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Abstrakt 

Buňka tvoří složitý biologický systém vystavený mnoha mimobuněčným mechanickým 

podnětům. Hlubší pochopení jejího mechanického chování je důležité pro charakterizaci 

její odezvy v podmínkách zdraví i nemoci. Výpočtové modelování může rozšířit 

pochopení mechaniky buňky, která může přispívat k vytvoření vztahů mezi strukturou a 

funkcí různých typů buněk v různých stavech. 

Za tímto účelem byly pomocí metody konečných prvků (MKP) vytvořeny dva 

bendotensegritní modely buňky v různých stavech: model vznášející se buňky pro analýzu 

její globální mechanické odezvy, jako je protažení nebo stlačení, a model buňky přilnuté k 

podložce, který vysvětluje odezvu buňky na lokální mechanické zatížení, jako třeba 

vtlačování hrotu při mikroskopii atomárních sil (AFM). Oba zachovávají základní principy 

tensegritních struktur jako je jejich předpětí a vzájemné ovlivnění mezi komponentami, ale 

prvky se mohou nezávisle pohybovat. Zahrnutí nedávno navržené bendotensegritní 

koncepce umožňuje těmto modelům brát v úvahu jak tahové, tak i ohybové namáhání 

mikrotubulů (MTs) a také zahrnout vlnitost intermediálních filament (IFs). Modely 

předpokládají, že jednotlivé složky cytoskeletu mohou měnit svůj tvar a uspořádání, aniž 

by při jejich odstranění došlo ke kolapsu celé buněčné struktury, a tak umožňují hodnotit 

mechanický příspěvek jednotlivých složek cytoskeletu k mechanice buňky. 

Model vznášející se buňky napodobuje realisticky odezvu síla-deformace během 

protahování a stlačování buňky a obě odezvy ilustrují nelineární nárůst tuhosti s růstem 

mechanického zatížení. Výsledky simulací ukazují, že aktinová filamenta i mikrotubuly 

hrají klíčovou úlohu při určování tahové odezvy buňky, zatímco k její tlakové odezvě 

přispívají podstatně jen aktinová filamenta. Model buňky přilnuté k podložce dává odezvu 

síla-hloubka vtlačení ve dvou různých místech odpovídající nelineární odezvě zjištěné 



experimentálně při A F M . Výsledky simulací ukazují, že pro chování buňky je rozhodující 

místo vtlačení a její tuhost určují aktinová povrchová vrstva, mikrotubuly a cytoplazma. 

Navržené modely umožňují cenný vhled do vzájemných souvislostí mechanických 

vlastností buněk, do mechanické úlohy komponent cytoskeletu jak individuálně, tak i ve 

vzájemné synergii a do deformace jádra buňky za různých podmínek mechanického 

zatížení. Tudíž tato práce přispívá k lepšímu pochopení mechaniky cytoskeletu 

zodpovědné za chování buňky, což naopak může napomáhat ve zkoumání různých 

patologických podmínek jako je rakovina a cévní choroby. 

Klíčová slova: Cytoskelet, bendo-tensegritní struktura, modelování, metoda konečných 

prvků, biomechanika buňky, mechanotransdukce, tahová zkouška, tlaková zkouška, A F M 

(mikroskopie atomárních sil) 



Abstract 

A cell is complex biological system subjected to the myriad of extracellular mechanical 

stimuli. A deeper understanding of its mechanical behavior is important for the 

characterization of response in health and diseased conditions. Computational modeling 

can enhance the understanding of cell mechanics, which may contribute to establish 

structure-function relationships of different cell types in different states. 

To achieve this, two finite element (FE) bendo-tensegrity models of a cell in different 

states are proposed: a suspended cell model elucidating the cell's response to global 

mechanical loads, such as elongation and compression and an adherent cell model 

explicating the cell's response to local mechanical load, such as indentation using atomic 

force microscopy (AFM). They keep the central principles of tensegrity such as prestress 

and interplay between components, but the elements are free to move independently of 

each other. Implementing the recently proposed bendo-tensegrity concept, these models 

take into account flexural (buckling) as well as tensional behavior of microtubules (MTs) 

and also incorporate the waviness of intermediate filaments (IFs). The models assume that 

individual cytoskeletal components can change form and organization without collapsing 

the entire cell structure when they are removed and thus, can evaluate the mechanical 

contribution of individual cytoskeletal components to the cell mechanics. 

The suspended cell model mimics realistically the force-elongation response during cell 

stretching and the force-deformation response during cell compression, and both responses 

illustrate a non-linear increase in stiffness with mechanical loads. The simulation results 

demonstrate that actin filaments (AFs) and MTs both play a crucial role in defining the 

tensile response of cell, whereas AFs contribute substantially to the compressive response 

of cell. For adherent cell model, the force-indentation responses at two distinct locations 



are in accordance with the non-linear behavior of A F M experimental data. The simulation 

results exhibit that the indentation site dominates the cell behavior and for cell rigidity 

actin cortex (AC), MTs, and cytoplasm are essential. 

The proposed models provide valuable insights into the interdependence of cellular 

mechanical properties, the mechanical role of cytoskeletal components individually and 

synergistically, and the nucleus deformation under different mechanical loading 

conditions. Therefore, this thesis contributes to the better understanding of the cytoskeletal 

mechanics, responsible for cell behavior, which in turn may aid in investigation of various 

pathological conditions like cancer and vascular diseases. 

Keywords: Cytoskeleton, Bendo-tensegrity, Finite element modelling, Cell biomechanics, 

mechanotransduction, tensile test, compression test, A F M (atomic force microscopy) 
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Chapter 1 

INTRODUCTION 

1.1. General background 

Living cell is a universe unto itself and can be considered as one of the most complex form 

of matter. Study of mechanical behavior of living cells and their mechanical interactions 

with the extracellular space was the first step to understand their response to applied 

forces. Within living organisms, cells are constantly exposed to different mechanical 

stimuli such as compression while moving through tissues; tension through deformed 

extracellular matrix (ECM); or shear stress, due to air or blood flow. Cells respond to these 

forces by altering their morphology, function, and behavior. With the technological 

advancement, the concept of cellular mechanics, physical forces existing within them, and 

specifically its relations to cell physiology grew speedily. 

Cell was initially considered as small compartments containing homogenous gels, 

elastic, or viscoelastic fluids. Later, the development of microscopic techniques, such as 

dark field illumination, optical microscopy, etc. and advancements in sample preparations, 

contributed to the observation of other cellular components such as nucleus, membrane 

filamentous networks, cytoskeletal filamentous structure, etc. This self-sufficient system 

of compartmentalized structural physiology enables cells to interact with each other as 

well as with external surrounding, that requires coordination of complex biochemical and 

various biomechanical environments. Since then, it is of high interest to know how the 

cytoskeletal filamentous network and cell as a whole respond to distinct mechanical forces 

from the environment. 

Since the forces acting on cells are sometimes local and temporal, where as other time 

they are global and sustained [Fletcher et al. (2010)], understanding their active nature in 
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Chapter 1 

different domains such as spatial and temporal is still a challenge for the researchers. In 

the recent decades, with the development of modern experimental techniques such as cell 

optical stretchers (OS), A F M , microplates, magnetic twisting cytometry (MTC), and laser 

tweezers it became feasible to measure mechanical properties of a single cell precisely. 

Many of the theoretical models that have been proposed for mechanical behavior of cells 

describe the cellular mechanics as either elastic or viscoelastic continuum, dense 

meshwork of discrete elements or a combination of both [Ingber et al. (2000), Huang et al. 

(2004), Bao et al. (2003)]. Employing novel theoretical models and experimental 

techniques it is now possible to measure the mechanical properties of cells and their 

components and predict their response to specific type of force. 

Therefore, novel experimental techniques that complement the robust computational 

approaches capable of modeling cell mechanical response at varying temporal and spatial 

scales provide new pathways to understand cell mechanics and mechanobiology. Studying 

cellular mechanics is of great importance for two main reasons: first, cells are 

continuously exposed to physical stresses and strains arising from external physical forces 

or physiological environment that determine health and function of human body [Lim et 

al. (2006)] and second, biomechanical investigations can provide quantitative information 

on the changes in cell mechanical properties through the progression of certain diseases. It 

has been evident that the mechanical properties of cells as well as their ability to sense and 

respond to mechanical signals, are associated to a myriad of biological functions [Hoffman 

etal. (2009)]. 

1.2. Motivation 

Cells convert different forms of energy and signals, maintain and modify their internal 

structure and respond to extracellular stimuli. They possess structural and physical 

properties attributed to the intracellular components that enable them to withstand the 
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Chapter 1 

physiological environment and mechanical stimuli within the body. The coupling between 

the mechanical forces and biological processes is referred to as mechanobiology. Over last 

few decades, the importance of mechanical load was confirmed not only for the functional 

development of various tissues but also at cellular level. Many in vivo and in vitro studies 

have proved the significance of mechanical load on different cellular processes such as 

cell growth, contractility, and apoptosis [Janmey et al. (1998), Mayr et al. (2000)]. 

The mechanism by which cells transduce mechanical signals into biochemical 

responses is known as mechanotransduction, which is divided into two parts: the first is 

the mechanical response, where the loads are transmitted from the extracellular to 

intracellular space via integrin-cytoskeleton-nucleus causing the cell's load bearing 

structure to deform [Gardel et al. (2006), Janmey et al. (2004)] and the second is the 

biochemical response, which leads to force-induced phenotypic changes controlled by the 

cell nucleus. Therefore, study of both intracellular load transfer mechanism and 

mechanotransduction is of high interest for better understanding of cell's physiology. 

The cytoskeleton network is composed of three major types of filamentous proteins 

namely AFs, MTs, and IFs. This highly complex network of proteins provides a structural 

stability and dynamic organization to the cell. It also governs many cellular processes such 

as cell growth, differentiation, motility, and apoptosis, etc. [Ingber (1993), Maniotis et al. 

(1997)]. The cell structure is controlled by the dynamic balance of mechanical forces 

generated from intrinsic molecular components together with actively generated forces 

from cell-cell interaction and cell-substrate adhesion, which are ultimately transmitted to 

the nucleus via cytoskeleton [Wang et al. (1994)]. Loss of tissue homeostasis is an 

indication of various mechanobiological diseases and can be attributed to loss of force 

transmission between the E C M , the cytoskeleton, and the interior of the nucleus [Wang et 

al. (2009), Tapley et al. (2013)]. 
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It has been demonstrated that application of mechanical forces on cell induced chemo-

mechanical responses associated to alteration of gene expression and differentiation 

pathways [Charras et al. (2002a), Huang et al. (2004), Hoey et al. (2012)]. To date, a 

major challenge is to investigate how mechanical signal results in biochemical signal. 

Even though a particular pathway for biochemical signaling may be dominant under given 

circumstances depending on the cell type and mechanical loading conditions, experimental 

findings suggest that cells use multiple pathways [Huang et al. (2004)]. For better 

understanding of changes in cell function, it is necessary to fully understand the 

fundamentals of cell mechanics. 

The mechano-computational studies are of paramount interest for evaluating the cell 

mechanical properties such as stiffness (rigidity), which initiates the understanding of 

cellular processes involving mechanical changes. Further, for better understanding of 

whole-cell mechanics, it is important to understand how cytoskeletal components behave 

individually and in synergy. The cell forces, intracellular structures, and cell function are 

coupled phenomenon and their quantification using computational models will provide 

better understanding of their relationship. 

1.3. Objective 

In vitro studies have demonstrated that cytoskeletal components play a vital role in cell 

mechanobiology, but the relationship between their properties and cell mechanics is still 

ambiguous. Also, the experiments in different time scales reported a large variation in cell 

responses to mechanical loading. The broad objective of this thesis is to investigate and 

model the mechanisms that determine the intracellular force propagation and the 

mechanical behavior of a cell and its structural components. More specifically formulated 

as follows: 

• Investigate the cell response to distinct mechanical stimuli with global cell 
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deformation by simulating mechanical tests such as tension and compression 

• Investigate the cell response to local cell deformation by simulating A F M 

indentation test at distinct locations 

• Investigate the mechanical contribution of cytoskeletal components to cell 

mechanics, individually and synergistically by simulating cytoskeleton disruption 

• Investigate the effect of material properties of cellular components on cell's 

response by performing their parametric studies in all the three mechanical tests; 

for cytoskeletal components also investigate the effect of increase in their density 

The computational modeling approach employed here investigates the architecture and 

mechanics of cells focusing on the mechanical analysis of different cytoskeletal 

components. The simulation results obtained can contribute to the better understanding of 

cell biophysics and biology, which in turn outlines the potential future advancement in 

mechanobiology for physiology and diseases. 

The objectives of this thesis are investigated throughout the chapters and are organized 

as follows: 

• In chapter 2, a literature review of fundamental concepts of cell mechanics is 

presented. This includes the description of biological cell concepts, a brief review 

on common experimental techniques, and single cell modeling approaches both 

computational and theoretical to elucidate the cell mechanics. 

• In chapter 3, a novel FE bendo-tensegrity model of cell in suspended state is 

presented to investigate the response of cytoskeletal components and a whole-cell 

to two distinct mechanical tests with global cell deformation, elongation and 

compression. These tests are also simulated with cytoskeleton disruption studies to 

investigate the mechanical contribution of individual cytoskeletal components. The 
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sensitivity studies with change in material properties and increase in the density of 

cytoskeletal components are also performed to investigate the variability in cell 

mechanics. 

• In chapter 4, another novel FE bendo-tensegrity model of cell in adherent state is 

presented to investigate the response of cytoskeletal components and a whole-cell 

to local cell deformation, A F M indentation. To explore the significance of cell 

structural inhomogeneity, this test is simulated at two distinct locations on the cell, 

at the apex and at a receptor. The parametric studies that are simulated with 

suspended cell model, the same are simulated with adherent cell model. 

• Chapter 5 is dedicated to the generalized discussion and limitations of the proposed 

computational cell models. Finally, this thesis ends with conclusions in chapter 6, 

where the main results and contributions of this thesis to cell mechanics along with 

future works are summarized. 
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LITERATURE REVIEW 

2.1. Outline 

In the last few decades, a wide range of experimental techniques along with the 

computational approaches have been developed to unravel the cell responses to distinct 

mechanical stimuli. Comparing the experimental measurements of living cells is 

challenging due to the plethora of experimental techniques, the structural variability 

among different cell types, the cytoskeletal dynamics, irregular cell geometries, and 

complex mechanical properties [Lim et al. (2006)]. The computational models that can 

define cell responses to distinct mechanical stimuli corresponding to experimental findings 

serve as a tool to investigate the mechanics of cell. This literature review covers general 

description of cell biological concepts, fundamentals of cell mechanics, a brief review on 

common experimental techniques, and an overview of theoretical and computational 

modeling approaches. Finally, it concludes with technical challenges that need to be 

overcome in the development of more realistic computational models. 
cemrogome whh 

in cytosol apjaaralus filaments membrane reticulum 

Fig. 2.1: Structure of an eukaryotic cell [Alberts et al. (2002)]. 
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2.2. The cell and cytoskeletal components 

Living cells are highly complex structures consisting of large number of distinct 

components as depicted in Fig. 2.1. Among these components some gain attraction in the 

field of cell mechanics as they have been found to dominate the cell mechanical behavior 

and are summarized in Table 2.1. 

Table 2.1: Major cell components and their functions [Mofirad et al. (2006)] 

Cell 

components 
Composition Functions 

Cell membrane (CM) 
Thin lipid bilayer 

with thickness of 5-10 nm 

Protects cell interior from 

extracellular environment 

and enable signal 

transduction 

Nucleus 

D N A and proteins 

enclosed by nuclear 

envelope of lipid bilayer 

Regulate gene expression 

and plays a vital role in 

mechanotransduction 

Cytoplasm 
Protein complexes and 

organelles 

Govern rheological 

properties of cells 

Cytoskeleton 

Dynamic network of 

filaments that interact with 

multifarious cross-linking 

proteins 

Resist, transmit, and 

generate cellular forces 

Cross-linkers 

Comprises large number of 

cytoskeletal proteins like 

myosin, spectrin, titin, etc. 

Their geometry and 

binding kinetics affect the 

structural organization of 

cytoskeleton 

Extracellular matrix (ECM) 

A network of 

macromolecules with 

distinctive physical, 

biochemical, and 

biomechanical properties 

Provide adhesion and 

support to the cell. Also, 

Contribute to cell growth 

and wound healing 

processes 

Focal 

adhesions (FAs) 

Large protein complexes 

formed by binding of 

integrins 

Couple and transmit forces 

between E C M and 

cytoskeleton 
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(a) Ac tin filaments (AFs) 

(c) Intermediate filaments (IFs) 

(d) Actin bundles (ABs) 

Spectrin a - h e l k / W W W W W W \ 

a-spectrin 
J3-spectrin 

H 8 - 1 2 
a-I 

run 

1QO- 1000 nm 

Actin filaments • Myosin minifilament | a - actin 

Fig. 2.2: Microscopic view of major cytoskeletal components and single filament 

diagrammatic representations: (a) AFs, (b) MTs, (c) IFs, and (d) ABs modified from 

[different sources]. 

The cytoskeleton is an interconnected structure of various cross-linked and interlinked 
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filamentous biopolymers that extend from the nucleus to the cell surface [Stamenovic et 

al. (2002)]. The cell functioning is mainly attributed to the structural stiffness and 

rheology of the cytoskeleton and its mechanical interaction with extracellular 

environment. The cytoskeleton undergoes dynamic polymerisation and depolymerisation 

of its components, which allows the cell to move, contract, and divide or merge. The 

cytoskeleton is thus considered to be an important mechanoreceptor responsible for 

structural integrity and stiffness of the cell. 

The cytoskeletal network is composed of three types of filaments: AFs, MTs, and IFs as 

illustrated in Fig. 2.2, which are spread throughout the cytoplasm. For cell in suspended 

state, a dense network of thin AFs (Fig. 2.2a) is observed at cell periphery, whereas for 

cell in adherent state, thick actin bundles (ABs) (Fig. 2.2b) are observed at the cell 

periphery running almost uniformly in the longitudinal direction [Nagayama et al. (2006), 

L i etal. (2006)]. 

The cytoskeletal components are physically interlinked that enables transmission of 

mechanical signals within them. Even though highly distinct, these components determine 

the structural integrity of cell to maintain a particular shape to accomplish a specific 

function. Thus, the cytoskeleton determines the mechanical characteristics of cell 

deformation needed for regulating different cellular processes. The properties that 

differentiate the cytoskeletal filaments from each other are tabulated in Table 2.2. 

Depending on the type and concentration of actin binding proteins (ABPs), 

mechanically different but functionally important actin appears in different cell states: 

linear ABs as stress fibers (SFs) in adherent cell state and three-dimensional (3D) lattice 

network of actin as the cell cortex in suspended cell state [Nagayama et al. (2006), L i et al. 

(2006)]. The actin-myosin contractility leads to the development of isometric tension or 

prestress in the cell, which is partly balanced by MTs and partly by the E C M to which the 
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cell is tethered [Stamenovic at al. (2002), Wang et al. (2002), Ingber (1993)]. 

