previous section were derived from first principle considerations by apply-

ing a physical model. Results were found to be in good agreement with the expectations,

however not all beads could be fitted and some parameters showed indecisive behavior. In

this section a different approach is chosen by applying an empirical model, the stretched

exponential function to fit the data. The theoretical principles of the stretched exponen-

tial are described in section 2.4. In rough words this approach is valid if a large (infinite)

number of decay processes is involved in the system. A brief look at the data shows that

the qualitative shape of the curve mimics roughly an inverse decay function and hence the

stretched exponential approach may be applicable.

Figure 4.18.: Fit and residual of a dataset evaluated with the stretched exponential
function: On the left hand side a dataset and the fitted stretched exponential
function is shown. The fitted function is non-differentiable for the point t = 0.
The corresponding residuals are depicted on the right hand side. The equal
and random fluctuations around zero indicate a good fit of the data.

On the left hand side of figure 4.18, an exemplary dataset is fitted with the stretched ex-

ponential function from equation 2.41. The function fits the data well over the whole time.

However, it has to be mentioned that for the onset of the motion the time 0 was determined

manually and the fitting starts from there. This leads to a function that is forced to be zero

for times before the onset of motion (t < 0). Hence, there is a point where the system is

non-differentiable and therefore, the very short time behavior is not physical. Nevertheless,

in the further progression the coincidence of dataset and function is striking. The long

term behavior, known to show some drift from considerations in previous sections (see for

example section 4.1.1 and 4.2), is also accounted well by the stretched exponential. On the
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right hand side of figure 4.18 the corresponding residual signal is shown. The random dis-

tribution around zero is a good indication for a well fitting function, although the transition

from nonlinear increase to a almost constant creep at around 0.8 seconds is not perfectly

accounted for. This can be seen in the longer period of positive residual values on the right

hand side of figure 4.18.

The median AIC values of the fits are of interest in order to judge the quality of the model.

The wildtype shows values of -1927 and -1857 for excitation and relaxation respectively

while those values are determined to be -1792 and -1841 for the latrunculin treated cells.

This shows that although the model fits well at first glance, it would only be ranked at

fourth position referring to table 4.1 and is hence worse than the other models described

so far.

Figure 4.19.: Distribution of the absolute value B for the stretched exponential
model: The distribution of the absolute value B together with the corre-
sponding p-values originating from the rank-sum-test is shown. The difference
between the treated and non-treated cells is highly significant and the values
for the treated ones are higher corresponding to larger strain.

For the stretched exponential, the parameter B determines the amplitude of the function

and is given in µm. It is shown in figure 4.19 as a boxplot for the two sample types for

excitation and relaxation. First thing to recognize is the increased number of particles that

has been successfully fitted compared to the 4 parameter or model C. Here, an increase

of 17% for the treated and of 30% for the untreated cells is observed. The median value

for the excitation part of the wildtype cells is 1.01µm and the 25% and 75% quartiles

are given as 0.82µm and 1.32µm . The median for the relaxation is 0.99µm in between
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the values of 0.72µm and 1.31µm. For the latrunculin treated cells the median of the

excitation measurement is 1.14µm boxed by 0.91µm and 1.57µm while the relaxation

process is described by a median value of 1.12µm and a 50% confidence interval between

0.84µm and 1.56µm. Apparently the latrunculin treated cells have, in average, a 13%

higher value of B. This difference is very significant according to the p-values of 0.0033 for

excitation and 0.0011 for relaxation. It confirms the findings from previous sections that

the latrunculin treated cells are deformed more than the non-treated cells. The difference

within one sample type for excitation and relaxation is not significant.

Figure 4.20.: Distribution of the time constant τ for the stretched exponential
model: The distribution of the time constant τ together with the correspond-
ing p-values originating from the rank-sum-test is shown. There seems to be
no difference in the relaxation times τ between the treated and non-treated
cells.