Table 2.2: Properties of the cytoskeletal filaments [Mofrad et al. (2006), Boal (2005), 

Rodriguez etal. (2013)] 

Cytoskeletal filaments 

Properties Actin 
filaments 

Microtubules 
(MTs) 

Intermediate 
filaments 

Actin 
bundles 

(AFs) 

Microtubules 
(MTs) 

(IFs) (ABs) 

Hollow tubes Eight parallel Bundles of 
Two helically with walls proto- actin and 
twisted consisting of filaments myosin 

Composition strands of thirteen held together cross-
actin sub- columns of by lateral linked by 
units tubulin hydrophobic other 

molecules interactions proteins 

Protein G-actin and a-tubulin and keratin 
a-actinin 
and 
myosin-II 

sub-units F-actin P-tubulin family 

a-actinin 
and 
myosin-II 

Polymerization 
Graded 
polarity 

and Rapid cycles Constant Stable 
Graded 
polarity 

depolymerisation 

Graded 
polarity 

Persistent 
length, lp 3 - 1 7 6000 0.3 - 1 0.2-1 

(urn) 
Bending 
stiffness 7 x 10"26 2.6 x 10"23 4 x 10"27 -

(Nm2) 

Governed by 
energy type 

Enthalpie 
elasticity 

Up~ lc) 

Elastic 
(bending) 

energy 

( l P > k ) 

Entropic 
elasticity 

(lp< lc) 

Enthalpie 
elasticity 

Appearance of More or less Straight, thus Highly wavy More or 
isolated filament straight, thus referred to as or convolute, less 

under microscope referred to as 
semi-flexible 
polymers 

stiff polymers thus referred 
to as flexible 
polymers 

straight 
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Properties of the cytoskeletal filaments 

Properties 
Actin 

filaments 
(AFs) 

Microtubules Intermediate Actin bundles 
Actin 

filaments 
(AFs) 

(MTs) filaments (IFs) (ABs) 

Diameter 
(nm) 

5 - 8 
25 (OD) 
17 (ID) 

8 - 12 200-1000 

Young's 
modulus 2600 1200 7.6 0.34 

(MPa) 

Structural 
arrangement 

Dense 
filamentous 
network 
beneath the 
C M 

Radiating 
outwards from 
the 
centrosome 
near the 
nucleus, 
forming a star

Dense 
filamentous 
network 
extending from 
the perinuclear 
region to the 
C M 

They are 
outlined based 
on their location 
in the cell, 
morphology and 
function at FAs 

like shape 

Dense 
filamentous 
network 
extending from 
the perinuclear 
region to the 
C M 

- Regulate cell - Maintain cell - Act as passive - Play a vital 
shape shape by reinforcement role in cell's 

undergoing to the cell and morphological 
compression can withstand 

high elastic 
stresses 

stability, 
adhesion, and 
motility 

Main 
functions 

- Play a vital 
role in cell 
motility 

- Manage 
chromosome 
movements in 

- Serve as 
anchorage to 
the nucleus and 

- Contribute 
significantly to 
mechanosensing 

- Play a vital 
role in cell 
motility 

cell division 
process 

certain other 
organelles 

- Contract - Serve as - Contribute to - Contract 
muscles transportation 

highway for 
motor proteins 

formation of 
nuclear lamina 

muscles 

Although distinct in properties, these cytoskeletal filaments are interlinked to each 

other, to the nucleus, and the C M . Their structural arrangement is decisive for the 

cytoskeletal response to both, external or internal mechanical stimuli. To investigate their 
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individual contribution to cytoskeletal mechanics, several in vitro studies have been 

performed to isolate them from cells [Hawkins et al. (2010), Brangwyanne et al. (2006), 

Deguchi etal. (2006)]. 

2.3. Cell mechanical behavior 

2.3.1. Experimental methods for measuring cell mechanics 

For observation of static and dynamic responses of the cell, a variety of experimental 

techniques have been developed that involves mechanical perturbation to the cells in the 

form of imposed force or deformation. In the recent decade, the precise quantitative 

mechanical measurements of single living cells became feasible with the development of 

microrheological techniques such as A F M , M T C , optical tweezers (OT), substrate 

deformation (SD), etc. (Fig. 2.3). 

10-7 -

10-8 -

10-9 -

1Q-10 -

o 10-11 -

10-12 -

10-13 -
Molecular scale 

I I 
10-1° 10-

9 ~~r~ 
10-

8 

T 
1(H 

T T 
10-

5

 1CH 10-
7 

Length(m) 

Fig. 2.3: Experimental techniques and associated biological events for different force and 

length scales [Sunyer (2008), Barreto (2013)]. 
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The reported values of Young's modulus, stiffness, force, and deformation measured 

using distinct experimental techniques vary by more than one order of magnitude and this 

scattering increases for different cell types. It is of high interest to describe the cell 

behavior in different time scales including its immediate response to forces as well as its 

propagation over different time scales, since in physiological environment cells are 

subjected to static and dynamic forces. To probe the mechanical response of the entire 

cell, the microrheological techniques imposed forces in the range of 10"14 to 10"5 N and 

8 4 

displacements from 10" to 10" m. Although complementary to each other, each 

experimental technique is suited for a different force and length scales (Fig. 2.3). 
b Magnetic twisting cytometry C Cytoindentation Atomic force microscopy 

Laser 

r 
pos i t ion 3*n3it iv* 

Magnetic bead 
Cytoind#nter 

Cantilever 

Functional! :ed 
probe 

Glass substrats 

d Laser / optical tweezers f Microplate manipulation 

g Micropipette aspiration i Substrate stretcher 
Focal adhension 

complex 

Soft membrane 

Fig. 2.4: Experimental techniques to probe cell mechanics modified from [Vaziri et al. 

(2008)] 

The microrheological techniques are broadly classified into two different classes: the 

passive measurement methods and the active measurement methods. The former examines 

the motion of particles introduced into the cell due to thermal fluctuations, while the latter 

involves direct application of forces to cell. The active methods are further divided in two 
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categories of experiments: those that apply mechanical stimulus to localized portion of the 

cell such as A F M , M T C , cytoindentation (Fig. 2.4a-c) and those where a mechanical 

stimulus is applied to the entire cell such as OT, microplate stretcher, microplate 

manipulation, micropipette aspiration (MA), shear flow, and substrate stretcher (Fig. 2.4d-

i). Forces can be applied to the cells either in suspended state or in adherent state. In 

particular three experimental techniques will be discussed in this literature review: tensile 

test, compression test, and A F M , since they will be used to corroborate the computational 

models developed in this thesis. 

The micropipette stretcher technique is used to perform the tensile test that measures 

the global mechanical response of whole-cell to uniaxial stretching (Fig. 2.4e). Generally, 

this test is performed by attaching the cell to pair of micro-tools such as glass 

micropipettes or glass microplates. One of the micro-tools (fixed) is flexible and acts as a 

transducer, while the other (movable) is displaced to stretch the cell. Forces are typically 

within the range of 10 nN - 10 u,N and tool deflection can be measured with an accuracy 

of about 50 nm [Pullarkat et al. (2007)]. Initially, this test was performed using gripping 

technique for binding of cells to the micro-tools, thus it was only possible for relatively 

long cells [Glerum et al. (1990)]. However, nowadays these micro-tools can be 

functionalized via adhesion promoting proteins. This test has been used to measure the 

tensile properties of the smooth muscle cells (SMCs) [Nagayama et al. (2006), Nagayama 

et al. (2008)] and fibroblasts [Miyazaki et al (2000), Ujihara et al. (2010)]. It has been 

employed to investigate the non-linear behavior and creep responses of cell over long 

times [Fernandez et al. (2006), Desprat et al. (2005)]. 

The microplate manipulation technique is used to perform the compressive test that 

measures the global mechanical responses of whole-cell to uniaxial compression (Fig. 

2.4f). Typically, this test is performed by growing a cell on a fixed plate (bottom) and then 
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allowing the movable plate (top) to come into contact with this cell. There are two modes 

of force application in this test: gravitational force and mechanical force. In former the 

movable plate is simply allowed to rest on top of the cell, while in the later the movable 

plate is mechanically driven towards the cell. Alternatively, cells seeded in gel can also be 

compressed between spacers [Brown et al. (2000), Ujihara et al. (2012)] or can be 

compressed laterally via compression of their underlying substrate [Cheng et al. (2009)]. 

Recently, this technique has been used to determine the material properties of chondrocyte 

and chondron [Nyguyen et al. (2009)], properties of individual cellular components [Caille 

et al. (2002)], and compressive properties of fibroblast [Ujihara et al. (2012)]. Advantages 

of this method include its versatility to perform simulation with different cell profiles and 

with single cell or cell populations in two or three dimensions [Rodriguez et al. (2013)]. 

A F M (Fig. 2.4a) is used to perform indentation test that measures the cell local 

mechanical response with high precision. It was primarily developed to characterize the 

atomic and surface properties of materials for electronic devices [Binning et al. (1986)]. 

Later, it was modified with environmental control chambers for microscopy to investigate 

the biological samples. This technique falls under cantilever manipulation techniques that 

uses flexible cantilever with a tip at its free end to probe the cell and its components. The 

tip is directed downward by a cantilever (piezoelectric motor driven) and used to probe a 

cell by measuring its displacement in vertical direction using a laser with high precision. 

A F M can investigate the cell mechanical properties in nanoscale and forces in 

piconewtons. 

Typically, this technique has been used to examine the mechanics of intracellular 

components such as nucleus [Hirano et al. (2008)], cytoskeletal structures [Pesen et al. 

(2005)], and whole-cell [Pillarisetti et al. (2011), Pelling et al. (2008), Hiratsuka et al. 

(2009), Maloney et al. (2010), Sen et al. (2009)]. They have also been used to measure the 
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cell's mechanotransductive response to mechanical stimulus [Charras et al. (2002a)]. 

Recently, AFMs with modified setups have been employed to resolve point forces exerted 

on the cell surface by attaching the tip to C M , and then measuring the deflections of the 

cantilever arm induced due to cellular events such as contraction and migration. With this 

new configuration, AFMs have been employed to measure tugging forces at cell-cell 

interface [Puech et al. (2006)], cell contractile forces [Liu et al. (2012)], and forces at cell-

E C M interface [Chaudhuri et al. (2009)]. 

Although it provides data with high precision for single-indentation point at a time, it is 

limited with multiple-indentation point with high temporal resolution. Furthermore, 

scanning with high force may damage the cell; also, C M deformation without application 

of any force can overestimate the force-indentation curve and consequently, the stiffness 

of whole-cell using Hertz theory. Moreover, shape of indentation tip and its location of 

contact affect the force-deformation curve behavior and may bias the test results 

[Rodriguez et al. (2013)]. 

The passive microrheological techniques observe the microbeads embedded into the 

cytoskeleton either employing video recordings and particle tracking or laser beam 

interferometry [Mofirad (2009)]. The beads embedded inside the cell are either stimulated 

via the cellular matrix or engulfed by the phagocytic cells. However, this may damage the 

cell and affect its interior by inducing changes in the cytoskeletal architecture. Also, these 

techniques have a risk of being erroneous due to any non-Brownian motion such as cell 

crawling or intracellular trafficking [Barreto (2013)]. Due to this, techniques with 

application of localized external force, active methods are preferred over the passive 

methods. 

2.3.2. Power-law rheology 

Most of the in vitro studies measure the dependence of cell deformation over time or 
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frequency, considering the cytoskeleton rheology. Cells deform showing both solid-like 

elastic and fluid-like viscous properties, when subjected to external physical forces thus 

can be better described as viscoelastic materials [Hoffman et al. (2009)]. The dynamic 

responses of the cytoskeleton to mechanical perturbation was investigated using M T C 

[Fabry et al. (2001), Hoffman et al. (2006)] and A F M [Alcaraz et al. (2003)] on different 

cell types have demonstrated that the viscoelastic properties of the adherent cell (creep and 

stress relaxation) were believed to be governed by power-law. More details on cell 

rheological behavior are provided in Appendices B and E. 

2.3.3. Cytoskeleton disruption 

One of the ways to investigate the mechanical role of cytoskeletal components, 

individually and synergistically is by performing the disruption study using cytoskeleton-

disruptor chemical drugs. Some of the most commonly used drugs to selectively disrupt 

the individual cytoskeletal components are: cytochalasin-D (CytD) to destabilize the actin 

networks, nocodazole (Noc) to destabilize the MTs, Taxol to stabilize the MTs, and 

acrylamide (Aery) that disrupts the IFs. 

For various cell types, disruption of all cytoskeletal components showed decrease in the 

cell reaction force when measured using different experimental techniques such as M T C 

[Wang (1998)] as depicted in Fig. 2.5 and A F M [Charras et al. (2002a), Kasas et al. 

(2005)]. However, the mechanical role of each cytoskeletal components in cell force 

balance is still ambiguous. For instance, after disruption of MTs, increase in traction force 

was observed for SMCs [Stamenovic et al. (2002), Wang et al. (2001b, 2002)], whereas it 

showed no effect on the elastic modulus of osteoblast [Takai et al. (2005)] using A F M . 

Furthermore, on disruption of MTs, 20% decrease in the stiffness of endothelial cells was 

reported when measured using M T C [Wang (1998)], and 30% decrease in the stiffness of 

SMCs was reported when measured during tensile test [Nagayama et al. (2008)]. 
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125 

Fig. 2.5: The stiffness of adherent endothelial cell before (CONTROL) and after 

disruption of individual cytoskeletal components measured using M T C [Wang (1998)]. 

Moreover, 15% decrease in cell stiffness was measured using M T C on inhibition of IFs 

[Wang (1998)]. For disruption of actin structure, the cell stiffness was reported to decrease 

by 50% [Wang (1998)], 90% [Wakatsuki et al. (2001)], and 42% [Nagayama et al. 

(2008)]. However, it was not possible to identify the mechanical role of A C individually 

from other actin network to study its contribution to cell integrity. 

2.4. Cell mechanics modeling approaches 

Living cells are constantly exposed to a variety of extracellular and intracellular 

mechanical forces. It has been well established that cell's mechanical interactions with its 

environment influence cell morphology, cell fate, and gene expression [Janmey et al. 

(1991)]. The cytoskeleton transmits mechanical stimuli to intracellular region and 

facilitates changes in cell morphology through cytoskeletal remodeling. The cytoskeletal 

architecture modulates cell stiffness and its individual components may have distinct 

mechanical roles in the cell [Ingber (1993)]. During mechanotransduction, the extent of 

19 



Chapter 2 

the changes evoked in cell behavior due to applied mechanical loads partially depends on 

the distribution of forces within the cell components. Although pioneering studies have 

provided the basic framework for understanding mechanotransduction [Huang et al. 

(2004)], the fundamental mechanical processes for sensation and transduction of 

mechanical stimuli into biochemical signals are still ambiguous. 

The novel experimental techniques mentioned in above section 2.3.1 provide 

substantial information regarding the mechanical properties of the cell along with their 

responses to diverse mechanical and chemical stimuli. This leads to the development of 

new theories and mechanical models of living cells that can characterize the cell responses 

to distinct loading types. The cell type, the experimental conditions, and the time scales 

are decisive factors for a model to describe the experimental observation [Zhu et al. 

(2000)]. The ideal cell mechanics model should consider the stress-dependent stiffening, 

the cell heterogeneity, the power-law behavior, and the non-equilibrium features of the 

cytoskeleton [Sunyer (2008)]. 

Computational modeling provides better control over the form and organization of 

individual cytoskeletal components, thus it can be used to unravel the potential mechanism 

of cell responses to distinct mechanical stimuli [Yao et al. (2016), Ghaffari et al. (2016), 

Xue et al. (2015), Dowling et al. (2014), Reynolds et al. (2014), Ronan et al.(2014), 

Barreto et al. (2013), Karadas et al. (2013), Bursa et al. (2012, 2006), Ujihara et al. (2012, 

2010), Kiyoumarsioskouei et al. (2012), De Santis et al. (2011), Nguyen et al. (2010), 

Slomka et al. (2010), Ofek et al. (2009), Maurin et al. (2008), Vaziri et al. (2008), 

Unnikrishnnan et al. (2007), Canadas et al. (2002, 2003, 2006), Ananthakrishnan et al. 

(2006), Prendergast et al. (2007), Jean et al. (2005), McGarry et al. (2005a, 2004)]. These 

computational models at distinct temporal and spatial scales have been developed to 

capture and simulate the cell responses corresponding to the experimental observations. 

20 



Chapter 2 

Although experimental force measurements have shown discrete propagation of force in 

cells, these were highly dependent on the simulation technique used [Hu et al. (2003)]. 

The existing computational modeling approaches for cell mechanics are broadly classified 

into two categories: the continuum approaches and the microstructural approaches, 

outlined in Fig. 2.6 from Appendix B. 

c 

c 

Computational approaches for cell 3 
Bridging the length scales 

Continuum approaches X Multiscale models 

1 
Microstructural approaches > 

Liquid drop models for suspended cells 

Newtonian liquid drop model 
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Shear thinning liquid drop model 
Maxwell liquid drop model 

X I 
Elastic continua 

Linear-elastic 
solid model 
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solid model 

Viscoelastic continua 
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• Power-law 
structural damping 
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Fig. 2.6: The schematic representation of computational approaches for cell mechanics 

modified from [Bansod and Bursa (2015)]. 
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2.4.1. Continuum approaches 

Earlier, cell mechanics studies considered cell as a homogeneous continuum structure and 

are employed when the smallest length scale of interest is much larger than the space over 

which the structures and properties of the cell vary significantly. An overview of 

previously proposed continuum cell models is presented in Appendix B. 

2.4.2. Microstructural approaches 

The microstructural approaches also known as discrete approaches describe the 

cytoskeleton as a system of discrete elements critical for cell mechanics. The earlier 

proposed simple spring-dashpot models and worm-like chain models do not explicate how 

the observed cell behavior can be related to the composition and structure of cytoskeleton. 

This was overcome by presenting a structural model of cell by drawing analogy to the 

tensegrity structures by Ingber (1993). An overview of tensegrity structures is presented in 

Appendices C and D. One of the most frequently used models in the microstructural class 

is the cellular tensegrity model that envisioned cytoskeleton as an interconnected network 

of cables and struts (Fig. 2.7a), where the cables in tension represent AFs and the struts in 

compression represent MTs [Ingber (1993)] (Fig. 2.7b). 

(a) Wf Jt • O) 
Compression \ F A s 

Traction 

Tension 

Compression M T s 

Tension* Tuclion 
FAs 

Membrane 

Fig. 2.7: (a) A simple octahedron tensegrity cited from Intension Designs and (b) the 

cellular tensegrity model modified from [Stamenovic et al. (2009)]. 

The tensegrity model revealed that prestress in AFs and interplay of the cytoskeletal 
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components affect the cell stiffness [Stamenovic et al. (1996)]. This model has 

successfully predicted viscosity modules of the cytoskeleton [Canadas et al. (2002, 2003, 

2006)], as well as many experimentally observed features of cell mechanical behavior 

such as prestress-induced stiffening [Wang et al. (2001b), Hu et al. (2003), Stamenovic et 

al. (1999), Lebis (2007)] and strain hardening [Stamenovic et al. (1996)]. It has been 

observed that MTs balanced substantial portion of cytoskeletal prestress by undergoing 

compression and IFs transfer the loads between the cell surface and the nucleus only at 

large strains [Wang et al. (2001b)]. However, tensegrity model does not take into 

consideration other cellular components such as nucleus, cytoplasm and C M . Also, this 

model was not able to explain the cytoskeleton remodeling and the frequency dependence 

response following a power-law behavior. 

Fig. 2.8: Tensegrity FE model of suspended cell by Bursa et al. (2006, 2012), including (a) 

solid elements representing nucleus (purple), cytoplasm (blue) and (b) discrete elements 

representing cytoskeleton structure, where AFs (purple), MTs (light blue), and IFs (green) 

connected to the nucleoskeleton (red) and shell for C M (dark blue). 

For more reliable formulation of cell mechanical behavior using FE analysis, the hybrid 

modeling approach was put forward by McGarry et al. (2004). Following the same 

approach, a more complex cell model of 210-members tensegrity structure has been 
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proposed by Bursa et al. (2006, 2012), simulating the tensile and A F M indentation tests. 

The suspended cell model depicted in Fig. 2.8 is based on realistic shape and includes all 

cytoskeletal components. The tension test was simulated with this model and the results 

obtained were in good accordance with the experimental findings. Further, to simulate 

A F M indentation, the same model was modified to adherent cell model and details of its 

creation are described in [Lebis (2007)]. 

The granular model has been developed by Maurin et al. (2008), to simulate the cell 

adhesion and the cell spreading process. This model is different from others in the sense 

that it assumed the dynamic microtubule-based polymerization for the cell spreading 

process. It employs the divided-media theory in combination with the tensegrity concept 

and generating the prestressed structure of CSK formed during the cell adhesion process. 

Cell adhesion 

Fig. 2.9: (a) The granular cell model in non-adherent state by Maurin et al. (2008). The 

grains represent the nucleus (biggest central sphere), some CSK cross-linking proteins 

(internal spheres), the centrosome within the cytoplasm and the plasma membrane 

(peripheral spheres) with anchoring protein (integrins) outside, (b) The scenario of 

cytoskeleton structuration in cell adhesion process where the MTs grow from the 

centrosome and push integrins towards the substrate until adhesion is achieved. 

The granular cell model of spherical shape is composed of three types of grains (Fig. 

2.9). The nucleus is modeled as the biggest grain located at center of the cell. The 

cytoplasm circumscribing the nucleus is modeled using identical small grains and the two 

specific grains located next to the nucleus are assigned to represent the centrosome that 
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originates the MTs. The cross-linking proteins that connect the MTs to the AFs are 

represented by internal grains arranged in multilayer. The plasma membrane is modeled as 

the peripheral grains and some of them are randomly assigned to represent the adhesion 

receptors (integrins) [Maurin et al. (2008)]. 

To achieve the tensegrity analogy, each grain in the model except the biggest one is 

connected to the neighboring ones through distant interactions. The biggest central grain 

corresponding to nucleus has been kept unattached to avoid any interpenetration and to 

preserve its integrity. The connection between the two neighboring grains is assumed to 

behave either as a linear-elastic spring that corresponds to an actin filament or as a linear-

elastic rod corresponding to a microtubule. At initial stage, there were no internal forces 

but, as the distance between grains changes with change in geometry of the cell during 

adhesion, traction or compression forces are evoked. 

To simulate the cell spreading process a detection method has been developed, in which 

the shortest path of the grains from the centrosome to the integrin that lies closest to the 

E C M was defined in every time step of the simulation. The microtubule-based 

polymerization was then implemented through gradual lengthening of elastic rods growing 

from the centrosome pushing the integrins outward. Following this stepwise approach, the 

cell model gradually deformed to spread on the E C M . It has been observed that the 

granular model of total spreading of the cell has force distribution and topologies similar 

to those of living cells where the tensile force distribution corresponds to the actin 

filament network and the compressive force distribution corresponds to the microtubule 

network [Maurin et al. (2008)]. The granular model under the assumption of dynamic 

microtubule-based polymerization shows distinct feature to mimic the forced distribution 

in the cytoskeletal network; however, this model does not demonstrate the cell mechanical 

properties [Chen et al. (2012)]. 
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The FE model based on self-stabilizing tensegrity structures was developed by Kardas 

et al. (2013), to study the mechanosensory process of osteocytes that influences 

remodeling and mineralization of the bone tissue. This process was studied by 

incorporating direct linkage between the actin cytoskeleton and the nucleus via IFs. This 

computational model includes major cellular components important from the mechanical 

point of view: the integrins that connect cell with E C M , among cytoskeleton AFs and IFs 

as the prestressed elements and MTs as the compression-bearing elements, the nucleus and 

the centrosome (Fig. 2.10). 

Fig. 2.10: The self-stabilizing tensegrity based computational cell model by Kardas et al. 

(2013), illustrating different cellular components that includes MTs (blue), IFs (green), 

actin cytoskeleton (orange), centrosome and nucleus (red), and integrins in the outside. 

This model simulated the cell in physiological environment, representing in vivo 

conditions and demonstrated that the deformation of actin cytoskeleton is directly mapped 

on the nucleus. Later, this gets affected more with random distribution of the force 

carrying elements of cytoskeletal network. However, this model does not take into account 

the buckling of MTs and active cell responses [Kardas et al. (2013)]. 
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Since cells are structurally and mechanically inhomogeneous, cell global properties do 

not represent their local properties [Miyazaki et al. (2002)]. The previous models are better 

to describe the mechanics of cell in suspended state, whereas the following ones describe 

cell in adherent state. Presenting the hybrid modeling approach, McGarry et al. (2004) 

proposed an adherent cell model that combines continuum modeling with tensegrity 

approach. This model was based on the idealized geometry, incorporating the 

cytoskeleton, and other structurally significant cellular components such as the cytoplasm, 

nucleus, and C M (Fig. 2.11). 

4 
Fig. 2.11: FE adherent cell model by McGarry et al. (2004), including discrete elements 

for MTs (red) and MFs (blue), solid elements for the nucleus (green), cytoplasm, and C M 

(light blue). 

By applying external forces, it has been shown that the cytoskeleton determines the 

cellular stiffness. This model is complex enough to capture the non-linear structural 

behavior of cell such as prestress-induced stiffening and variable compliance along the 

cell surface. Parametric studies demonstrated that the elasticity and compressibility of 

cytoplasm has a substantial influence on cellular stiffness. Later, this model was modified 

to predict quantitative information on the differences in cellular deformation caused by 

substrate strain and fluid shear stress [McGarry et al. (2005a)]. 

Modifying the suspended cell model, Bursa et al. (2006, 2012) proposed more complex 

adherent cell model as depicted in Fig. 2.12 simulating A F M indentation. Comparing to 
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the model by McGarry et al. (2004), this model includes all cytoskeletal components with 

A C being connected to the nucleoskeleton via IFs. 

Fig. 2.12: FE adherent cell model by Bursa et al. (2006, 2012), including discrete 

cytoskeletal elements representing MTs (light blue), microfilaments (purple), IFs (green), 

and nucleoskeleton (red) and shell representing C M (blue). Although not shown here, the 

nucleus and cytoplasm were modeled using solid elements. 

This model successfully explained the dispersion of A F M indentation experimental 

results. It was also able to stimulate the transmission of mechanical signals from 

membrane receptors to deep intracellular region (the nucleus), where the cell biochemical 

responses are initiated [Bursa et al. (2006, 2012)]. 

A non-regular self-stressed tensegrity models with high diversity and complexity were 

developed using novel form-finding technique by Baudriller et al. (2006). 

Fig. 2.13: Non-regular tensegrity models for an epithelial cell by Baudriller et al. (2006). 

28 



Chapter 2 

Using this technique, an epithelial cell was modeled by assembling two complex 

tensegrities: one representing the star-shaped MTs originating from the centrosome and 

other representing the actin filament network distributed both in the interior and at the 

periphery of cell (Fig. 2.13). This model does not provide better results compared to the 

regular tensegrity model. 

Recently, a multi-structural FE model of single adherent cell was proposed by Barreto 

et al. 2013, investigating the biophysical and biochemical differences of the mechanical 

role of individual cytoskeletal components under loading. This model improves the 

tensegrity concept with no restriction on the spatial distribution of fibers but keeping its 

fundamental principles (prestress and interplay of the discrete components) and thus put 

forward the more realistic structural arrangement of the cytoskeletal components. It was 

based on the idealized cell geometry with semi-ellipsoidal form and incorporated the 

prestressed ABs and MTs within cytoplasm and nucleus enclosed by A C as depicted in 

Fig. 2.14. 

Fig. 2.14: A multi-structural model by Barreto (2013), including discrete elements for ABs 

(yellow) and MTs (pink), solid elements for the nucleus (blue) and cytoplasm, and shell 

for A C (green). 

The stiffness calculated by the model for fibroblasts and osteosarcoma cells is in good 

accordance with A F M force-indentation measurements. This model quantified the changes 

in the overall cell reaction force during cytoskeleton disruption studies and demonstrated 

that MTs along with A C are essential to maintain the cell rigidity during indentation. It not 
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only explains the mechanical contribution of each cytoskeletal component, but also 

enables to differentiate the specific role of ABs from A C , during indentation. Although 

being the most sophisticated model to date, it is not able to predict the role of nucleus in 

signal transmission since the nucleoskeleton structure and IFs connecting the A C with the 

nucleus were not considered. Additionally, this model also does not take into account the 

active cell responses, where the cytoskeletal fibers undergo polymerization and 

depolymerization during loading. 

2.4.3. Active approaches 

This thesis aims toward FE modeling of a single cell to investigate the passive response of 

whole-cell and its cytoskeletal components to distinct mechanical stimuli. The cell 

contractility is incorporated in the proposed models by assigning the prestrain to AFs/ABs 

at the beginning of simulations. However, it is important to note that the tension 

generation is a complex process and is associated with the cytoskeleton remodeling. The 

active cell models discussed here take into account the inherent active nature of cells and 

measure their respective material characteristics. 

A bio-chemo-mechanical model has been proposed by Deshpande et al. (2006), to 

simulate the force dependent assembly and disassembly of SFs and FAs by incorporating 

the dynamic reorganization of the cytoskeleton. This model is discussed in greater detail in 

Appendix B. 

The active elastic dipole model is a theoretical model also known as the dynamic 

stochastic model was proposed to predict the changes in orientation of the cells in 

response to cyclic stresses [De et al. (2007)]. In a coarse-grained approximation, this 

model characterizes the needle-like cells (for instance, Fibroblasts) as an elastic force 

dipole that changes its contractility (i.e. magnitude of deformation) and orientation (i.e. 

direction of contraction) in response to external applied forces. The dipole description 
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lumps many molecular processes into coarse-grained variables. Each cell is modeled as an 

anisotropic force dipole tensor, Py = hfi , where /, is a measure of the distance between 

two equal and oppositely directed contraction forces f, due to actin-myosin contractility 

[Deetal. (2007, 2008)]. 

This model is established on the principle of "tensional homeostasis" assuming that the 

cells can actively manipulate their contractility by reorganizing their FAs and SFs to 

maintain an optimal set-point stress or strain in the adjacent matrix [De et al. (2007, 2008), 

Safran et al. (2009)] and any deviation from this state results in the development of 

intracellular forces which re-establish this optimal stress and strain [Safran et al. (2009)]. 

These forces are derived from the generalized gradients of an effective free energy, Fe 

which is function of the two degrees of freedom (DOFs) of the problem: the dipole 

magnitude and its direction [De et al. (2010)]. For the cell which shows bipolar 

morphology in response to an external applied uniaxial load, oa applied at an angle, 6 with 

its middle axis, an effective free energy is expressed as: 

where, / is a measure of cell activity that establishes its optimal set-point stress or strain. 

Both the cell dipole represented by p=P/P*md the applied external stress given by 

pa(t)=Pa(t)/(ttoP*), are dimensionless quantities and related to the optimal set-point stress 

or strain, P* (where,ao is a function of Poisson's ratio of the matrix, v). The cellular dipole 

is given by (j>i=cos 6o=v/(l+v)(where, 8o is the zero strain direction [De et al. (2010)].The 

free energy of the matrix, Fm is defined as the product of the force dipole, Py and the 

external strain field, itf,- and is written as: 

The free energy, F that has been utilized by the cell contractile dipole in deforming the 

matrix in response to an applied external stress can be evaluated by summation of the 

Fe = \x(P*Y[-V + Pa(O(0 - 0l) - I ] 2 (2.1) 

(2.2) 
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effective free energy of the cell, Fe and the free energy of the matrix, Fm. The dynamic 

equations of the dipole magnitude, P and its orientation, 6 are related in a linear manner to 

the generalized forces that are derived from the variation of the free energy, F and are 

expressed as: 

where, xp and xg are the times taken for the readjustment of the magnitude and orientation 

of the force dipole, respectively. It has been assumed that xp « xd: the time taken for the 

changes in magnitude of the force dipole, xp is much faster than the time taken for the 

dynamics of its highly correlated reorientation, xd [De et al. (2010)]. 

The dipole theory predicts the orientation of the cells, in response to an externally 

applied cyclic stress over a wide range of frequencies and in presence of random forces 

originated due to intracellular activities. At high frequencies and low effective 

temperatures, the cell does not attain its optimal set-point due to swift variation in the 

stress and aligns perpendicular to the direction of the applied dynamic stress. At very low 

frequencies and in absence of effective temperature, the cell gets sufficient time to attain 

its optimal set-point and align nearly parallel to the direction of the applied dynamic stress 

on the other hand, at the same frequency but in presence of effective temperature, the 

orientation of the cell is random. These predictions about cellular orientations are in 

accordance with the experimental findings [De et al. (2007, 2008), Safiran et al. (2009), 

Jungbauer et al. (2008)]. It has been observed that the cell orientation can be changed from 

perpendicular to nearly parallel by modifying the response time of CSK [Hoffman et al. 

The dynamical theory has also been employed to evaluate the characteristic time 

(2.3) 

(2.4) 

(2011)]. 
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required for the cell to attain its steady-state orientation in response to an externally 

applied stress. It predicts that at high frequencies, the characteristic time is frequency 

independent, whereas at low frequencies, it increases as the frequency decreases; but in 

both frequency regimes the characteristic time depends on the amplitude of an externally 

applied stress [Safran et al. (2009), De et al. (2010), Schwarz et al. (2013)]. The theoretical 

predictions of frequency and amplitude dependence on an externally applied stress are in 

line with the experimental findings [Safran et al. (2009), De et al. (2010), Jungbauer et al. 

(2008)]. 

This model suggests that measurements of the cell orientation are expressed as a 

function of Poisson's ratio of the matrix and can identify whether the controlling factor of 

the cellular activity is strain or stress [De et al. (2008, 2008a, 2010)]. However, in this 

coarse-grained description of the cell mechanical response, the origin and theoretical 

nature of the effective temperature are ambiguous and many molecular details involved in 

the mechanosensitivity are not addressed [De et al. (2010)]. 

To model SF dynamics, a kinematic model was proposed by Kaunas et al. (2009) based 

on constrained mixture theory assuming that SFs dissociation occurs when a fiber has 

been stretched more than its critical length. This model predicted that in response to a step 

change in matrix stretch, the SFs are initially stretched together with the matrix, but these 

overly stretched fibers are then gradually replaced by the new ones assembled with the 

homeostatic level of stretch in the new configuration of matrix. The model was able to 

elucidate experimentally measured time courses of SFs orientation perpendicular to the 

direction of cyclic uniaxial stretch, as well as the lack of their alignment in response to 

equibiaxial stretch, as observed experimentally with endothelial cells [Kaunas et al. 

(2006)]. Moreover, it predicted that the SFs tend to orient toward the direction of 

minimum matrix stretch and the rate of stretch-induced SF disassembly evaluates the rate 
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of alignment [Kaunas et al. (2009)]. Later, a simple quantitative sarcomeric model of SF 

was developed by Kaunas et al. (2011) predicting the role of acto-myosin cross bridge 

cycling in SFs tension regulation and reorientation, in response to cyclic stretching. 

Although recent active cell models are equipped with the formulations to explain the 

passive responses of cells, they do not elucidate the contribution of other cytoskeletal 

components such as MTs, IFs, etc. and lack in differentiating the mechanical role of actin 

networks focusing mainly on SFs behavior. 

2.5. Summary 

The lack of consensus on the observed biophysical and biomechanical cellular responses 

from diverse single-cell simulation techniques thus calls for a new structural model. This 

model should aim at describing the cell mechanical structure-function relationship to 

predict the non-linear behavior of cell and its stiffness more precisely. It should be 

compatible with intracellular mechanical signaling pathways that may contribute towards 

better understanding of mechanotransduction. Therefore, the objective of this thesis is to 

develop more generic FE cell model to predict the cell mechanical properties during 

different experimental techniques for various cell types and at the same time, describe the 

passive response of intracellular components. 
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FINITE E L E M E N T BENDO-TENSEGRITY MODEL 

OF A SUSPENDED CELL 

3.1. Hypothesis 

The cytoskeletal tensegrity models presented in literature do not take into account the 

flexural behavior of MTs and are not able to elucidate the contribution of individual 

cytoskeletal components to the overall cell response. Recently, the concept of "bendo-

tensegrity" was proposed by Mehrbod et al. (2011) as a modification to these models that 

takes into account the flexural response of MTs. Thus implementing this concept with 

hybrid modeling approach, a FE bendo-tensegrity model of suspended cell incorporating 

MTs, AFs, IFs, nucleus, cytoplasm, and C M is proposed in the current study. The unique 

features of this structural model keep fundamental principles governing cell behavior, 

including cellular prestress and interaction between the cytoskeletal components with their 

more realistic morphological representation for suspended cell. 

The hypothesis of this work is that the proposed bendo-tensegrity model of suspended 

cell can describe the cellular structural behavior and determine cell's global response to 

distinct mechanical stimuli. The proposed model can predict the relation between cellular 

mechanical response and stress/strain distributions within the specific cytoskeletal 

components. It is not only important to study the cell response to global deformation of 

extracellular environment but also i f it responds differently depending on the stimulus. For 

this, two mechanical tests are simulated with the proposed suspended cell model: tensile 

test with micropipettes measuring the cell tensile response and compression test with 

microplates characterizing the cell compressive response. These experimental techniques 

aid to establish a link between the biochemical and mechanical environment of suspended 
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cells. The goal of this study is to extend the knowledge of how mechanical signals in the 

form of forces propagate within cells due to global cell deformation. More specifically, 

aiming towards the study of mechanical role of individual cytoskeletal components in 

intracellular force propagation and the quantitative characterization of nucleus deformation 

hypothetically decisive for mechanotransduction, which in turn helps in better 

understanding of how cellular processes are mechanically controlled. 

3.2. FE model formulation 

In this study, simulations of two mechanical tests with the proposed FE suspended cell 

model were performed and the results obtained were compared with corresponding 

experimental results. Tensile test with micropipettes and compression test with microplates 

were simulated by means of the proposed model created in ANSYS (ANSYS Inc. PA, 

US). 

In situ microscopic observations of cell shape in suspended state as well as images of 

distributions of cytoskeletal proteins were referred to create the 3D suspended cell model 

and the architecture of its cytoskeletal components. The suspended cell model 

encompasses the nucleus and cytoplasm surrounded by the C M (Fig. 3.1a) and cytoskeletal 

components like AFs, MTs, and IFs (Fig. 3.1b). For the proposed model implementing the 

hybrid modeling approach, the continuum parts (nucleus, cytoplasm) were modeled using 

continuous (volume) elements circumscribed by a thin layer of shell elements 

(representing CM) and the cytoskeletal components were modeled using discrete (beam or 

truss) elements. 

The shape of this cell model was defined as spherical with diameter (D) of 32.264 urn, 

taken from one of the experimental measurements by Nagayama et al. (2006). The nucleus 

was also modeled as spherical and positioned at the center of the cell (Fig. 3.1a). Both 

cytoplasm and nucleus were modeled with eight-node hexahedral isoparametric elements. 
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A thin flexible layer circumscribing the cytoplasm referred to as the C M was modeled with 

four-node quadrilateral shell elements on the outer surface of the cytoplasm, with thickness 

of 0.01 urn [Rand (1964)] and no bending stiffness. 

(a) 
Cell membrane (CM) 
Cytoplasm 
Nucleus 

(b) 
Actin filaments (AF&) 
Microtubules (MTs) 
Intermediate filaments (IFs) 
Nucleus 

Fig. 3.1: For suspended cell model: (a) sections of continuous (volume) elements and (b) 

structural arrangement of cytoskeletal components with respect to the nucleus. 