The second important parameter for the stretched exponential is the time constant τ , the

inverse of λ∗, given in the units of seconds. In figure 4.20 the boxplot of τ is given. The

median values of all samples lie within a region between 0.7 s and 0.8 s. For the excitation

of the non-treated cells the median is 0.74 s and the box containing 50% of the values is

between 0.68 s and 0.80 s. The relaxation is characterized by a median of 0.79 s in a box of

0.72 s and 0.87 s. For the latrunculin treated cells the excitation has a median τ of 0.75 s, a

25% quartile of 0.69 s and a 75% quartile of 0.84 s. The right box shows a median of 0.78 s

for the relaxation process within by a box of 0.72 s and 0.82 s. In contrast to the other

parameters for τ no clear trend can be seen. The significance values are all within a range

between 0.16 and 0.49 that means not significant. Single exception is the comparison of
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excitation and relaxation in the case of the non treated cells. Here the relaxation shows a

value 7% higher than the excitation with a p-value of 0.0054. The same pair of values for

the latrunculin treated cells shows an increase of 4% together with a significantly increased

width of the whiskers for the excitation and increased number of outliers for relaxation. The

combination of theses findings leads to a p-value of only 0.16 and is hence not significant

from a statistical point of view.

Interpretation of these findings is not straight forward since no trend is obvious. Apparently

the relaxation time τ is the same for both celltypes. Two explanations are possible:

1. The relaxation times are indeed the same, then it would somehow contradict the

findings of the last sections, since τ should strongly depend on the ratio of the spring

and dashpot in the Kelvin-Voigt element, regarding the formulas for the models.

2. It is an artifact of fitting that is introduced since the second parameter β is also

in the exponent and can be used to correct for slightly non ideal values of τ . This

would also explain the increasing width in the spread of the parameter for certain

measurements.

Figure 4.21.: Distribution of the parameter β for the stretched exponential model:
The distribution of the parameters β together with the corresponding p-values
originating from the rank-sum-test is shown. The difference between treated
and non-treated cells is obvious.

To decide which hypothesis is correct and to further characterize the sample, the distribution

of β is shown in figure 4.21. This parameter has no unit. The plot shows the excitation

of the non-treated sample with a median of 0.17 with a box ranging from 0.14 to 0.21,
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while for the relaxation 0.18 and 0.24 are boxing the median of 0.21. For the latrunculin

treated cells the excitation is described by a median β of 0.15 with a box of 0.13 and 0.19

and the relaxation is characterized by a median value of 0.19 in a box between 0.16 and

0.23. In contrast to τ , all parameters show significant differences compared to each other.

As before, the most significant difference is given between the excitation and relaxation for

the latrunculin treated cells with a p-value of 7.5·10−14.

As mentioned above, for this dataset the interpretation is not straight forward. It can be

concluded that the relaxation shows higher values of β as for the corresponding excitation for

both sample types. Hence this indicates that the illumination with the laser and stretching

have a measurable effect leading to a narrowing of the distribution function of the relaxation

times. This can be explained with filaments being destroyed during stretching or illumination

with the laser light. They contribute to the excitation but no more to the relaxation. Hence

the distribution of the relaxation times is narrower. This is a conclusion that could not be

drawn with the viscoelastic model based approach. One additional point to mention is that

the broadness of the distribution of β is broader for the non-treated cells. This leads to the

conclusion that the heterogeneity within this sample type is higher.

Summary

• The stretched exponential fit is worse than the other two used models with respect

to the AIC value.

• In contrast to the other models, it delivers quantitative physical values of the system.

• The results show different aspects than the viscoelastic models, without contradicting

them.
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4.6. Influence of the Substrate

The last open question in the context of this work is the influence of the substrate, more

precise, the laser induced deformation of the substrate and its impact on the results shown

in previous sections. In measurements where no sample is present, it can be seen that

illumination with the stretching laser temporally changes the microscopic image. To study

this behavior, the same beads as used for cell height detection are attached to a coverslip

that was treated exactly the way it would have been done for cell measurements. The

medium in the sample chamber was also the same.