In a real cell, MTs of unequal lengths originate from the centrosome located near the 
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nucleus and emanate outward through the cytoplasm till the cortex where they interact 

with other cytoskeletal filaments at FAs (Fig. 3.2a). It is now evident that MTs do not have 

compression-only behavior but they appear highly curved (buckled) in living cells under 

no external load. This indicates that compressive forces in MTs induce substantial bending 

solely by the action of prestressed AFs; this is referred to as the "bendo-tensegrity" 

concept [Mehrbod et al. (2011)]. Implementing this concept, the MTs of varying curvature 

were modeled using beam elements, originating from a single node near the nucleus 

(representing the centrosome) and further extending till the FAs to form a star-like shape 

(Fig. 3.2b) [Kaverina et al. (1998), Maurin et al.(2008), Barreto (2013)]. 

Fig. 3.2: (a) Microscopic fluorescence images of M T distributions (in green), cited from 

Wyss Institute at Harvard University and (b) their corresponding architecture in the 

proposed computational model. 

Beam elements are one-dimensional line elements that have three nodes (two end nodes 

define element geometry and 3 r d node defines the cross sectional orientation) and 6-DOFs 

(both translational and rotational) at each end node. These elements offer additional 

flexibility associated with transverse shear deformation between the axis of beam and its 

cross-sectional directions. Thus, the MTs are able to resist tensional as well as compressive 
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forces with their flexural (buckling) behavior taken into consideration. Every F A was 

connected to the centrosome with only one M T and it was ensured that they do not 

penetrate the nucleus. 

IFs are scattered throughout the intracellular space, connecting the FAs to the nucleus 

and creating a dense network in perinuclear region that stabilizes the nucleus at the center 

of cell (Fig. 3.3a) [Wang et al. (2000)]. 

Fig. 3.3: (a) Microscopic fluorescence images of IF distributions, cited from Wyss Institute 

at Harvard University and (b) their corresponding architecture in the proposed 

computational model. 

On stretching these filaments become straight and behave stiffer, thus contributing to the 

cell mechanics only at large strains (above 20%) [Janmey et al. (1991), Wang et al. 

(2000)]. To incorporate their waviness, the IFs were modeled as truss elements (Fig. 3.3b) 

resisting only tensile loads under elongations higher than 20% (Fig. 3.4a) and all the IFs 

were equally strained for simplification. In this way, these truss elements behave like wavy 

fibers although they are modeled straight in contrast to real IFs as depicted in Fig. 3.3a. 

For better transmission of mechanical stimuli to the nucleus and its stabilization at the 

center of the cell, each F A was connected to the nucleus via at least two IFs. To mimic 

their real structural arrangement, they were modeled tangentially to the nucleus thus 
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mimicking a dense network in perinuclear region. 

(a) ForlFs (b) For AFs 

0 0.20 e -0.24 o e 

Fig. 3.4: Stress-strain relationship defining the mechanical behavior of (a) IFs with applied 

positive strain and (b) AFs with applied negative strain (pre-strain) in the undeformed 

configuration. 

For cell in suspended state, a dense network of thin AFs (Fig. 3.5a) localized beneath 

the C M [Nagayama et al. (2006)] plays a vital role in maintaining the cell shape. This 

framework was created by employing the geometrical shape of icosidodecahedron with its 

vertices representing FAs. Thin AFs filaments were modeled as truss elements (Fig. 3.5b) 

that resist only tensile loads. Truss elements are one-dimensional (ID) line elements that 

have 2 nodes, axial stiffness, and only 3-DOFs (translational) in each node. Thus, they 

were selected to represent the mechanical behavior of AFs and IFs that behave in similar 

way as ropes. 

AFs are internally prestressed (i.e. stressed even without application of an external 

load); to achieve this in the proposed models, experimentally measured prestrain of 24% 

[Deguchi et al. (2005), Kojima et al. (1994)] was assigned to them generating the initial 

force (prestress) essential for cell shape stability (Fig. 3.4b). For simplification, this 

prestrain was equal in all AFs of the model. To achieve the synergistic effect of 

cytoskeletal components, the elements representing AFs, MTs, and IFs were connected by 

sharing the same end nodes at the C M representing FAs. 
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Fig. 3.5: (a) Microscopic fluorescence images of AF distributions [Ananthakrishnan et al. 

(2006)] and (b) their corresponding architecture in the proposed computational model. 

In this way, the element types used for modeling cytoskeletal components were chosen 

to represent their idealized structural role in a realistic manner and are summarized in 

Table 3.1. It is decisive for mechanical response of the model because the mechanical 

behavior of living cells is mainly determined by the cytoskeletal filaments [Ingber (1993, 

2003)]. 

Table 3.1: Mesh properties of the suspended cell model in ANSYS 

Cell component Element type Element definition 

Microtubules (MTs) Beam Beam 188 

Actin filaments (AFs) Truss Linkl80 

Intermediate filaments (IFs) Truss Linkl80 

Cell membrane (CM) Shell Shelll81 

Cytoplasm Continuous (volume) Solidl85 

Nucleus Continuous (volume) Solidl85 
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3.3. Material properties 

Homogenous, isotropic, and linear elastic material properties were considered for all the 

cytoskeletal components; their elastic parameters taken from the literature are summarized 

in Table 3.2. 

Table 3.2: Elastic properties of discrete components of suspended cell model 

Cell component 
Elastic 

modulus, E 
(Pa) 

Poisson's 
ratio, v Diameter 

(nm) 

Microtubules (MTs) [Gittes et al. (1993)] 1.2 x 109 0.3 
(outer/inner) 

25/17 

Actin filaments (AFs) [Gittes et al. 
(1993)] 

2.6 x 109 0.3 7 

Intermediate filaments (IFs) [Xue et al. 
(2015);Bertaudetal. (2010)] 

7.6 x 106 0.3 10 

For the elasticity of cell components modeled using continuous elements, however, a Neo-

Hookean hyperelastic incompressible description was used with shear modulus being the 

only material parameter (Table 3.3). 

Table 3.3: Hyperelastic properties of continuous components of suspended cell model 

Cell component 
Elastic 

modulus, E 

(Pa) 

Calculated shear 
modulus, G 

(Pa) 

Cytoplasm [Caille et al. (2002)] 0.5 x 103 0.17 x 103 

Nucleus [Caille et al. (2002)] 5 x 103 1.7 x 103 

Cell membrane (CM) [Rand (1964)] 1 x i o 6 0.33x 106 

Due to the difficulty of measuring the mechanical properties of cellular components from a 

single cell type, those employed in the current study were acquired from literature for 

distinct cell types measured using various experimental techniques. 
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3.4. Loads and boundary conditions 

3.4.1. For tension test 

The tensile test of a suspended cell with rigid micropipettes (Fig. 3.6) was simulated to 

investigate the cell response to stretching. 

Fig. 3.6: Sectional views of the suspended cell model during consecutive steps in 

simulation of tensile test: (a) spherical cell and micropipettes, (b) compressing the cell 

against fixed micropipette, and (c) stretching the cell with movable micropipette. (d) 

Snapshots of a cell during tensile test experiment [Nagayama et al. (2006)]. 
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The simulation was performed in several steps, mimicking the experiment [Nagayama 

et al. (2006)]. In the first step, contact between the spherical cell and both micropipettes 

was established by compressing the cell (with the left micropipette being fixed). The 

contact was set as bonded in the program to enable transmission of tensile forces in the 

following steps of the simulation. In the next step, the cell was elongated to achieve zero 

reaction forces in the micropipettes; this shape serves then as the initial (unloaded) state of 

the cell. In the final step, the displacement that corresponds to cell stretching in the tensile 

test was applied to the nodes of the movable micropipette. The reaction force was assessed 

as the sum of forces at the nodes of the contact surface between the cell and the movable 

micropipette. The distance between micropipettes in the state with zero reaction force was 

taken as the unloaded length of cell and therefore, it differs from the cell diameter. 

3.4.2. For compression test 

The compression test of a suspended cell model with rigid microplates (Fig. 3.7) was 

simulated to investigate the cell response to compression. The simulation was performed in 

several successive steps, mimicking the experiment [Nguyen et al. (2009)]. The spherical 

shape of the cell serves as the initial state. First, the contact was established between the 

cell and both microplates without cell deformation. The contact setting as bonded was kept 

in the program from the tensile test simulation. The cell was then compressed against the 

fixed microplate (bottom) by applying vertical displacements to the nodes of the movable 

microplate to achieve successively 10%, 30%, and 50% deformation of the cell. The 

reaction force was evaluated as the sum of forces at nodes of the contact surfaces between 

the cell and the movable microplate. 
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Fig. 3.7: Sectional views of the suspended cell model during consecutive steps in 

simulation of compression test: (a) spherical cell and microplates, compressing the cell 

with the movable microplate to (b) 30% and (c) 50% deformation against the fixed 

microplate. (d) Snapshots of a cell during compression test experiment [Ujihara et al. 

(2012)]. 
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3.5. Parametric studies 

For the proposed model, parametric studies were performed considering the material 

properties of different cell components as parameters. The cell model incorporating all 

discrete and continuous elements with the material properties specified in Tables 3.2 and 

3.3 are referred to as the control model. To illustrate the influence of the material 

parameters on cell mechanical response, their values were increased and decreased by 50% 

of the values used for the control model. In addition, eight different cell models were 

created by totally removing one or more of the cytoskeletal components to investigate their 

contribution to cell mechanical response. In simulation of tensile test, the reaction force of 

altered cell models was compared with that from the control model for 6.3 urn elongation 

and in simulation of compression test similarly, the reaction force of the altered cell 

models was compared with that from the control model for 50% deformation. 

In the current study, effect of increase in the density of cytoskeletal filaments included 

in the model was analyzed in terms of overall cell reaction force by varying their number. 

Additional AFs and IFs were created in the cell interior with different orientation than 

earlier. More MTs were created originating from the centrosome with their end nodes 

being chosen randomly at the C M . To investigate a similar effect of C M thickness on the 

overall cell reaction force its value was increased and decreased with respect to the control 

value. Also, mesh sensitivity studies were performed and increase in mesh densities for 

continuum parts showed negligible change in the results. 

3.6. Results of simulated tension test 

3.6.1. Validation of the proposed model 

The force-elongation curve calculated from tensile test simulation is in good agreement 

with the non-linear responses of the experimental curves obtained from the tensile test of 

cultured aortic SMCs [Nagayama et al. (2006)], as depicted in Fig. 3.8, and thus validates 
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the proposed bendo-tensegrity model of a suspended cell 
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Fig. 3.8: Comparison of simulated force-elongation curve with the experimental curves 

taken from a study by Nagayama et al. (2006), measuring the tensile properties of cultured 

aortic SMCs of diameter (D) using a cell tensile tester. 

The stiffness of the control model of suspended cell in tension was evaluated as the ratio of 

conventional stress (er) to conventional strain (e) being proportional to the slope of the 

resulting force-elongation curve. The conventional stress is given as: 

/ 
a = — 

a 

(3.1) 

where,/= 0.433 uN was the reaction force of cell at the stretched edge and a = 817.15 urn 

was the (maximal undeformed) cross-sectional area of cell. The conventional strain is 

expressed as: 

e = 
l-lo 

lo 
(3.2) 

where, / = 33.264 um was the elongated length of cell and lo = 26.942 um was the length 

of cell at zero reaction force after having created bonded contact with the faces of 
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micropipettes. With reference to Fig. 3.8, the stiffness of 2.3 kPa calculated for the FE 

model (D=32.264 urn) using Eqs. (3.1) and (3.2), is in good accordance with the stiffness 

of 2.5 kPa calculated for the experimental (Z)=32.264 urn) cell sample. 

3.6.2. Predictions of deformations inside the cell 

This model enables visualization of the mechanics of individual cytoskeletal components 

during tensile test. Figure 3.9a exhibits the deformed shape of cytoskeletal components 

and nucleus during simulation of tensile test where the nucleus appears elongated in the 

direction of stretch concomitant of cell elongation, as observed experimentally by 

Nagayama et al. (2006), Ujihara et al. (2010). During cell stretching, the randomly 

oriented AFs were likely to be aligned in the direction of stretch. This passive realignment 

gradually increased the overall reaction force of the cell, causing the force-elongation 

curve to be non-linear [Ujihara et al. (2010), Miyazaki et al. (2002)]. During cell stretching 

some of the MTs were straightened out, while others remain bended (Fig. 3.9b), similar to 

that observed in experiments [Nagayama et al. (2008)]. 

The proposed model can predict the relation between cellular mechanical response to 

stretching and stress/strain distributions within the specific cytoskeletal components. MTs 

that were straightened and aligned in the direction of stretch resist tensile forces and 

generate high stresses, while the ones that were bended due to compressive forces generate 

low negative stresses (Fig. 3.9b); this effect highlights the influence of the shape of this 

component on cell deformation. High stresses in straightened MTs can be attributed to the 

large difference between their flexural and tensional stiffness, which may significantly 

contribute to the non-linearity of cell responses. High stresses were observed also in AFs 

(Fig. 3.9c) that were aligned in the direction of stretch and resist tensile forces. JFs aligned 

in the direction of stretch were linearized from their assumed initial waviness and 

exhibited high strains, while low strains were observed in the ones localized in the central 
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region indicating that they remain wavy (Fig. 3.9d). 
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Fig. 3.9: Simulation results of 6.3 urn cell elongation: (a) deformed shape of the 

cytoskeletal components and nucleus; distribution of axial stress in the discrete elements 

representing (b) MTs and (c) AFs; (d) distribution of axial strain in the discrete elements 

representing IFs; (e) distribution of first principal strain in the continuous elements 

representing nucleus. 

A symmetrical and uniform strain distribution pattern was observed in the nucleus (Fig. 

3.9e) with a maximum deformation of 8% (first principal strain). This quantitative 

characterization of nucleus deformation could be hypothetically decisive for transducing 

mechanical signals into changes in gene expression for cell stretching of 6.3 urn 

49 



Chapter 3 

(approximately 20% global deformation). 

3.6.3. Mechanical contribution of the cytoskeletal components 

Figure 3.10 illustrates the results of parametric studies investigating the mechanical 

contribution of individual cytoskeletal components to the overall cell reaction force during 

stretching. When the cytoskeletal components were incorporated in the continuum parts, 

the cell reaction forces were higher and concentrated in the nodes where cytoskeletal 

components interact with each other (FAs). The role of each cytoskeletal component in 

resisting tensile forces on cell was investigated via removal of each cytoskeletal 

component from the control model. 

C O N T R O L M O D E L I I 

without (w/ o) IFs I 

w/o AFs i 

w/o MTs I 

w/o IFs and AFs ] 

w/o/Fs and MTs ^ 

w/o AFs and MTs I 

w/o Cytoskeleton i 
i i i i | i i i i | i i i i | i i i i | i i i i | i i i i 

0.0 0.2 0.4 0.6 0.8 1.0 
Normalised reaction force 

Fig. 3.10: Contribution of the cytoskeletal components individually and in mutual 

combination to response of cell model during stretching, highlighting their synergistic 

effect. The reaction force of different cell models is normalized with respect to that from 

the control model. 

The maximum reaction force of the cell model (under elongation of 6.3 (j,m) without 

cytoskeleton was 5.82 times lower than the control model, emphasizing their pivotal role 

in characterizing the tensile properties of cell. The reaction force of the cell model without 
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IFs was slightly less than the reaction force of the control model indicating their minimal 

contribution to cell stiffness at low strains (below 20%). Compared to the reaction force of 

the control model, removal of AFs reduced the reaction force of cell model by one fifth, 

whereas removal of MTs reduced it to approximately half, suggesting that MTs resist 

intracellular tension generated by AFs. Moreover, removal of both AFs and MTs 

drastically reduced the reaction force of cell model making it more compliant and 

highlighting thus their synergistic effect. Therefore, AFs and MTs play crucial roles in 

maintaining cell stiffness during stretching, similar to that observed in experiment by 

Nagayama et al. (2008). 

3.6.4. Parametric variations of material properties 

Figure 3.11 depicts the results of parametric studies investigating the effect of varying 

modulus of elasticity of individual cellular components on the cell response to stretching. 

During these studies, the prestress in AFs was retained constant. 

• 50% of control values • 150% of control values 
• 75% of control values • Control values 

0.4 - y. 

0.0 I I I ^ i • ftgfl i ™ »gfl i I I I i ! • V/A | I I 
AFs MTs IFs Nucleus Cytoplasm CM 

Cell components 
Fig. 3.11: The effect of varying elastic modulus of individual cell components from the 

control values (Table 3.2 and Table 3.3) on the overall cell reaction force during 

stretching. 
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It was observed that the reaction force of the model was highly sensitive to the variation of 

Young's modulus of certain cellular components. The variation of Young's modulus of 

both AFs and MTs substantially affected the cell reaction force. A 50% decrease in 

Young's modulus of MTs was not realized due to problems with convergence and thus, 

only 25% decrease in the same was considered. Among continuum elements, regardless of 

small thickness the change in Young's modulus of C M had significant influence on the 

overall cell reaction force followed by cytoplasm. The parametric studies revealed that 

during stretching the overall cell reaction force was relatively insensitive to the changes in 

elastic modulus of IFs and nucleus. Although not presented in Fig. 3.11, simulations have 

demonstrated that inclusion of the compressibility for both nucleus and cytoplasm, did not 

much affect the overall cell reaction force. 

3.6.5. Effect of increase in the density of cytoskeletal components 

Measuring the number of the cytoskeletal components experimentally is one of the most 

difficult parameters however, effect of increase in the density of these components can be 

determined computationally. The structural arrangement of cytoskeletal components in the 

proposed model is a simplified representation of their complexity in real cell. The number 

of nodes that define interconnectivity between the cytoskeletal components (FAs) affects 

the cell response to stretching. 

An increase in overall cell reaction force was observed for increased number of AFs 

and MTs as depicted in Figs. 3.12a and 3.12b. During cell stretching, additional AFs 

created in the cell interior got aligned in the direction of stretch and increased the cell 

stiffness. In the same way, additional MTs orientated in the loading direction were 

straightened to resist tensile forces and thus substantially increased the overall cell reaction 

force. Increase in the density of elements representing IFs did not show much variation in 

cell reaction force (Fig. 3.12c), suggesting low impact of these filaments on the cell 
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stiffness due to their waviness. 
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Fig. 3.12: Effect of increase in the density of cytoskeletal components (a) AFs, (b) MTs, 

and (c) IFs on the overall cell reaction force; (d) effect of varying the thickness of C M on 

the cell response to stretching. 

Variation of the thickness of C M affected the overall cell reaction force substantially (Fig. 

3.12d). 

3.7. Results of simulated compression test 

3.7.1. Validation of the proposed model 

The force-deformation curve calculated from compression test simulation is in good 

agreement with the non-linear response of the experimental curve obtained from the 

compressive test of a single chondrocyte [Nguyen et al. (2009)], as depicted in Fig. 3.13 

and thus validates the proposed bendo-tensegrity model of a suspended cell. The slope of 

the simulated force-deformation curve increased with increase in cell compression, similar 

to that observed in the experiments [Nguyen et al. (2009), Ujihara et al. (2012)]. 
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Fig. 3.13: Comparison of simulated force-deformation curve with the experimental curves 

taken from a study by Nguyen et al. (2009), investigating the biomechanical properties of a 

single chondrocyte using a micromanipulation technique. 

Similar to tension test, the stiffness of the control model of suspended cell in compression 

was calculated as the ratio of conventional stress (er) to conventional strain (e) using Eqs. 

(3.1) and (3.2). Here,/= 0.4537 uN was the reaction force of cell at the compressed edge, / 

= 16.132 urn was the deformed length of cell, both for 50% compression, a = 817.15 urn 

was the (maximal undeformed) cross-sectional area of cell, and lo = 32.264 urn the 

undeformed length of cell at zero reaction force. Thus the stiffness of 1.109 kPa was 

calculated for the model. 

3.7.2. Predictions of deformations inside the cell 

This model also enables visualization of the mechanics of individual cytoskeletal 

components during compression test. The cell was initially spherical (Fig. 3.7a), but with 

compression, it elongated perpendicularly to the direction of loading. Figure 3.14a exhibits 

the deformed shape of cytoskeletal components and nucleus during compression test 
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simulation, where the nucleus appears elongated perpendicularly to the loading direction 

concomitant of cell compression, analogous to that observed in experiments [Ujihara et al. 

(2012), Caille et al. (2002)]. During cell compression, the randomly oriented AFs and IFs 

were likely to be aligned passively in the direction perpendicular to loading. The filaments 

aligned in the loading direction were compressed, whereas the perpendicular ones were 

stretched. 

(a) Deformed shape 

(b) Microtubules (MTs) a (MPa) (c) Actin filaments (AFs) 
, 1.15 

(d) Intermediate filaments (IFs) (e) Nucleus 
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Fig. 3.14: Simulation results of 50% cell compression: (a) deformed shape of the 

cytoskeletal components and nucleus; distribution of axial stress in the discrete elements 

representing (b) MTs and (c) AFs; (d) distribution of axial strain in the discrete elements 

representing IFs; (e) distribution of first principal strain in the continuous elements 

representing nucleus. 
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MTs localized in the central region perpendicular to the direction of loading were 

straightened, while the others remain bended (Fig. 3.14b). The number of stretched 

filaments increased as the cell was compressed more. The proposed model can predict 

correlation of cellular mechanical properties and stress/strain distribution within the 

specific cytoskeletal components during compression. MTs that were straightened and 

aligned in the direction perpendicular to compression resist tensile forces and generate low 

positive stresses, while those ones that were bended due to compressive forces generate 

low negative stresses (Fig. 3.14b); this effect highlights the influence of the shape of MTs 

on cell deformation. AFs reoriented perpendicularly to the loading direction resist tensile 

forces and generate high stresses (Fig. 3.14c) consequently increasing stiffness of the 

entire cell. The number of these reoriented filaments increased with cell compression that 

in turn increased the cell stiffness gradually as observed experimentally by Ujihara et al. 

(2012). 

JFs reoriented perpendicularly to the direction of compression were slightly uncoiled 

from their assumed initial waviness and exhibited positive strains with no stresses induced, 

while negative strains were observed in those ones aligned in the compression direction 

indicating that they remained wavy (Fig. 3.14d). A symmetrical and non-uniform strain 

distribution pattern concentrated at equatorial region was observed in the nucleus (Fig. 

3.14e) with a maximum deformation of 20% (first principal strain). This quantitative 

characterization of nucleus deformation could be hypothetically decisive for transducing 

mechanical signals into changes in gene expression for 50% cell compression (global 

deformation) [Leipzig et al. (2008), Shi eh et al. (2007)]. 

3.7.3. Mechanical contribution of the cytoskeletal components 

Figure 3.15 illustrates the results of parametric studies investigating the mechanical 

contribution of individual cytoskeletal components to the overall cell reaction force under 
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compression of 50%. The role of each cytoskeletal component in resisting compressive 

forces acting on cell was investigated via removal of each cytoskeletal component from the 

control model. 
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Fig. 3.15: Contribution of the cytoskeletal components individually and in mutual 

combination to response of cell model during compression, highlighting their synergistic 

effect. The reaction force of different cell models is normalized with respect to that from 

the control model. 

The maximum reaction force of the cell model without cytoskeleton was 1.35 times 

lower than the control model, highlighting their role in characterizing the compressive 

properties of cell. When MTs were removed the model showed an approximately twofold 

decrease in the cell reaction force compared to the model with JFs being removed. 

Compared to the reaction force of the control model, removal of AFs reduced the reaction 

force of the cell model by one fifth. Even though AFs are tension bearing elements, they 

play a vital role in maintaining the cell stiffness during compression, similar to that 

observed experimentally by Ujihara et al. (2012). Additionally, the cell models created 

without one or more cytoskeletal components were also inadequate to withstand the cell 
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forces, underlining their synergistic effect. 

3.7.4. Parametric variations of material properties 

Figure 3.16 shows the results of parametric studies investigating the effect of varying 

modulus of elasticity of individual cellular components on the cell response to 

compression. During these studies, the prestress in AFs was retained constant. It was 

observed that the reaction force of the model was highly sensitive to the variation of elastic 

modulus of certain cellular components. 

0.6 

0.5 -

3 0.4 

c£ 0.3 
— 

z-
0 2 s 'J 

* 0.1 

0.0 

• 50% of control values • 150% of control values 
• control values 

III! 
AFs MTs C M IFs Nucleus Cytoplasm 

Cel l components 

Fig. 3.16: The effect of varying elastic modulus of individual cell components from the 

control values (Table 3.2 and Table 3.3) on the overall cell reaction force under 

compression. 

The variation of Young's modulus of AFs considerably affected the cell reaction force. 

Among continuum elements, cytoplasm with its large volume had significant influence on 

the cell reaction force followed by C M regardless of its small thickness. On the other hand, 

the cell model sensitivity to elastic modulus of the nucleus was limited that can be 

associated to its small volume. The parametric study revealed that the cell reaction force 
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was relatively insensitive to the changes in Young's modulus of both MTs and IFs. 

Although not presented in Fig. 3.16, simulation results have demonstrated that inclusion of 

cytoplasm compressibility minimally affected the overall cell reaction force. 

3.7.5. Effect of increase in the density of cytoskeletal components 

The number of nodes that define interconnectivity between the cytoskeletal components 

(FAs) affects the cell response to compression. Additional AFs created in cell interior 

increased the overall cell reaction force (Fig. 3.17a), whereas increase in the density of 

both MTs and IFs did not show much variation (Figs. 3.17b and 3.17c). 
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Fig. 3.17: Effect of increase in the density of cytoskeletal components (a) AFs, (b) MTs, 

and (c) IFs on the overall cell reaction force; (d) effect of variation of C M thickness on the 

global cell response to compression. 

Similar to that observed in tension test simulations, variations of C M thickness 

substantially affected the overall cell reaction force (Fig. 3.17d) during compression. It has 

been observed that the influence of increase in the number of cytoskeletal components 

shows an effect similar to that of increase in their elastic modulus. A similar effect 
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occurring for C M suggests that its behavior is dominated by tension (membrane stresses) 

rather than by bending (bending stiffness of a shell is proportional to the 3rd power of its 

thickness). 

3.8. Summary of suspended cell model 

The proposed bendo-tensegrity model of suspended cell describes the response of 

cytoskeletal components and cell as a whole to distinct mechanical stimuli (elongation and 

compression), thus satisfying the initial hypothesis. The proposed model predicted the 

relation between cellular mechanical response and stress/strain distributions within the 

specific cytoskeletal components under different loading conditions. For simulation of 

both tests, it provides quantitative characterization of nucleus deformation. 

The tensile test simulations demonstrated that AFs and MTs play a crucial role in cell 

stiffness including its increase with stretching, while the compression test simulations 

revealed that although being tension-bearing elements, AFs contribute significantly to the 

compressive response of a cell. Thus, the proposed bendo-tensegrity model identifies the 

cytoskeletal components that influence the global mechanical response of suspended cell 

depending on the type of mechanical loading. 

Parametric studies of material properties of cell components demonstrated that cell 

response to stretching was highly affected by changes in elastic modulus of AFs, MTs, 

C M , and cytoplasm. Likewise, cell response to compression was highly affected by 

variations of elastic modulus of AFs, C M , and cytoplasm. Similar results were obtained 

from parametric studies of increase in the density of cytoskeletal components: the cell 

response to both stimuli was sensitive to increase in the density of AFs and variations of 

the thickness of C M , but only the cell response to stretching was sensitive to increase in 

the density of MTs. 

Thus, the proposed suspended cell model based on the bendo-tensegrity concept 
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provides new insights into the interdependence of cellular mechanical properties, the 

mechanical role of components of cytoskeleton, and the nucleus deformation under 

different mechanical loading conditions. 
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FINITE E L E M E N T MODIFIED BENDO-TENSEGRITY MODEL 

OF ADHERENT CELL 

4.1. Hypothesis 

Implementing the bendo-tensegrity concept [Mehrbod et al. (2011)] with fusion of 

continuum and discrete approaches, a FE bendo-tensegrity model of adherent cell 

modified from the suspended cell model (chapter 3) incorporating MTs, ABs, IFs, nucleus, 

cytoplasm, and A C is proposed in the current study. The unique features of this structural 

model keep fundamental principles governing cell behavior, including cellular prestress 

and interaction between the cytoskeletal components with their more realistic 

morphological representation for cell in adherent state. 

The hypothesis of this study is that the proposed modified bendo-tensegrity model of 

adherent cell can describe the cellular structural behavior and determine cell's local 

response to extracellular deformation. The proposed model can not only study the cell's 

response to local surface deformation initiated by some extracellular body but also i f it 

responds differently depending on the deformation location. For this, indentation using 

A F M is simulated with the proposed model indenting at two distinct locations at the apex 

(between the FAs above the nucleus) and at a receptor (at F A away from the nucleus), 

providing local mechanical response of cell. This experimental technique helps to 

establish a link between the biochemical and mechanical environment of adherent cells. 

The aim of this study is to extend the knowledge of how mechanical signals in the form of 

forces due to indentation propagate within cells. More specifically, focusing on the 

mechanical role of each cytoskeletal component in the intracellular force propagation and 

the quantitative characterization of the deformation of nucleus hypothetically decisive for 
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mechanotransduction, which in turn aids in better understanding of how cellular processes 

are mechanically controlled. 

4.2. FE model formulation 

In this study, the simulation of A F M indentation test with the proposed FE adherent cell 

model was performed and the results obtained were compared with corresponding 

experimental results. In situ microscopic observations of cell shape in adherent state (Fig. 

4.1) as well as images of distributions of cytoskeletal proteins (Figs. 3.2a and 3.3a) were 

referred to create a 3D adherent cell model and the architecture of its cytoskeletal 

components. 

Fig. 4.1: Typical images of: (a) an adherent cell on a rigid microplate [Thoumine et al. 

(1999)] and (b) corresponding proposed FE adherent cell model. 

The adherent cell model is slightly different from the suspended cell model (section 

3.2), it encompasses the nucleus and cytoplasm enclosed by the A C (Fig. 4.2a) and 

cytoskeletal components like ABs, MTs, and IFs (Fig. 4.2b). 

For this model, the size and approximate geometry was based on the rules described by 

McGarry et al. (2004). The model geometry was semi-ellipsoidal with the radius of 19 urn 

(semi-major axis in both front and top views), height of 8 urn (semi-minor axis in front 

view), and half-width of 12.66 urn (semi-minor axis in top view). Based on the 

experimental observations [Caille et al. (2002)], nucleus was also modeled ellipsoidal. It is 

positioned at the center of the top view at the height of 2 urn from the substrate with radius 
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of 2.5 um (semi-major axis) and height of 3 um (semi-minor axis of 1.5 um). 

Fig. 4.2: For adherent cell model: (a) sections of continuous (volume) elements and (b) 

structural arrangement of cytoskeletal components with respect to the nucleus. 

Due to the geometric complexity of cell configuration, both cytoplasm and nucleus 

were meshed with four-node tetrahedral solid elements. Using analogous approach as 

presented by Barreto et al. (2013), a thin layer of actin-gel at the cell surface referred to as 

A C was modeled with four-node quadrilateral shell elements of 0.2 um thickness 

[Unnikrishnan et al. (2007), Jean et al. (2005)] and no bending stiffness. Here, the C M was 

not explicitly considered as it is thinner than the adjacent A C and therefore its minor 

contribution to resisting local deformation was included in the shell stiffness dominated by 

A C 

For this model, the morphological representation and spatial distribution of both MTs 

and IFs were retained analogous to that of the suspended cell model (see section 3.2). In 

contrast, however, in a cell adhered to a rigid substrate thick ABs were observed localized 
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at the cell periphery running almost uniformly in the longitudinal direction [Barreto et al. 

(2013), Deguchi et al. (2005)] as depicted in Fig. 4.3a. 

Fig. 4.3: (a) Microscopic fluorescence image of the architecture of ABs cited from 

Cytoskeleton, Inc and (b) their corresponding architecture in the proposed computational 

model. 

These bundles were modeled using truss elements (Fig. 4.3b) that resist only tensile 

loads and arranged along the A C with both ends anchored to it at FAs together with 

elements representing MTs and IFs to achieve their synergistic effect. ABs are internally 

prestressed (stressed even without application of an external load); to achieve this in the 

proposed model, the prestress caused by 24% of prestrain [Deguchi et al. (2005), Barreto 

et al. (2013)] was assigned to them generating the initial force essential for cell shape 

stability (Fig. 3.4b). For simplification, all ABs in the model were prestressed equally. 

Table 4.1: Mesh properties of the adherent cell model in ANSYS 

Cell component Element type Element definition 

Microtubules (MTs) Beam Beam 188 

Actin bundles (ABs) Truss Linkl80 

Intermediate filaments (IFs) Truss Linkl80 

Actin cortex (AC) Shell Shelll81 

Cytoplasm Continuous (volume) Solidl85 

Nucleus Continuous (volume) Solidl85 

Note: The cell components in bold differ from the suspended cell model 
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The mechanical behavior of living cells is mainly characterized by the cytoskeletal 

filaments that contribute significantly to the mechanical stiffness of the cell. The element 

types used for modeling cytoskeletal components were chosen to better represent their 

idealized structural role and are summarized in Table 4.1. 

4.3. Material properties 

Material properties have been set mostly identical with the suspended cell model presented 

in chapter 3; differences are highlighted in Table 4.2 and 4.3. Due to the difficulty of 

obtaining elastic parameters of cellular components from a single cell type, those 

employed in the current study were acquired from literature for distinct cell types 

measured using various experimental techniques. 

Table 4.2: Elastic properties of discrete components of adherent cell model 

Cell component 
Elastic 

modulus, E 
(Pa) 

Poisson's 
ratio, u 

Diameter 
(nm) 

Microtubules (MTs) [Gittes et al. (1993)] 1.2 x 109 0.3 
(outer/inner) 

25/17 

Actin bundles (ABs) [Deguchi et al. 
(2005)] 0.34 x 106 0.3 250 

Intermediate filaments (IFs) [Xue et al. 
(2015); Bertaudetal. (2010)] 

7.6 x 106 0.3 10 

Note: The cell component in bold differ from the suspended cell model 

Table 4.3: Hyperelastic properties of continuous components of adherent cell model 

Cell component 
Elastic 

modulus, E 

(Pa) 

Calculated shear 
modulus, G 

(Pa) 

Cytoplasm [Caille et al. (2002)] 0.5 x 103 0.17 x 103 

Nucleus [Caille et al. (2002)] 5 x 103 1.7 x 103 

Actin cortex (AC) [Strieker et al. (2010)] 2 x 103 0.67x 103 

Note: The cell component in bold differ from the suspended cell model 
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4.4. Loads and boundary conditions 

Indentation of a rigid A F M tip into a cell adhered to a rigid substrate (Fig. 4.4) was 

simulated to investigate the cell's response to indentation (local deformation). 

. . . . . 

Fig. 4.4: (a) FE model of an adherent cell in the indentation test, with constraints and 

displacement load applied at the tip acting on the top of the cell, (b) Snapshot of a cell 

during A F M indentation experiment (top view) [Hemmer (2008)]. 

A rigid paraboloid indenter with the tip curvature radius of 200 nm was modeled above the 

cell in line with nucleus, to exert a stimulus and obtain the reaction force in the assigned 

pilot node. By prescribing a vertical shift to the pilot node, the tip was advanced towards 

the cell to penetrate it after having come into contact. Corresponding to indentation depth 

in A F M experiments, the vertical displacement of 2.5 urn was applied to the tip. For a 

non4inear contact problem of tip-cell interaction the augmented Lagrangean algorithm 

was considered. For all nodes at the bottom of the cell a constrained boundary condition 

was prescribed, simulating a cell adhered to a rigid substrate. 
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4.5. Parametric Studies 

For the proposed model, parametric studies were performed considering the material 

properties of different cell components as parameters. The cell model incorporating all 

discrete and continuous elements with the material properties mentioned in Tables 4.2 and 

4.3 are referred to as the control model. To illustrate the influence of the material 

parameters on cell mechanical response, their values were increased and decreased by 

50% of the values used for the control model. In addition, ten different cell models were 

created by totally removing one, two, or more of the cytoskeletal components to 

investigate their mechanical contribution. The reaction force of altered cell models was 

compared with that from the control model under 1 urn indentation. 

In the current study, effect of increase in the density of cytoskeletal filaments present in 

the model was analyzed in terms of overall cell reaction force by varying their number. 

Additional ABs were created at the cell periphery as well as in the cell interior with 

different orientation than earlier. The number of MTs originating from the centrosome was 

increased with their end nodes being chosen randomly at the A C . The density of IFs was 

increased by creating more IFs in the cell interior making their network denser in the 

perinuclear region. To investigate a similar effect of A C thickness on the overall cell 

reaction force its value was increased and decreased with respect to the control value. 

4.6. Results of simulated A F M indentation test 

4.6.1. Validation of the proposed model 

The force-indentation curves calculated from simulations of A F M tip indenting the 

adherent cell model at the apex (Fig. 4.5a) and at a receptor distant from the apex (Fig. 

4.5b) are depicted in Fig. 4.5c. Both results lie within the variation range of the 

experimental curves obtained with A F M indentation of embryonic stem cells (ESCs) 

[Pillarisetti et al. (2011)], which thus validates the proposed bendo-tensegrity model of an 
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adherent cell. The indentation test was simulated at two distinct locations on the cell, to 

explore the significance of its structural inhomogeneity that could be one of the reasons 

for scattering of experimental curves [Ohara et al. (2000)]. 

(a) At the apex (b) At a receptor o(Pa) 

Indentation depth ((.im) 

Fig. 4.5: Sectional views comparing the contour plots of von Misses stress in cytoplasm 

during A F M simulation for indentation depth of 1 urn at (a) the apex and (b) a receptor; 

(c) comparison of simulated force-indentation curves with the experimental curves taken 

from a study by Pillarisetti et al. (2011), measuring the stiffness of ESCs using A F M 

indentation. 

For indentation depth of 2.5 urn, the reaction force predicted by the model at the apex 

was 4.05 nN and at a receptor was 5.72 nN, thus illustrating approximately 40% stiffer 

response when indenting at a receptor compared to the apex. This can be explained by the 

direct transmission of indenting force to cytoskeleton that is much stiffer than the 
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surrounding cytoplasm. Therefore, these results exhibit that the indentation site dominates 

the force-indentation curve which corresponds to the experimental observations [Ohara et 

al. (2000), Ohashi et al. (2002), Sato et al. (2000)]. A remarkable difference in stress (von 

Misses) distribution pattern within the cell was observed when indenting at the apex 

compared to a receptor, underlining the synergistic effect of cytoskeletal components on 

localized load transmission to the distant parts of the cell known as action-at-a-distance 

effect [Wang et al. (2005)]. For both simulations, stiffening of force-indentation curve 

with increase in indentation depth was observed. 

4.6.2. Predictions of deformations inside the cell 

A common way to evaluate and characterize cell mechanical properties is measuring the 

deformation of cell in response to external stimuli. The proposed model can predict the 

relation between cellular mechanical response to indentation and stress/strain distributions 

within the specific cytoskeletal components, 

(a) Deformed shape (b) Microtubules (MTs) 

(c) Actin bundles (ABs) a (MPa) (d) intermediate filaments (IFs) 

Fig. 4.6: Simulation results for indentation depth of 2.5 urn at a receptor: (a) deformed 

shape of cell; distribution of axial stress in the discrete elements representing (b) MTs and 

(c) ABs; (d) distribution of axial strain in the discrete elements representing IFs. 
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Figure 4.6a exhibits the deformed shape of cell during indentation simulation at a receptor. 