For interpretation of the values from the blank substrate, care has to be taken since the

stress is not the same as it would be in the case of cell measurements. In the case of

measurements with cells additionally a decent amount of stress is applied to the substrate

due to a refractive index difference of nsub − ncell = 0.13, while in the case of the blank

substrate measurements the stress is determined by nsub−nmedium = 0.18. Hence the stress

on the blank substrate is increased by a factor of 1.38 compared with the force acting if

a cell is present on top. Therefore, the displacement measured for the blank substrate is

bigger than it would be if a cell is on top. For fitting of the parameter this is taken into

account and the absolute value of the excitation function is increased by a factor 1.38.

Figure 4.22.: Images of beads fixed to the substrate while stretching: The right
picture is the initial situation with a blocked laser. The middle image shows
the fixed beads while illuminated with the stretching laser. For better visibility
of the difference, both image are subtracted from each other and the contrast
enhanced result is shown on the right hand side. It can be clearly seen that the
diffraction fringes around the bead change and hence does the focal height.
The white scalebar is 5µm.
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In figure 4.22 the reference beads before (left) and during illumination (middle) are shown.

The scalebar is 5µm and almost no difference can be seen by eye. For better visibility of

the displaced beads, a difference image is shown on the right hand side. It can be clearly

seen that the location of the diffraction fringes, i.e. their diameter changes. This is exactly

what is measured by the height detection and hence a different z position of the beads is

determined.

Figure 4.23.: Akaike values for viscoelastic models fitted on the motion of the
substrate: The Akaike values for the Kelvin-Voigt, C and 4 parameter models
are shown for turning the laser on and off with only the substrate in the
illuminated sample area. As for the cells, the 4 parameter model fits best
followed by the model C and the Kelvin-Voigt model.

As for the measurements of the cell, the process is analyzed with the models described in

the theory section (see section 2.3). Again, the best fitting model has to be determined and

as candidates the Kelvin-Voigt model, model C and the 4 parameter model are selected.
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Hence, one representative model from each class of 2, 3 and 4 parameter models is included.

The upper part shows the excitation process with a median AIC value of -1114 for the Kelvin-

Voigt model, of -1666 for model C and the 4 parameter model shows a median of -1833.

In the lower part the values for relaxation are given as -980 for the Kelvin-Voigt model,

-1513 for model C and -1671 for the 4 parameter model. The 25% and 75% values are

not further discussed since it is obvious that the 4 parameter model is also the best one to

describe the substrate deformation. It should be mentioned that the AIC values here can

not be compared to the ones calculated in section 2.3. It can not be stated whether the

models fit better for the cells or the substrate. As described in the theory section 2.5.1,

AIC values can only be compared for different models fitted on the same dataset (reality)

and not vice versa since the role of reality and model can not be interchanged because the

Kullback-Leibler distance is a directed distance (see section 2.5.1 and equation 2.48).

Due to these findings, the 4 parameter model is used to model the behavior of the substrate.

The individual values together with their distribution are shown in figure 4.24 in a boxplot

for the situation of stretching and relaxation. In total 76 individual beads are investigated.

Spring E1 shows a median of 1.26 in a 50% box of 1.11 and 1.50 for excitation and 1.31

in 1.12 and 1.61 respectively for relaxation. It is worth mentioning that in contrast to

the findings for cell measurements no divergence or numerical instability is present for the

substrate values. In addition, this spring is weaker by more than a factor 100 when only

the median values are considered leading to a larger immediate response of the system.

Spring E2 in the Kelvin-Voigt element shows a median of 1.41 in a box of 1.23 and 1.65

for excitation while a median of 1.42 is boxed by 1.18 and 1.71 in the case of relaxation.

This is of the same order of magnitude as the values for the cell measurements, however

the substrate’s spring is by a factor 2 harder.

The viscous part η1 that is responsible for the creeping behavior at long timescales, shows

a median of 7.51 with a 25% quartile of 6.65 and a 75% quartile of 8.73 for the excitation.

The relaxation process can be described by a median of 7.73 and a box of 6.63 and 8.87.

This is a factor of 3 more viscous than η1 for the cell measurements. The last damper, η2 is

characterized in the case of excitation by a median of 0.15 in a 50% box of 0.12 and 0.17

while the relaxation shows a median of 0.18 in the middle of the first and third quartile

with values of 0.13 and 0.22. These values are approximately twice the values obtained for
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Figure 4.24.: Distribution of the parameters E1, E2, η1 and η2 for the 4 parameter
model of the substrate: All 4 parameters are shown for stretching and
releasing. For non of them a significant difference can be seen. However,
there are approximately 5% outliers due to convergence problems of the fit.

the cell measurements.

In figure 4.25 the residual curves for the 4 parameter model are shown. In green and blue

the displacement over time according to the calculated median values in section 4.2 is

shown for the latrunculin treated and wildtype cells respectively. For these curves the same

stress function is used as in all previous results. As described in the theory, the shape of this

function is known, however the total value stays unknown. In red the rescaled displacement

of the substrate with a hypothetical cell on top is shown. This curve is generated from the

median parameters shown in figure 4.24. Since these parameters have been calculated with

a larger excitation function, the stress used for calculation of this curve was rescaled so that

it takes the lower force acting on the substrate due to the cell on top into account. Hence,
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Figure 4.25.: Residual displacement of the substrate compared to the displacement
of treated and non-treated cells: The displacement of the substrate is
calculated from the median parameters of the 4 parameter model and rescales
due to the different stress in case of cells on top of it. Hence, the red curve
can be seen as the approximated portion contributed by the substrate on total
displacement of the cells (blue and green curve).

the interpretation of figure 4.25 is, that the curves of the cells are the actual measurement

values and the rescaled substrate curve is the part of the total motion that is caused by the

substrate.

One could argue that the motion of the substrate can be subtracted from the displacement

of the cell, however this would lead to negative values of displacement for short timescales.

In addition, this is not reasonable, since the values are obtained from different situation

and the rescaling with the ratio of the stress is only an estimation. In reality, fitting with

different excitation functions can not be mimicked directly with rescaling. This is probably

the reason why the curve of the substrate is higher than the measured curves of the cells for

short timescales. The mathematical reason is the soft spring E1 and as already discussed

in the context of the 4 parameter model for cells in section 4.2 this parameter is easily

influenced by numerical instabilities and hence a slightly altered excitation function could

lead to a strong increase of E1 which would shift the whole curve towards smaller values.

Therefore, all displacements, parameters and interpretations in this thesis are valid, but

can only be compared to other measurements, like AFM or micropipette aspiration, in a

qualitative manner. The only method to avoid this restriction is to attach beads on the
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substrate and on the cell on top of them, so both motions can be measured. However

this is not straight forward since the beads on the substrate would influence the cell itself

and the optical properties. On the other hand, the interpretations for the middle and long

timescales are totally valid, since even if the roughly determined substrate motion would

be subtracted, significant differences between the sample types remain. This is true for

both, the slope of the curve at the transition to the creeping behavior, governed by the

Kelvin-Voigt element with E2 and η2, and for the creep itself, determined mainly by η1.

Summary

• The motion of the blank substrate is best modeled with the 4 parameter model.

• The stress on the blank substrate is different to the stress with a cell on top and

hence the parameters have to be determined with a corrected stress function.

• Obtained parameters can not be compared to the parameters obtained for the cells

one to one due to different stresses.