The model predicted low stresses in MTs, which can be explained by their flexural 

behavior. MTs that were compressed due to localized load generated low negative stresses 

(Fig. 4.6b), while those that were stretched resisting intracellular tension generated low 

positive stresses. Higher stresses were observed in ABs (Fig. 4.6c) compared to MTs, 

highlighting the effect of this component on the localized cell deformation although they 

do not propagate compressive forces due to the level of prestress they are subjected to. For 

IFs strains are shown instead of stresses, because stresses in them are zero due to their 

high waviness. IFs localized around a receptor were slightly uncoiled from their assumed 

initial waviness and exhibited high strains, while the remaining ones showed low strains 

indicating that they continue to remain wavy (Fig. 4.6d). 

(a) At the apex (b) At a receptor 

0 . 0 4 0 6 

0 . 0 3 7 9 

0 . 0 3 5 3 

0 . 0 3 2 6 

0 . 0 3 0 0 

0 . 0 2 7 3 

C . C 2 4 6 

0 . 0 2 2 0 

0 . 0 1 9 3 

0 . 0 1 6 7 

0 . 0 0 8 0 

0 . 0 0 7 3 

0 . 0 0 6 5 

0 . 0 0 5 B 

0 . 0 0 5 1 

I 0 . 0 0 4 3 

0 . 0 0 3 6 

0 . 0 0 2 9 

0 . 0 0 2 1 

0 . 0 0 1 4 

Fig. 4.7: Distribution of first principal strain in the elements representing nucleus when 

indenting cell at (a) the apex and (b) a receptor. 

For the same indentation depth of 2.5 urn, the nucleus deformation was about 4% when 

indenting cell at the apex in line with the nucleus (Fig. 4.7a), whereas it was about 0.08% 

when indenting cell at a receptor away from the nucleus (Fig. 4.7b); this highlights the 

dominance of indentation site on nucleus deformation. This quantitative characterization 
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of nucleus deformations could be hypothetically decisive for mechanotransduction. In both 

simulations a non-uniform strain distribution pattern was observed, symmetrical and 

concentrated at the top center region in the former, whereas non-symmetrical and 

concentrated at the side region (facing indentation location) in the latter. 

4.6.3. Mechanical contribution of the cytoskeletal components 

Figure 4.8 illustrates the results of parametric studies investigating the mechanical 

contribution of individual cytoskeletal components to the overall cell reaction force during 

indentation. When the cytoskeletal components were incorporated in the continuum parts, 

the cell reaction forces were higher and concentrated in the nodes where cytoskeletal 

components interact with each other (FAs). The role of each cytoskeletal component in 

cell's response to indentation was investigated via removal of one or more cytoskeletal 

components from the control model. 

CONTROL MODEL y//////////////////////////////////////7/m 

W/O ABs V///SS/////SS////////////////////S////7777Z[ 

w/oIFs V///////////S//////S/////////////S/////M 
w/oM7s \////////////////////////////////////a 
w/oAC >/////////////////////////////* 

w/ o M r s , IFs, and ABs '///////////////////////////777m 

w/oAC,MTs, and IFs w//////////////////////////m 
w/o AC, MTs, and ABs '/////////////////////////7/m 

w/o AC, IFs, and ABs '/////////////////////////77n 

w/o Cytoskeleton //////////////////////////za 
J I I I | I I I I | I I I I j I I I I | I I I I | I I I L 

0.0 0.2 0.4 0.6 0.8 1.0 
Normalised reaction force 

Fig. 4.8: Contribution of the cytoskeletal components individually and in mutual 

combination to cell's response to indentation (at a receptor), highlighting their synergistic 

effect. The reaction force of different cell models is normalized with respect to that from 

the control model. 
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The maximum reaction force of the cell model without cytoskeletal components was 

1.52 times lower than the control model, highlighting their contribution in resisting the 

mechanical perturbations from exterior. For model without ABs and model without IFs, 

the reaction force was comparable to that of the control model, indicating their minimal 

effect on cell rigidity during indentation. When A C was removed the model showed 

approximately twofold decrease in the reaction force compared to the model with MTs 

being removed. Thus, A C and MTs play critical role in maintaining cell rigidity during 

indentation, analogous to that observed experimentally by Barreto et al. (2013). 

Furthermore, the cell models created without two or more cytoskeletal components were 

also incompetent to withstand cell forces, emphasizing their mutual interdependence 

during indentation. 

4.6.4. Parametric variations of material properties 

Figure 4.9 shows the results of parametric studies investigating the effect of varying 

modulus of elasticity of individual cellular components on the cell's response to 

indentation. During these studies, the prestress in ABs was retained constant. 
D 50% of control values • 150% of control values 

2.0 

1.5 
0) 
H 

& 1.0 d o 

% 0.5 

0.0 

• Control values 

AC ABs MTs IFs Nucleus Cytoplasm 

Cel l components 
Fig. 4.9: The effect of varying elastic modulus of individual cell components from the 

control values (Tables 4.2 and 4.3) on the overall cell reaction force during indentation. 
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It was observed that the reaction force of the model was highly sensitive to the variation of 

elastic modulus of certain cellular components. The variation of Young's modulus of A C 

considerably affected the reaction force of adherent cell model, probably due to 

constraining the volume of cytoplasm. Parametric analysis revealed that the adherent cell 

model was highly sensitive to the variations in elastic modulus of cytoplasm, whereas its 

sensitivity to the changes in elastic modulus of nucleus was very limited that can be 

associated to their different volumes. On the contrary, changing the Young's modulus of 

ABs, MTs, and IFs to 50% or 150% of their control values did not affect the overall cell 

reaction force. Although not presented in Fig. 4.9, simulation results have demonstrated 

that inclusion of cytoplasm compressibility affect the overall cell reaction force 

approximately by only 2%. 

4.6.5. Effect of increase in the density of cytoskeletal components 

Measuring the number of cytoskeletal filaments experimentally is one of the most difficult 

parameters however, effect of increase in the density of these filaments present in the cell 

model can be determined computationally. 

(a) ^ ^ ^ - i r — - • Actin bundles (ABs) • Microtubules (MTs) 
Intermediate filaments (IFs) 

• Nucleus 

(b) 1.2 
1.0 -

0.8 -

S3 0.2 -
0.0 

0 

0.Ú 
0.4 -

25 50 75 100 125 150 

Number of ABs 

Fig. 4.10: (a) Additional ABs created in the model with new orientation for parametric 

studies and (b) their effect on the overall cell reaction force during indentation. 
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The structural arrangement of cytoskeletal components in the proposed model is a 

simplified representation of their complexity in real cell. Thus, it is of high interest to 

study effect of increase in their density on the cell's response to indentation (local 

deformation). Figure 4.10a exhibits additional ABs created at the cell periphery and 

interior. An increase in overall cell reaction force was observed for increased number of 

ABs (Fig. 4.10b), which might be attributed to the more number of ABs resisting local 

mechanical load due to their new configuration, 
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Fig. 4.11: Effect of increase in the density of cytoskeletal components (a) MTs and (b) IFs 

on the overall cell reaction force; (c) effect of varying the thickness of A C on the cell's 

response to indentation. 

Increase in the density of elements representing MTs and IFs did not show much variation 

in the cell reaction force (Figs. 4.11a and 4.11b), whereas variation of A C thickness 

significantly changed the cell's response to indentation (Fig. 4.11c). 

4.7. Summary of adherent cell model 

The proposed bendo-tensegrity model of adherent cell describes the response of 
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cytoskeletal components and cell as a whole to A F M indentation, thus satisfying the initial 

hypothesis. This model describes the mechanical role of individual cytoskeletal 

components including stress/strain distribution within them. It provides quantitative 

characterization of nucleus deformation for both indenting sites (at the apex and at a 

receptor). 

The indentation simulations exhibited that indentation site dominates the cell behavior 

where A C and MTs were essential for cell rigidity. Thus, the proposed model identifies 

the cytoskeletal components that influence the local mechanical response of adherent cell. 

Parametric studies of material properties exhibited that changes in elastic modulus of A C 

and cytoplasm highly affected the cell's response to indentation. Further, parametric 

studies of increase in the density of cytoskeletal components revealed that the same was 

sensitive to increase in the density of ABs in the cell interior and variations of the 

thickness of A C . 

Thus, the proposed adherent cell model based on the bendo-tensegrity concept opens 

new perspectives in studying the interdependence of cellular mechanical properties, 

mechanical contribution of individual cytoskeletal components, and the nucleus 

deformation. 
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DISCUSSION 

The presented models aim at realistic simulation of the deformation of cell, primarily 

focusing on mimicking its structure to obtain realistic nucleus deformation. It is well 

established that cells respond to mechanical stimuli in a variety of ways that range from 

changes in cell morphology to activation of biochemical responses, which affect the cell's 

phenotype. The nucleus plays a central role in defining cell responses thus the current 

study provides an insight into its deformation by means of FE modeling of distinct single 

cell mechanical tests. The nucleus deformation of 8% (maximum first principal strain) was 

observed for cell stretching of 6.3 urn (20% global cell deformation), whereas the 

maximum first principal strain in nucleus was about 20% for cell compression of 16.132 

urn (50% global cell deformation). Moreover, the maximum first principal strain in 

nucleus was approximately 4% under indentation of 2.5 urn at cell apex, suggesting that 

the nucleus deformation depends on the nature of biophysical stimulus [Prendergast et al. 

(2007)]. Further, it is observed that the same maximum first principal strain of 4% in 

nucleus can be induced either by cell indentation of 2.5 urn at the apex or by cell 

stretching of 2.081 urn or by cell compression of 3.871 urn. This quantitative 

characterization of nucleus deformation during distinct mechanical tests of single-cell 

could be hypothetically decisive for initiating the mechanotransduction. It means that, 

from the point of view of biochemical responses, the indentation of 2.5 urn could be 

equivalent to stretching by 2.081 urn or to compression by 3.871 urn. 

Although it was intended to simulate various mechanical tests using the same model, 

the distinctness in the form and organization of actin protein for cell in suspended and 

adherent states served as a motivation for creating two distinct models of cell. In numerous 
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experimental studies, for cell in suspended state a dense network of thin AFs is observed 

at cell periphery localized beneath the C M [Casati et al. (2014), Ofek et al. (2010), L i et al. 

(2006), Nagayama et al. (2006), Guck et al. (2005), Reinhart-King et al. (2005), Sato et al. 

(1987)], whereas for cell in adherent state a thin layer of actin-gel referred as A C is 

observed at the cell periphery along with thick ABs running almost uniformly in the 

longitudinal direction [Barreto et al. (2013), Matsumoto et al. (2012), Roy et al. (2009), 

Darling et al. (2007), L i et al. (2006), Nagayama et al. (2006), Deguchi et al. (2005), 

Gardel etal. (2004)]. 

The tensile test simulation results demonstrated that the bended MTs were highly 

compliant with stresses below 1 MPa, whereas the straight ones (being in tension only) 

showed much higher stresses (Fig. 3.9b), highlighting the significant contribution of MTs 

arranged in loading direction to the cell stiffness during stretching. When stretched by 

approximately 100 % the suspended cell model gave the reaction force of 1.8 uN that 

evaluated the cell stiffness of 2.4 kPa, which is in good agreement with normalized 

stiffness of 2.6±0.5 kPa measured for cultured SMC [Nagayama et al. (2006)]. Although 

the simulated response showed higher non-linearity (strain stiffening) than the 

experiments (Fig. 3.8), this tendency is in accordance with other experimental results 

[Miyazaki et al. (2002)]. The contribution studies of the cytoskeletal components in 

tension test (Fig. 3.10) and compression test (Fig. 3.15) simulations demonstrated that 

removal of AFs reduced the cell stiffness by approximately 20%, which is less than the 

value observed experimentally [Nagayama et al. (2006), Ofek et al. (2009), Ujihara et al. 

(2012)]. This difference in stiffness might be attributed to the treatment with cytochalasin 

D that resulted in disruption of not only the deep actin fibers but also an actin meshwork 

beneath the C M [Ujihara et al. (2012)]. As a result, the cell stiffness was reduced 

substantially during experiments in contrast to the simulations. 
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The structural arrangement of cytoskeletal components in adherent cell model creates 

an elastic network that can sense and transmit mechanical stimuli and explains the 

different published results obtained with local experimental techniques, such as A F M . To 

the author's best knowledge, this is the first computational model showing the capability 

to predict stresses/strains within the different cellular components, especially the 

cytoskeleton and the nucleus. The adherent cell model shows that local application of load 

is preferably borne by A C and bulk components of the cell while the cytoskeleton is not 

much active, with the exception of MTs (Fig. 4.8) and this could be attributed to the 

longitudinal configuration/orientation of the ABs (Fig. 4.3). When these were removed 

from the model, the overall cell reaction force was about the same as the control model 

(Fig. 4.8). At the same time, when present in the model they sustain high deformation to 

resist indentation (Fig. 4.6c), which is related to the fact that these elements were pre-

stressed. Therefore, the prestress in ABs is identified as a requirement for force generation 

in the model and the A C to maintain its local surface rigidity, supported by MTs at 

receptors. 

The cellular tensegrity models envision AFs as tension supporting cables and MTs as 

compression supporting struts [Ingber (1993)]. Although these models successfully 

explain several observations in cell mechanics, the excessive compression stiffness of the 

struts introduces non-realistic artifacts in tension test simulations as shown by Bursa et al. 

(2012, 2006). The previous tensegrity-based models neither take into account the influence 

of flexural behavior of MTs nor predict the mechanics of individual cytoskeletal 

components during cytoskeleton disruption studies. The proposed bendo-tensegrity 

models modify this structural concept by taking into account both flexural (buckling) as 

well as tensional behavior of MTs and having no restriction on the spatial distribution of 

fibers. 
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Implementing the hybrid modeling approach, the interaction of discrete and continuous 

elements is ensured at the nodes representing FAs and thus, the external forces transmitted 

through FAs are sensed by the entire discrete structure as well as all the continuum parts. 

These models defined the structural adaptability for cytoskeleton components, where they 

can move independently of each other and can be completely removed individually or in 

combination without disintegrating the cell structure, as opposite to the tensegrity theory. 

In both proposed models, the suggested form and organization of individual cytoskeletal 

components allow exploration of the force transmission pathways for mechanical stimuli 

acting on the cell surface to propagate to the nucleus, ultimately resulting in 

mechanotransduction. The quantitative information on forces transmitted by individual 

cytoskeletal components in distinct cell types can be obtained by varying the mechanical 

properties of individual cytoskeletal components in them. The simulation results show 

capability of the proposed models in describing the response of not only the cell as a 

whole but also nucleus and individual cytoskeletal components to distinct mechanical 

stimuli. 

The prestress plays a vital role in the mechanical behavior of AFs/ABs [Kumar et al. 

(2006), Deguchi et al. (2005)]. Many of the earlier tensegrity-based models accounted for 

small values of prestress considering only 1-2% of AFs prestrain [Xue et al. (2015), De 

Santis et al. (2011), McGarry et al. (2004)], whereas some of them accounted for the value 

as high as 90% [Karadas et al. (2013)]. This could be probably due to the model's 

construction or computational time required. However in this thesis, the measured 

physiological prestress is incorporated in the proposed models. 

Although the proposed models have some advantages over the previous models, they 

have certain limitations as well. The structural arrangement of cytoskeletal components 

does not capture their true complexity and dynamic behavior as observed in living cells. 
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These models also do not take into consideration the viscoelastic nature of cell. Due to 

their passive nature, they are not able to capture the active responses of cell such as 

remodeling of AFs and MTs exhibited under mechanical loading. 

Taken together, the proposed models describe the short term response of intracellular 

components and cell as a whole to distinct external mechanical stimuli not only 

qualitatively but also quantitatively, thus contribute to better understanding of structure-

function paradigm of living cells. An attempt is made to develop these models as 

computational tools that may serve as a novel way to investigate the cell mechanical 

behavior, which, when combined with in vitro observations could be more effective. 
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CONCLUSIONS 

6.1. Concluding remarks 

The present thesis was aimed towards a realistic computational modeling of cytoskeleton 

and cell as a whole. Two FE bendo-tensegrity models focusing on cytoskeletal mechanics 

of cell in different states were proposed to study passive cell behavior: a suspended cell 

model and an adherent cell model. In this study, three mechanical tests of single cell were 

simulated and the results obtained were compared with corresponding published 

experimental results. Tensile test with micropipettes and compression test with 

microplates were simulated by means of the suspended cell model to elucidate the global 

cell response, while A F M indentation test was simulated by means of the adherent cell 

model to explicate the local cell response. The findings of this thesis predict and explain 

distinct cellular behaviors that emerge from mutual interaction between specific 

cytoskeletal components observed under different experimental conditions. The main 

findings of this thesis can be summarized as follows: 

• The proposed models provide simulation of the cell mechanical responses during 

tension, compression, and indentation tests, aid to illustrate the mechanical role of 

individual cytoskeletal components including stress/strain distribution within them, 

and offer quantitative information on the nucleus deformation hypothetically decisive 

for mechanotransduction. 

• Analogous to cellular tensegrity concept, the proposed models incorporate the 

preexisting tensile stress and interaction among cytoskeletal components. Further, this 

concept is modified by incorporating both flexural (buckling) as well as tensional 
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behavior of MTs, waviness of IFs, and with no restriction on the spatial distribution of 

cytoskeletal components, where they can move independently of each other. Therefore, 

they predict relations among cellular mechanical properties and stress/strain 

distributions within the specific cytoskeletal components, under different mechanical 

loading conditions. 

• Depending on external mechanical stimuli, the models predict role of specific 

cytoskeletal components in force transmission through the cell. Parametric studies of 

the mechanical role of the components of cytoskeleton exhibited that AFs and MTs 

play a crucial role in cell stiffness including its increase with stretching. It was 

observed that, even though AFs are tension bearing elements, they contribute 

significantly to the compressive properties of cell. On the other hand, A C and MTs 

were essential for cell rigidity during indentation and the indentation site dominated 

the cell behavior. 

• Parametric studies of material properties demonstrated that the dependence of reaction 

force on deformation of the suspended cell model during both tensile and compression 

tests was affected by changes in elastic modulus of AFs, C M , and cytoplasm, whereas 

during tensile test the same was also affected by changes in MTs modulus of elasticity. 

On the other hand, the reaction force of adherent cell model during indentation test was 

affected by changes in elastic modulus of A C and cytoplasm. Furthermore, inclusion 

of cytoplasm compressibility affected the reaction force of suspended cell model 

during compression only. 

• Parametric studies of increase in the density of cytoskeletal components revealed that 

the suspended cell model during tensile test was sensitive to the increase in the density 

of both AFs and MTs, whereas the same during compression test was sensitive to the 

83 



Chapter 6 

increase in the density of AFs only. On the other end, the adherent cell model during 

indentation test was sensitive only to the increase in the density of ABs. The models 

were sensitive to the changes in thickness of the surface layer, created of shell 

elements representing C M in the suspended cell model or A C in the adherent cell 

model. 

• These parametric studies identify the biological parameters in cells that influence 

tissue mechanics the most and provide valuable guidelines about the structure of 

individual cytoskeletal component for future cell-phenotype modeling. 

• The proposed cell models take into account the distinctness in form and organization 

of actin protein for cell in different states (suspended and adherent) and highlight its 

influence on the interpretation of force-deformation measurements. 

The proposed models may thus contribute to a better understanding of various cellular 

mechanical processes such as mechanotransduction or cytoskeleton remodeling. 