• Rescaling of the stress leads to a representation of the amount of strain contributed

by the substrate in case of a measurement with a cell on top, however the exact

quantitative result can not be given due to the unclear role of the stress-scaling on

fit accuracy.

• Intermediate and long term behavior of different cell types can be distinguished clearly

even if a large uncertainty for the substrate motion is taken into. The curves stay

clearly separated, although a worst case scenario for the substrate fit is considered

(uncertain stress leads to doubtable low values of E1 that shifts the whole curve

upwards).

• Qualitative results of the cell measurements stay valid since substrate motion is con-

sidered the same for both cell types.
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4.7. Results from Passive Microrheology

As an additional control and investigation parameter, prior to and after stretching, passive

microrheology measurements have been recorded (for details of the procedure see section

3.5). The idea is to compare this well established technique with the findings from the

stretching experiments. As tracer particles the same beads as for the height detection are

used. Due to the nearly constant height of beads during the measurement and the fact that

black as well as white beads can be tracked in the xy-plane leads to an increased number

of measured beads. However, it can not be excluded that some of the measured beads are

influenced by the vicinity of the substrate. Tracking was done by A. Bühler.

Figure 4.26.: Median of the MSD for treated and non-treated cells prior and after
stretching: The MSD for both cell types is measured once before the cells
are stretched and a second time after stretching. The MSD is increasing over
time and exhibits a convex behavior. The cells treated with Latrunculin have
a lower median MSD than the non-treated ones.

In figure 4.26 the median of the mean squared displacement of all beads of one sample type

over time is shown. The 4 curves show the MSD of the non-treated cells and the latrunculin

treated ones, each prior and after stretching. For all samples the MSD is increasing over

time and no saturation can be seen. In contrast, all curves are convex meaning that the

second derivative is always positive. However, the slope is well within the subdiffusive

regime. This is somehow interesting, since the beads are fixed on the cell’s membrane and
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hence their motion should be restricted. One could argue that the timescale is not long

enough so flattening of the curve could be seen, however in other measurements different

behavior has been seen [36, 46, 57]. The latrunculin treated cells show a lower MSD than

the non-treated ones, implying a stiffer cell. This contradicts all previous findings in this

work and all findings published in literature about latrunculin treated cells. Additionally the

latrunculin treated cells are stiffer after the stretching while for the non-treated cell it is

vice versa.

Figure 4.27.: Distribution of the MSD for treated and non-treated cells prior and
after stretching at τ = 0.01 s: Outliers higher than 180 nm2 are clipped in
the plot but accounted for in the calculations. No significant difference can
be found and no obvious trend is visible at this timescale.

To have a closer look and to determine whether this findings are of any value or if something

methodically went wrong, in figures 4.27 and 4.28 the distribution of the values for all

samples is given for the three time points 0.01 s, 0.1 s and 1 s. The values of the medians

and the confidence intervals can be found in table 4.2. For no investigated time point and

no sample a significant difference can be reported. With these findings, all considerations

regarding the median values become superfluous. This means that the method of passive

microrheology is not applicable for this problem. Either the differences in between the

sample types are not high enough to be measured with PMR, or the statistics are not

sufficient. The latter is very unlikely since other studies, at the same measurement setup as

used in this study, show that with the given amount of beads differences can be detected

in other cell types [36, 46]. This leads to the statement that the optical stretching setup
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Figure 4.28.: Distribution of the MSD for treated and non-treated cells prior and
after stretching at τ = 0.1 s and τ = 1 s: Outliers higher than 350 nm2

respectively 2500 nm2 are clipped in the plot but accounted for in the calcula-
tions. For none of the timescales a significant difference between the sample
types is seen and also the width of the distributions seems to follow no trend.

together with the developed models is more sensitive to mechanical properties than the well

established technique of passive microrheology.

Summary

• The results from the passive microrheology measurements are not conclusive.

• The technique is not sufficiently precise or the number of measured beads is to low.

• The stretching experiment offers better sensitivity for the selected samples and pro-

cesses.
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Table 4.2.: Values of the PMR measurement for the time points 0.01 s, 0.1 s and
1 s: All values are given in units of nm2. The median (in the middle) is given
together with the 25% interval (lower value) and the 75% quartile (upper
value).

3T3 Pre 3T3 Post 3T3 Lat Pre 3T3 Lat Post
n=146 n=180 n=150 n=178
45 53 57 54

0.01 s 36 34 37 34
24 22 25 22
132 134 149 109

0.1 s 81 69 93 65
45 39 55 38
706 485 694 389

1 s 318 203 349 185
108 96 157 80
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Everything is possible in this universe as long as it is sufficiently unreasonable.

Niels Bohr

The goal of this work was to establish the methodical and analytical tools that are necessary

to stretch adherent cells with light in order to gain insight into the mechanical properties.

The first major challenge was the design and adjustment of a setup capable of detecting

the deformation of cells along the same axis as the stretching laser is applied. The second

crucial milestone was the modeling of the cell’s deformation over time by a mathematical

function and determining the model’s quality. Thirdly the results had to be interpreted with

both, the biological structure and the measurement device’s specific behavior in mind.

As laser for the excitation, the 800 nm Ti:Sapphire laser MIRA with a maximum output

power of approximately 2W was chosen. The existent setup of the optical tweezers was

used for sample mounting and optical inspection in combination with the TIRRotDFM setup

that facilitated the alignment procedure. Finally the collimated laser illuminates a spot of

approximately 20µm in diameter of the sample.

To detect the displacement of the cells also the existent optical tweezers setup was used

with a Köhler illumination and a highspeed camera. 1µm diameter polystyrene particles,

coated with protein G that stick to the cell membrane, were used. The beads show a spe-

cific diffraction pattern on the camera that changes when the position of the bead changes

with respect to the optical focus of the system. These changes were calibrated, tracked

and lead to the measurement of the temporal evolution of cell height during stretching.

As models for the temporal evolution of the deformation, various viscoelastic models were
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derived. They all represent different combinations of springs and dashpods in parallel and

in series. From the resulting differential equation, the experimentally determined excita-

tion function and physical meaningful boundary conditions, the theoretical progression of

deformation over time was determined. Additionally, the empirical stretched exponential

approach was tested. In general two processes have to be examined, the increase in defor-

mation during excitation with the laser and the relaxation after releasing the stress.

Determination of the parameters was done by fitting the models to the experimental defor-

mation data. Thereby, first of off all the Akaike information criteria was calculated that is

an estimate for the Kullback-Leibler distance, i.e. the closeness of the model to reality. It

was found that the so called 4 parameter model, consisting of a Maxwell and a Kelvin-Voigt

element in series, is the best fitting model with a probability of almost 100%.

The 4 parameter model was used to determine the distributions and medians of the two

springs and two dashpods. Measurements were taken for 3T3 fibroblast as grown and after

treatment with latrunculin A in case of excitation and relaxation respectively. The difference

between the treated and the non-treated cells is significant for all parameters and shows

a softening of the treated cells that is in good agreement with literature. The difference

between excitation and relaxation is not significant in all cases but hints that some parts

of the cell might be altered by the stretching process. Whether these changes are induced

by thermal effects due to laser illumination or are caused by reorganization of parts of the

cytoskeleton could not be determined based on this data.

Since one spring in the 4 parameter model shows a broad distribution and apparently three

different regimes, a second model without this element is used for analysis. It turned out

that all conclusion drawn from the 4 parameter model are still valid and that a combina-

tion of both models, using the value of parameter E1 as discrimination marker, leads to a

slightly better Akaike value and is hence closer to reality. This leads to the statement that

there are two different subpopulations within one sample type whose relative abundance is

dependent on whether the cells are treated with latrunculin or not.