6.2. Future works 

Some of the previous limitations of the proposed models serve as a basis for their 

optimization. The followings are recommended to be incorporated: 

• By applying appropriate boundary conditions, multiple other single-cell mechanical 

tests (MTC, M A , etc.) can be also simulated. Further these models can be incorporated 

into multi-scale models, which may provide a key link between the responses of 

tissues and cells to distinct mechanical stimuli, that is, to explain the relations between 

macroscopic mechanical loads and the mechano-biological response at the molecular 

level. 
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• Most of the in vitro studies measure the cell deformation over time or frequency. 

Under external mechanical loads, cells deform exhibiting both solid-like elastic and 

fluid-like viscous behaviors. Therefore, cells and their components can be better 

described as viscoelastic materials and the specific mechanical properties measured 

will depend on the time scale [Hoffman et al. (2009)]. In the proposed models, 

viscoelastic properties can be defined for the continuous components using a standard 

linear solid model. 

• The inclusion of a nucleoskeleton [Kardas et al. (2013), Xue et al. (2015), Bursa et al. 

(2012, 2006)] composed of lamina [Dahl et al. (2005)] and chromatin integrated with 

the cytoskeleton is proposed for better understanding of focal adhesion-cytoskeleton-

nucleus mechanotransduction pathway. 

• Following the approach put forward by Maurin et al. (2008) using granular media, 

inclusion of the centrosome in the proposed models might explain the link between 

nucleus and MTs, however, little is known about the mechanics of centrosome. To 

achieve this, computational simulations with or without the centrosome should be 

performed which can help in better understanding of its contribution to cell mechanics 

under different loading conditions. 

• Active cell responses could be incorporated in the proposed models using a 

cytoskeletal remodeling description proposed by Deshpande et al. (2006) following the 

approach of Dowling et al. (2013). The remodeling process is based on three coupled 

phenomena: an activation signal that triggers actin polymerization and myosin 

phosphorylation, the tension-dependent assembly of the actin and myosin into SFs, and 

the cross-bridge mechanics between the actin and myosin filaments that generates the 

tension. 



Chapter 6 

Implementing the bendo-tensegrity concept with hybrid modeling approach, the 

proposed models present cell geometries in different states with more realistic 

morphological representations of the cytoskeletal proteins that can predict reliable cell 

mechanical responses, which aids in research areas of drug development, tissue 

engineering, investigation of cancer cells, or regenerative medicine therapies. 
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ABSTRACT 

Although several computational models proposed on the basis of tensegrity concept explicate the 

cytoskeletal mechanics, they disregard the flexural behavior of microtubules (MTs). Incorporating this 

behavior, two finite element (FE) bendo-tensegrity models of cell in different states are proposed: a 

suspended cell model elucidating the global response during tensile test simulation and an adherent cell 

model explicating the local response during atomic force microscopy (AFM) indentation simulation. The 

force-elongation curve obtained from tensile test simulation lies within the range of experimentally 

obtained characteristics of smooth muscle cells (SMCs) and illustrates a non-linear increase in reaction force 

with cell stretching. The force-indentation curves obtained from indentation simulations lie within the range 

of experimentally obtained curves of embryonic stem cells (ESCs) and exhibit the influence of indentation 

site on the overall reaction force of cell. Simulation results have demonstrated that actin filaments (AFs) 

and MTs play a crucial role in the cell stiffness during stretching, whereas actin cortex (AC) and MTs are 

essential for the cell rigidity during indentation. The proposed models quantify the mechanical contribution 

of individual cytoskeletal components to cell mechanics, which in turn aids in better understanding of 

structure-function relationship of living cells. 

Keywords: Cytoskeleton, computational modeling, cell biomechanics, mechanotransduction 
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1. INTRODUCTION 

The eukaryotic cells are continuously subjected to myriad of extracellular and 

intracellular mechanical stimuli. It has been well established that cell's mechanical interactions 

with its environment influence cell morphology, cell fate, and gene expression [1]. The 

cytoskeleton transmits mechanical stimuli to intracellular region and facilitates changes in cell 

morphology through cytoskeletal remodeling. The cytoskeletal architecture modulates cell 

stiffness and its individual components may have distinct mechanical roles in the cell [2]. During 

mechanotransduction, the extent of the changes evoked in cell behavior due to applied 

mechanical loads partially depends on the distribution of forces within the cell components. 

Although pioneering studies have provided the basic framework for understanding 

mechanotransduction [3], the fundamental mechanical processes for sensation and transduction 

of mechanical stimuli into biochemical signals are still ambiguous. Moreover, the specific 

contribution of cytoskeletal components to single-cell mechanics is currently not well 

understood. Thus, more sophisticated computational modeling is needed for better 

understanding of the mechanotransduction mechanism and in quest of determining the 

mechanical contribution of individual cytoskeletal components to the overall structural responses 

of cell. 

Computational modeling provides better control over the form and organization of 

individual cytoskeletal components, thus it can be used to unravel the potential mechanism of 

cell responses to distinct mechanical stimuli [4-10]. In last few decades, several different 

approaches have been proposed to elucidate the cell mechanics. The continuum approaches 

describe whole cell as a homogenous isotropic continuum media assuming that the smallest 

length scale of interest is much larger than the dimensions of the microstructure. Although these 

approaches have successfully demonstrated several cellular behaviors, they are not able to 

interpret the contribution of discrete components such as cytoskeleton to cell mechanics. 
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The microstructural approaches describe cytoskeleton as a system of discrete elements 

critical for cell mechanics. One of the most frequently used models in this class is the cellular 

tensegrity model that envisioned cytoskeleton as an interconnected network of cables and struts 

[11], where cables in tension represent AFs and struts in compression represent MTs [2]. The 

tensegrity model revealed that prestress in AFs and interplay of the cytoskeletal components 

affect the cell stiffness [12]. This model has successfully predicted viscosity modules of the 

cytoskeleton [13], as well as many experimentally observed features of cell mechanical behavior 

such as prestress-induced stiffening [14] and strain hardening [12]. For more reliable formulation 

of mechanical behavior of cells using FE analysis, the hybrid approach was put forward that 

combines the continuum modeling with discrete approach [4]. This concept has also been 

employed to investigate the mechanisms for force generation and propagation by taking into 

account a variety of cellular processes at distinct time-scales [15,16]. 

In the present study, implementing the hybrid modeling approach FE bendo-tensegrity 

models of cell in different states are proposed with the aim to characterize the nucleus 

deformation during distinct mechanical tests, which could be significant for 

mechanotransduction. Analogous to tensegrity approach, the proposed models also include the 

preexisting tensile stress and interaction among cytoskeletal components. Further, this structural 

concept is modified by incorporating the flexural behavior of MTs and no restriction on the 

spatial distribution of cytoskeletal components. Simulation of tensile test is performed with the 

proposed suspended cell model to investigate the cell response to global deformation and the 

results obtained are compared with the tensile test measurements of aortic SMCs [17]. 

Simulation of indentation test is carried out with the proposed adherent cell model to examine 

the cell response to local deformation and the simulation results are compared with the AFM 

indentation measurements of ESCs [18]. For both models, parametric analyses are performed to 

determine the contribution of individual cytoskeletal components to cell mechanics and to 

evaluate the effect of variations in their material properties on the overall responses of cell. 
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2. MATERIALS AND METHODS 

2.1. FE Model Formulation 

In this study, simulations of two mechanical tests are performed and compared with 

corresponding experimental results. Tensile test of suspended cell with micropipettes and 

indentation test of adherent cell using AFM are simulated by means of two FE models created in 

ANSYS (ANSYS Inc. PA, US). 

Fig 1: Sections of continuous elements and structural arrangement of cytoskeletal components 

with respect to the nucleus: (a) and (b) for suspended cell model and (c) and (d) for adherent cell 

model 

The suspended cell model encompasses the nucleus and cytoplasm surrounded by the 

cell membrane (CM) (Fig. la) and cytoskeletal components like AFs, MTs, and intermediate 

filaments (IFs) (Fig. lb). The adherent cell model is slightly different, the nucleus and cytoplasm 

are enclosed by the AC (with CM being not considered) (Fig. lc) and cytoskeletal components like 

actin bundles (ABs), MTs, and IFs (Fig. Id). For both cell models implementing the hybrid 

modeling approach, the continuum parts (nucleus, cytoplasm) are modeled using continuous 
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(volume) elements circumscribed by a thin layer of shell elements (representing CM and/or AC) 

and the cytoskeletal components are modeled using discrete (beam or truss) elements. 

The shape of the suspended cell model is defined as spherical with diameter (D) of 

32.264 urn, taken from one of the experimental measurements by Nagayama et al. [17]. The 

nucleus is also modeled as spherical and positioned at the center of the cell. Both cytoplasm and 

nucleus are modeled with eight-node hexahedral isoparametric elements. A thin flexible layer 

circumscribing the cytoplasm referred to as the CM is modeled with four-node quadrilateral shell 

elements on the outer surface of the cytoplasm, with thickness of 0.01 urn [19] and no bending 

stiffness. 

In a real cell, MTs of unequal lengths originate from the centrosome located near the 

nucleus and emanate outward through the cytoplasm till the cell cortex where they interact with 

other cytoskeletal filaments at focal adhesions (FAs). It is now evident that MTs do not have 

compression-only behavior but they appear highly curved (buckled) in living cells under no 

external load. This indicates that compressive forces in MTs induce substantial bending solely by 

the action of prestressed AFs; this is referred to as the "bendo-tensegrity" concept [20]. 

Implementing this concept, the MTs of varying curvature are modeled using beam elements, 

originating from a single node near the nucleus, representing the centrosome and further 

extending till the FAs to form a star-like shape. Thus, the MTs are able to resist tensional as well 

as compressive forces with taking their flexural (buckling) behavior into consideration. Every FA is 

connected to the centrosome with only one MT and it is ensured that they do not penetrate the 

nucleus. 

IFs are scattered throughout the intracellular space, connecting the FAs to the nucleus 

and creating a dense network in perinuclear region that stabilizes the nucleus at the center of 

cell. On stretching these filaments become straight and behave stiffer, thus contributing to the 

cell mechanics only at large strains (above 20%) [1, 21]. To incorporate their waviness, the IFs are 

modeled as truss elements resisting only tensile loads under elongations higher than 20%. For 
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better transmission of mechanical stimuli to the nucleus and its stabilization at the center of the 

cell, each FA is connected to the nucleus via at least two IFs. To mimic their real structural 

arrangement, they are modeled tangentially to the nucleus thus creating a dense network in 

perinuclear region. 

For cell in suspended state, a dense network of thin AFs localized beneath the CM [17] 

plays a vital role in maintaining the cell shape. This framework of thin AFs is created by employing 

the geometrical shape of icosidodecahedron with its vertices representing FAs. These filaments 

are modeled as truss elements that resist only tensile loads. To achieve the synergistic effect of 

cytoskeletal components, the elements representing AFs, MTs, and IFs are connected by sharing 

the same end nodes at the CM representing FAs. 

For the adherent cell model, the size and approximate geometry are based on the rules 

described by McGarry et al. [4]. The model geometry is semi-ellipsoidal with the radius of 19 u.m 

(semi-major axis in both front and top views), height of 8 urn (semi-minor axis in front view), and 

half-width of 12.66 u.m (semi-minor axis in top view). Based on the experimental observations 

[22], nucleus is also modeled ellipsoidal. It is positioned at the center of the top view at the 

height of 2 urn from the substrate with radius of 2.5 u.m (semi-major axis) and height of 3 urn 

(semi-minor axis of 1.5 u.m). Due to the geometric complexity of cell configuration, both 

cytoplasm and nucleus are meshed with four-node tetrahedral solid elements. Using analogous 

approach as presented by Barreto et al. [7], a thin layer of actin-gel at the cell surface referred to 

as AC is modeled with four-node quadrilateral shell elements of 0.2 u.m thickness [23] and no 

bending stiffness. Here, the CM is not explicitly considered as it is thinner than the adjacent AC 

and therefore its minor contribution to resisting local deformation is included in the shell 

stiffness dominated by AC. 

For the adherent cell model, the morphological representation and spatial distribution of 

both MTs and IFs are retained analogous to that of the suspended cell model. In contrast, 

however, in a cell adhered to the substrate thick ABs are observed localized at the cell periphery 
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running almost uniformly in the longitudinal direction [7, 24]. These bundles are modeled using 

truss elements that resist only tensile loads and are arranged along the AC with both ends 

anchored to it at FAs together with elements representing MTs and IFs to achieve their 

synergistic effect. 

AFs in a suspended cell and ABs in an adherent cell are internally prestressed (i.e. 

stressed even without application of an external load); to achieve this in the proposed models, 

24% prestrain [24] is assigned to them generating the initial force (prestress) essential for cell 

shape stability. 

2.2. Material Properties 

In both models, homogenous, isotropic, and linear elastic material properties are 

considered for all the cytoskeletal components; their elastic parameters taken from the literature 

are summarized in Table 1. For the elasticity of cell components modeled using continuous 

elements, however, a Neo-Hookean hyperelastic incompressible description is used with shear 

modulus being the only material parameter (Table 2). Due to the difficulty of measuring the 

mechanical properties of cellular components from single cell type, those employed in current 

study are acquired from literature for distinct cell types measured using various experimental 

techniques. 

Table 1: Elastic and geometric properties of discrete cellular components 

Cell components Elastic modulus 

(Pa) 

Poisson's ratio Diameter 

(nm) 

Microtubules (MTs) [25] 1.2 x 109 0.3 
(outer/inner) 

25/17 

Actin filaments (AFs) [25] 2.6 x 109 0.3 7 

Actin bundles (ABs) [24] 0.34 x 10 s 0.3 250 

Intermediate filaments (IFs) [8, 26] 7.6 x 10 s 0.3 10 
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Table 2: Hyperelastic properties of continuous cellular components 

Cell components Elastic modulus 

(Pa) 

Calculated shear modulus 

(Pa) 

Cytoplasm [22] 0.5 x 10
3 

0.17 x 10
3 

Nucleus [22] 5 x l 0
3 

1.7 x 10
3 

Actin cortex (AC) [27] 2 x l 0
3 

0.67x 10
3 

Cell membrane (CM) [19] lx 10
s 

0.33 x 10
s 

2.3. Boundary Conditions 

The tensile test of a suspended cell with rigid micropipettes (Fig. 2) is simulated to 

investigate the cell response to global deformation. 

(a) 

Micropipe • Micropipe 

_ 

Fig 2: Sectional views of the suspended cell model during consecutive steps in simulation of 

tensile test with micropipettes: (a) spherical cell and micropipettes, (b) compressing the cell 

against fixed micropipette, and (c) stretching the cell with movable micropipette 
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The simulation is performed in several steps, mimicking the experiment [17]. In the first 

step, contact between the spherical cell and both micropipettes is established by compressing 

the cell (with the left micropipette being fixed). The contact is set as bonded in the program to 

enable transmission of tensile forces in the following steps of the simulation. In the next step, the 

cell is elongated to achieve zero reaction forces in the micropipettes; this shape serves then as 

the initial (unloaded) state of the cell. In the final step, the displacement that corresponds to cell 

stretching in the tensile test is applied to the nodes of the movable micropipette. The reaction 

force is assessed as the sum of forces at the nodes of the contact surface between the cell and 

the movable micropipette. 

J, Indentation 

\ ' \ \ \ 

Fig 3: FE model of an adherent cell in the indentation test, with constraints and displacement 

load applied at the tip acting on the top of the cell 

In the simulation of the second mechanical test, indentation of a rigid AFM tip into a cell 

adhered to a rigid substrate (Fig. 3) is simulated to investigate the cell response to local 

deformation. A rigid paraboloid indenter with the tip curvature radius of 200 nm is modeled 

above the cell in line with nucleus, to exert a stimulus and obtain the reaction force in the 
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assigned pilot node. By prescribing a vertical shift to the pilot node, the tip is advanced towards 

the cell to penetrate it after having come into contact. Corresponding to indentation depth in 

AFM experiments, the vertical displacement of 2.5 urn is applied to the tip. For a non-linear 

contact problem of tip-cell interaction the augmented Lagrangean algorithm is considered. For all 

nodes at the bottom of the cell a constrained boundary condition is prescribed, simulating the 

cell adhered to a rigid substrate. 

2.4. Parametric Analyses 

For both proposed models, a parametric analysis is performed considering the material 

properties of different cell components as parameters. The cell models incorporating all discrete 

and continuous elements with the material properties specified in Tables 1 and 2 are referred to 

as the control models. To illustrate the influence of the material parameters on cell mechanical 

response their values are increased and decreased by 50% of the values used for the control 

model. In addition, different cell models are created by totally removing one, two, or more of the 

cytoskeletal components to examine their mechanical contribution. In simulation of tensile test, 

the reaction force of altered suspended cell models is compared with that from the control 

model for 6.3 um elongation and in simulation of indentation test similarly, the reaction force of 

the altered adherent cell models is compared with that from the control model under 1 um 

indentation. Also, mesh sensitivity studies are performed and increase in mesh densities for 

continuum parts shows negligible change in the results. 

3. RESULTS 

3.1. Results of Simulated Tensile Test 

The force-elongation curve calculated from tensile test simulation is in good agreement 

with the non-linear responses of the experimental curves obtained from the tensile test of 

cultured aortic SMCs [17], as depicted in Fig. 4 and thus validates the proposed bendo-tensegrity 

model of a suspended cell. 
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0.5i 

§ 0.4 

° 0.3 

Experimental (D = 30±5 \im) 
Experimental (D - 32.264 \mi) 
FE model (D = 32.264 jtm) 

3 4 5 6 7 

Elongation (um) 

Fig 4: Comparison of simulated force-elongation curve with the experimental curves taken from a 

study by Nagayama et al. [17] measuring the tensile properties of cultured aortic SMCs of 

diameter (D) using a cell tensile tester 

The stiffness of the control model of suspended cell is evaluated as the ratio of 

conventional stress (a) to conventional strain (e) being proportional to the slope of the resulting 

force-elongation curve. The conventional stress is given as: 

/ 
a = — 

a 
(5) 

where,/= 0.433 U.N is the reaction force of cell at the stretched edge and a = 817.15 urn is the 

(maximal undeformed) cross-sectional area of cell. The conventional strain is expressed as: 

l-lr 
£ (6) 

where, / = 33.264 urn is the elongated length of cell and l0 = 26.942 urn is the length of cell at zero 

reaction force after having created bonded contact with the micropipettes. With reference to Fig. 

4, the stiffness of 2.3 kPa calculated for the FE model (D=32.264 urn) using Eqs. (5) and (6) is in 

good accordance with the stiffness of 2.5 kPa calculated for the experimental (D=32.264 urn) cell 

sample. 

This model enables visualization of the mechanics of individual cytoskeletal components 
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during tensile test. Figure 5a exhibits the deformed shape of cytoskeletal components and 

nucleus during simulation of tensile test where the nucleus appears elongated in the direction of 

stretch concomitant of cell elongation, analogous to that observed in experiments [9,17]. 

(a) Deformed shape 

(b) Microtubules {MTs) 

(c) Actin filaments (AFs) 

(d) Intermediate filaments (Il's) 

C (MPa) 
• 250 

I 200 

150 

100 

75 

50 

25 

0.1 

-0 .003 

0.24 

0.22 

0.10 

o 

-0 .10 

-0 .20 

-0 .243 

Fig 5: Simulation results of the tensile test: (a) deformed shape of the cytoskeletal components 

and nucleus, distribution of axial stress in the discrete elements representing (b) MTs and (c) AFs, 

and distribution of axial strain in the discrete elements representing (d) IFs 
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During cell stretching, the randomly oriented AFs are likely to be aligned in the direction 

of stretch. This passive realignment gradually increases the overall reaction force of the cell, 

causing the force-elongation curve to be non-linear [9, 28]. During cell stretching some of the 

MTs are straightened out while others remain bended (Fig. 5b), similar to that observed in 

experiments [29]. 