As an empirical model the stretched exponential approach was used that can be applied if

a large number of relaxation processes, described by exponential functions, are present in

the sample. This leads to complementary results to the viscous models. It can be seen that

the broadness of the distribution of the relaxation times differ for the two sample types.
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This indicates that the intrinsic heterogeneity within the sample is reduced when treated

with latrunculin.

Separate measurements of blank substrates showed that an additional deflection has to be

taken into account. Due to the different refractive index transitions in the case of a blank

substrate compared to the real measurement situation with a cell on top, the quantitative

effect i.e. the fraction of substrate deflection in the final deformation signal, can not be

determined. However, rescaling of the data shows that this effect contributes at most 50%

to the total signal. Hence, all claims regarding the mechanical properties stay valid.

As a last reference, passive microrheology (PMR) measurements were performed for the

same samples that were used for stretching experiments. They were investigated prior to

stretching and after relaxation. No significant differences have been found that leads to the

conclusion that heat induced damage can be excluded. Additionally, no significant differ-

ence between the treated and non-treated cells was found. Hence, the technique of optical

stretching is superior to the PMR since the influence of latrunculin reported in literature

was observed with the stretcher while the statistic sensitivity was not sufficient for the PMR

measurements.

In conclusion, I was able to design and built a well working setup for optical stretching of

adherent cells from scratch as well as to develop and compute biological reasonable models

that allow measurements of the mechanical properties of the cell. It turned out that in this

specific case this technique is even better than the well established PMR.
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The science of today is the technology of tomorrow

Edward Teller

In the last sections the successful establishment of a technique for stretching adherent cells

with light has been described in detail. Although the results are very convincing and the

road is paved for further interesting measurements, some challenges remain. In the follow-

ing some points are listed that could be subject to further investigations.

Calibration for physical parameters: As stated before, all parameters of the viscoelastic

models are given in arbitrary units due to the unknown magnitude of the excitation function.

To calibrate the instrument, two different processes have to be established. First of all, a

detailed measurement of the stretching laser’s intensity and its lateral distribution as well

as a tool for reliable positioning of cells in the center of the beam is necessary. Secondly,

calibration measurements on artificial samples like oil in water should be performed that

allow, because of the known and isotropic properties of the object under test, the calibration

of the stress function.

Characterize the substrate deflection: By measuring the motion of the substrate and

the deformation of the cell at the same time, the contribution of both parts can be sepa-

rated and a model to eliminate substrate deflection mathematically from the deformation

data can be found. This could be accomplished for example by labeling the beads that

stick to the cell fluorescently so that they can be distinguished from the beads attached to

the substrate.

Evaluation with spatial resolution: It might be interesting to have a spatial resolution
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in the evaluation procedure. The absolute value of deformation is highly dependent on

the position within the cell and so will be the individual parameters. By averaging over

certain areas of the cell one might get an idea of the degree of anisotropy in the mechanical

properties.

Automation and increased throughput: Since the PMR data deliver no further insights

these measurements can be omitted in future, saving measurement time and decreasing

complexity of the evaluation process. For faster evaluation of the position data the eval-

uation algorithm can be optimized, discarding most of the testing and generalizing items

implemented till now. In addition, some of the models (KV, models A,B and D) needn’t be

fitted any more. This leads to a faster evaluation and hence higher throughput and better

statistics. I think, it is possible to measure rates of approximately one cell per minute in

future.

Compare to classical optical stretcher: It would be very interesting to see how the

results from this work compare to results obtained by a classical optical stretcher where the

cells have to be treated with trypsin prior measurement. For this, the same and well known

cell type should be measured with both instruments and be compared. First preparations

for such measurements have already been done.

Characterization of different cell types: There are lots of different cell types that can

be measured with the new, non-contact method leading to completely new insights into

the role and regulation of cell mechanics as well as to a benchmark of the system. Since

the new method is more sensitive than for example PMR new insights can be gained by

overcoming existing measurements limits.
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