The proposed models can predict correlation of cellular mechanical properties and stress 

distribution within the specific cytoskeletal components. MTs that are straightened and aligned 

in the direction of stretch resist tensile forces and generate high stresses, while the ones that are 

bended due to compressive forces generate low negative stresses (Fig. 5b); this effect highlights 

the influence of the shape of this component on cell deformation. High stresses in straightened 

MTs can be attributed to the large difference between their flexural and tensional stiffness, 

which may significantly contribute to the non-linearity of cell responses. High stresses are 

observed also for the AFs (Fig. 5c) that are aligned in the direction of stretch and resist tensile 

forces. IFs aligned in the direction of stretch are linearized from their assumed initial waviness 

and exhibit high strains, while low strains are observed in those ones localized in the central 

region indicating that they remain wavy (Fig. 5d). 

3.2. Results of Simulated Indentation Test 

The force-indentation curves calculated from simulations of AFM tip indenting the 

adherent cell model at the apex (Fig. 6a) and at a receptor distant from apex (Fig. 6b) are 

depicted in Fig. 6c. Both results lie within the variation range of the experimental curves obtained 

with AFM indentation of ESCs [18], which thus validates the proposed bendo-tensegrity model of 

an adherent cell. The indentation test is simulated at two distinct locations on the cell, to explore 

the significance of its structural inhomogeneity that could be one of the reasons for scattering of 

experimental curves [30]. 

For indentation depth of 2.5 urn, the reaction force predicted by the model at the apex is 
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4.05 nN and at a receptor is 5.72 nN, thus illustrating approximately 40% stiffer response when 

indenting at a receptor compared to the apex. This can be explained by the direct transmission of 

indenting force to cytoskeleton that is much stiffer than the surrounding cytoplasm. Therefore, 

these results exhibit that the indentation site dominates the force-indentation curve which 

corresponds to the experimental observations [30, 31]. 

(a) At the apex 

(b) At a receptor 
127 

Indentation depth (um) 

Fig 6: Sectional views comparing the contour plots of von Misses stress inside the cell during AFM 

simulation for indentation depth of 1 urn at (a) the apex and (b) a receptor; (c) comparison of 

simulated force-indentation curves with the experimental curves taken from a study by Pillarisetti 

et al. [18] measuring the stiffness of ESCs using AFM indentation 
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A remarkable difference in stress distribution pattern within the cell is observed when 

indenting at the apex compared to a receptor, underlining the synergistic effect of cytoskeletal 

components on localized load transmission to the distant parts of the cell known as action-at-a-

distance effect [32]. 

3.3. Results of Parametric Analyses 

3.3.1 Role of the Cytoskeletal Components 

Figure 7 illustrates the results of parametric studies investigating the mechanical 

contribution of individual cytoskeletal components to the overall reaction force of cell models to 

distinct mechanical stimuli. The role of each cytoskeletal component in resisting global 

deformation is investigated via removal of each cytoskeletal component from the proposed 

suspended cell model. 

The maximum reaction force of the cell model (under elongation of 6.3 urn) without 

cytoskeletal components is 5.82 times lower than the control model (Fig. 7a), emphasizing their 

pivotal role in characterizing the tensile properties of cell during global deformation. The reaction 

force of the cell model without IFs is slightly less than the reaction force of the control model 

indicating their minimal contribution to cell stiffness at low strains (below 20%). Comparing to 

the reaction force of the control model, removal of AFs reduces the reaction force of cell model 

by one fifth, whereas removal of MTs reduces it to approximately half, suggesting that MTs resist 

intracellular tension generated by AFs. Moreover, removal of both AFs and MTs reduces the 

reaction force of cell model significantly making it more compliant, indicating their synergistic 

effect. Therefore, AFs and MTs play crucial roles in maintaining cell stiffness during stretching, 

similar to that observed in experiment [29]. 

The role of each cytoskeletal component in resisting local deformation is investigated 

similarly via the proposed adherent cell model. The maximum reaction force of the cell model 

without cytoskeletal components is 1.52 times lower than the control model (Fig. 7b), pointing 
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out their contribution in resisting the mechanical perturbations from exterior. 

(a) Response of the suspended cell model to stretching 

CONTROL MODEL 

without (w/o) IFs 

w/o AFs 
w/o MZs 

w/o IFs and^l.Fs 

w/o IFs and MTs 
w/o AFs and MTs 
w/o Cytoskeleton 

_i I I I I I I I I I I I I I I I I I I I I I I I i_ 

0.0 0.2 0.4 0.6 0.8 1.0 
Normalised reaction force 

(b) Response of the adherent cell model to indentation 

CONTROL MODEL 
w/o ABs 
w/o IFs 

w/o MTs 
w/oAC 

w/o MTs, IFs, and ABs 
w/o AC, MTs, and IFs 

w/o AC, MTs, and ABs 
w/o AC, IFs, and ABs 

w/o Cytoskeleton 

V///////////S/////////////////////////7777Z 

V///////////7//////y////////////////////S7X 

- H - + + J—I—l_l—1_ + 0.0 0.2 0.4 0.6 0.8 1.0 
Normalised reaction force 

Fig 7: Contribution of the cytoskeletal components individually and in mutual combination to the 

response of cell models during (a) tensile test and (b) indentation test, highlighting their 

synergistic effect. The reaction force of different models is normalized with respect to that from 

the corresponding control model. 
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For model without ABs and model without IFs, the reaction force is comparable to that of 

the control model, indicating their minimal effect on cell rigidity during indentation. When AC is 

removed the model shows approximately twofold decrease in the reaction force compared to the 

model with MTs being removed. Thus, AC and MTs play critical role in maintaining cell rigidity 

during indentation, analogous to that observed in experiment [7]. Furthermore, the cell models 

created without two or more cytoskeletal components are also incompetent to withstand cell 

forces, emphasizing their mutual interdependence during indentation test. 

3.3.2 Parametric Variations of Material Properties 

Figure 8 depicts the results of parametric studies investigating the effect of varying 

Young's modulus of individual cell components on the overall reaction force of cell models. 

During these studies, the prestress in AFs and ABs is retained constant. It is observed that the 

reaction force of both models is highly sensitive to the variation of Young's modulus of certain 

cell components. In tensile test simulation, the variation of Young's modulus of both AFs and MTs 

substantially affect the reaction force of suspended cell model (Fig. 8a). A 50% decrease in 

Young's modulus of MTs was not realized due to problems with convergence and thus only 25% 

decrease in the same is considered. Among continuum elements, regardless of small thickness 

the change in Young's modulus of CM has significant influence on the reaction force followed by 

cytoplasm. The parametric study revealed that the reaction force of suspended cell model is 

relatively insensitive to the changes in Young's modulus of IFs and nucleus. 

In indentation test simulation, the variation of Young's modulus of AC considerably 

affects the reaction force of adherent cell model (Fig. 8b), probably due to constraining the 

volume of cytoplasm. Parametric analysis revealed that the adherent cell model is highly sensitive 

to the variations in rigidity of cytoplasm, whereas its sensitivity to changes in rigidity of nucleus is 

very limited that can be associated to their different volumes. On the contrary, changing the 

Young's modulus of ABs, MTs, and IFs to 50% or 150% of their control values did not affect the 
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reaction force. 

(a) For suspended cell model 
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(b) For adherent cell model 
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Fig 8: The effect of varying Young's modulus of individual cell components from the control 

values (Table 1 and Table 2) on the overall reaction force of (a) suspended cell model in tensile 

test simulation and (b) adherent cell model in indentation test simulation 

Although not presented in Fig. 8, simulation results have demonstrated that inclusion of 

cytoplasm compressibility did not affect the overall reaction force of both cell models. 
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4. DISCUSSION 

The presented models aim at realistic simulation of the deformation of cell, primarily 

focusing on its nucleus deformation. It is well established that cells respond to mechanical stimuli 

in a variety of ways that range from changes in cell morphology to activation of biochemical 

responses, which affect the cell's phenotype. The nucleus plays a central role in defining cell 

responses thus the current study provides an insight into its deformation by means of FE 

modeling of distinct mechanical tests of eukaryotic cells. In tensile test simulation, the 

deformation of the nucleus reached a maximum of about 8% (first principal strain) for cell 

stretching of 6.3 urn (global deformation), whereas in the simulation of indentation test it is 

approximately 4% under indentation of 2.5 urn (local deformation), suggesting that nucleus 

deformation depends on the nature of the biophysical stimulus [16]. For both simulations, a 

symmetrical strain distribution pattern was noticed in the nucleus that was almost uniform 

during cell stretching and non-uniform being concentrated at the top center region during cell 

indentation at apex. Furthermore, it is observed that cell indentation of 2.5 urn induces nucleus 

deformation that corresponds to cell stretching of 2.081 u.m. This quantitative characterization of 

nucleus deformation could be hypothetically decisive for transducing mechanical signals into 

changes in gene expression. 

Although it was intended to simulate various mechanical tests using the same model, the 

distinctness in the form and organization of actin protein for cell in suspended and adherent 

states served as a motivation for creating two distinct models of cell. In numerous experimental 

studies, for cell in suspended state a dense network of thin AFs is observed at cell periphery 

localized beneath the CM [17, 33-35], whereas for cell in adherent state a thin layer of actin-gel 

referred as AC is observed at the cell periphery along with thick ABs running almost uniformly in 

the longitudinal direction [7, 17, 24, 35, 36]. 

In tensile test simulation, the bended MTs are highly compliant with stresses below 1 

MPa, whereas the straight ones (being in tension only) show much higher stresses highlighting 
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the significant contribution of MTs arranged in loading direction to the cell stiffness. The 

suspended cell model stretched by approximately 100 % gives the reaction force of 1.8 u.N that 

evaluates the cell stiffness of 2.4 kPa, which is in good agreement with normalized stiffness of 

2.6±0.5 kPa measured for cultured SMC [17]. Although the simulation response shows higher 

non-linearity (strain stiffening) than the experiments (Fig. 4), this tendency is in accordance with 

other experimental results [28]. However, removal of AFs in the proposed model reduces the cell 

stiffness by approximately 20 % (Fig. 7a) which is less than the value observed experimentally 

[17]. 

The cellular tensegrity models envision AFs as tension supporting cables and MTs as 

compression supporting struts [2]. Although, these models successfully explain several 

observations in cell mechanics, the excessive compression stiffness of the struts introduces non-

realistic artifacts in tension test simulations as shown by Bursa et al. [5]. The previous tensegrity 

models neither take into account the influence of flexural behavior of MTs nor predict the 

mechanics of individual cytoskeletal components during cytoskeleton disruption studies. The 

proposed bendo-tensegrity models modify this structural concept by taking into account both 

flexural (buckling) as well as tensional behavior of MTs and having no restriction on the spatial 

distribution of fibers. 

Implementing the hybrid modeling approach, the interaction of discrete and continuous 

elements is ensured at the nodes representing FAs and thus, the external forces transmitted 

through FAs are sensed by the entire discrete structure as well as all the continuum parts. These 

models defined the structural adaptability for cytoskeleton, which allows complete removal of 

the cytoskeletal components individually or in combination of two or more, without collapsing 

the shape of cell. In both models, the suggested form and organization of individual cytoskeletal 

components allow exploration of the force transmission pathways for mechanical stimuli acting 

on the cell surface to propagate to the nucleus, ultimately resulting in mechanotransduction. The 

quantitative information on forces transmitted by individual cytoskeletal components in distinct 
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cell types can be obtained by varying the mechanical properties of individual cytoskeletal 

components in the proposed models. The simulation results show capability of the proposed 

models in describing the response of not only the cell as a whole but also of nucleus and 

individual cytoskeletal components to distinct mechanical stimuli. 

Nevertheless, there are certain limitations of the proposed models. The structural 

arrangement of cytoskeletal components does not capture their true complexity and dynamic 

(i.e. time-dependent) behavior as observed in living cells. These models do not take into 

consideration the viscoelastic nature of cell. Due to their passive nature, they also do not capture 

active responses of the cell such as remodeling of AFs and MTs exhibited under mechanical 

loading. 

In future work, the models proposed in this study should be considered with viscoelastic 

material properties. Additionally, to study cell deformation under distinct mechanical loading, 

multiple single-cell mechanical tests could be simulated with these models by applying 

appropriate boundary conditions. 

5. SUMMARY 

In summary, three-dimensional FE bendo-tensegrity models of a single cell in different 

states are proposed to simulate the mechanical behavior of cell during distinct mechanical 

stimuli. The tensile test simulations demonstrate that AFs and MTs play a crucial role in cell 

stiffness including its increase with stretching, whereas the indentation test simulations exhibit 

that indentation site dominates the cell behavior where AC and MTs are essential for cell rigidity. 

Thus, the current study provides new insight into interdependence of cell mechanical properties, 

mechanical role of individual cytoskeletal components, and quantitative information of nucleus 

deformation hypothetically decisive for mechanotransduction. 
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NOMENCLATURE 

a cross-sectional area of cell, u.m2 

AB actin bundle 

AC actin cortex 

AF actin filament 

A F M atomic force microscopy 

CM cell membrane 

D suspended cell diameter, u.m 

ESC embryonic stem cell 

/ reaction force at the stretched edge, u.N 

FA focal adhesion 

FE finite element 

IF intermediate filament 

/ elongated length of cell, u.m 

lo length of cell at zero reaction force, u.m 

MT microtubule 

SMC smooth muscle cell 

e conventional strain 

o conventional stress, N/m 2 
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Continuum-Based Modeling Approaches 
to Cell Mechanics 

Yogesh D. Bansod, Jiri Bursa 

Abstract—The quantitative study of cell 
mechanics is of paramount interest, since it 
regulates the behavior of the living cells in 
response to the myriad of extracellular and 
intracellular mechanical stimuli. The novel 
experimental techniques together with robust 
computational approaches have given rise to new 
theories and models, which describe cell mechanics 
as combination of biomechanical and biochemical 
processes. This review paper encapsulates the 
existing continuum-based computational 
approaches that have been developed for 
interpreting the mechanical responses of living 
cells under different loading and boundary 
conditions. The salient features and drawbacks of 
each model are discussed from both structural and 
biological points of view. This discussion can 
contribute to the development of even more precise 
and realistic computational models of cell 
mechanics based on continuum approaches or on 
their combination with microstructural approaches, 
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which in turn may provide a better understanding 
of mechanotransduction in living cells. 

Keywords— Cell mechanics, computational models, 
continuum approach, mechanical models 

I. INTRODUCTION 

L/iving c e i i s i n human body are continuously 
subjected to the myriad of extracellular and 

intracellular mechanical stimuli and in response 
they generate stresses and strains. It has been 
observed in different experiments, that the cell 
deformation can affect both their physiological 
functions as well as biological processes. The novel 
experimental techniques provide substantial 
information regarding the mechanical properties of 
the cell along with their responses to diverse 
chemical and mechanical stimuli. This leads to the 
development of new theories and mechanical 
models of living cells that can characterize cell 
responses when subjected to distinct loading types. 

There are innumerable computational models at 
distinct temporal and spatial scales that have been 
developed to capture and simulate the cell 
responses corresponding to the experimental 
observations. The existing computational modeling 
approaches for cell mechanics are broadly 
classified into two categories namely the 
continuum approaches and the microstructural 
approaches, which are outlined in Fig 1[30]. The 
microstructural approaches consider the 
cytoskeleton (CSK) as the critical component in 
cell mechanics, whereas the continuum approaches 
ignore the contribution of distinct molecular 

127 

mailto:yogeshbansod@gmail.com
mailto:bursa@fme.vutbr.cz


Appendix B 

structures to cell mechanics and are employed 
when the smallest length scale of interest is much 
larger than the space over which the structures and 
properties of the cell vary significantly [30], 

The continuum mechanics uses coarse-graining 
approach to localize the microscopic stress-strain 
relationships, which then yields a constitutive 
relationship and deformation description of the 
material that can be applied at macroscopic scale. 
The models under continuum paradigm are 
validated and the associated material constants are 
evaluated by comparing the results obtained from 
canonical experimental techniques with 
computational predictions [31]. The finite element 
method is the frequently used technique in 
computational simulations to study a variety of 
cellular processes, whereas the boundary element 
method has also been employed as an alternative 
technique wherever necessary [30], 

The majority of the mechanical models under 
continuum paradigm assume that cell is passive in 
nature. Recent studies have successfully overcome 
this drawback by incorporating the inherent active 
nature of the cell in computational modeling [6], 
This review article outlines the existing mechanical 
models of cell mechanics that are premised on the 
continuum mechanics. 

II. LIQUID DROP MODELS 

The suspended cell types (like neutrophils, 
leukocytes, and erythrocytes) often adopt spherical 
shape and behave like a liquid droplet. In 
micropipette aspiration at certain threshold of 
pressure difference, these cells can be aspirated 
into a micropipette with a smaller diameter and 
then, upon release they regain their initial spherical 
shape. The liquid drop models also known as 
cortical shell-liquid core models were invented to 
elucidate this rheological behavior of suspended 
cells. These models view the suspended cell or its 
parts as a deformable material with certain 
continuous material properties. This class of 
models incorporates the Newtonian liquid drop 
model, the compound Newtonian liquid drop 
model, the shear-thinning liquid drop model, and 
the Maxwell liquid drop model [1], 

A. Newtonian Liquid Drop Model 

The Newtonian liquid drop model has been 
invented to simulate the continuous deformation of 
leukocytes when flowing into the micropipette [1], 
The cell is modeled as Newtonian liquid droplet as 
depicted in Fig 2 (a). The outer cortex was assumed 
to be viscous fluid with constant surface tension 
and no bending resistance circumscribing its 
endogenous part, which was assumed to be 

homogenous Newtonian viscous liquid [1]. The 
state of stress is considered to be independent of 
any displacement and the constitutive relations for 
the cortex are described by two equilibrium 
equations as 

(T1 + T2)/2= T0+ k(Va/2), 

(Ti ~ T2)/2 = r,Vs, k = 3r] ( ' 

where T} and T2 are the in plane principal stress 
resultants, T„ is the static in-plane isotropic tension 
corresponding to zero shearing and dilatory rates, k 
and n are the coefficients of viscosity for surface 
area dilation and shear respectively, and Va and Vs 

are the rates of dilation and shear, respectively 
[31]. 
The micropipette aspiration of neutrophil indicates 
that the cytoplasm behaves as a Newtonian fluid. 
The relationship between the rate of the change of 
the projection length of the cell inside the pipette L 
and the radius of the cell outside the pipette Rc [32] 
is described as follows 

£ £ g = f o r 0 . 5 < R P / R c < 1 . 0 (2) 

Where 
Pcr = 2T0 (1/Rp - 1/RC) (3) 

where AP is the total suction pressure, Pcr is the 
critical excess suction pressure, fi is the shear 
viscosity, RP is the radius of the pipette, and m is a 
coefficient that is dependent on the ratio of the 
cortical dissipation to the core dissipation fj. Here, 
m ~ 6 corresponds to fj ~ 0.01 [33]. 

This model was devised to study the recovery 
behavior of neutrophil after going through large 
deformation in micropipette aspiration test. The 
theoretical recovery process was obtained as a 
function of non-dimensional time and the initial 
deformation ratio. Some of the experimental 
observations of this model are in accordance with 
the theoretical predictions indicating that the 
Newtonian liquid drop model can predict the 
overall deformation of the cell and its ability to 
recover its original shape [34]. However, it neither 
illustrates the initial rapid entry of the cell into the 
pipette [31], [32], [34], [35] nor its resistance to 
mechanical stresses [30]. Apart from this, due to 
several discrepancies between this model's 
predictions and experimental findings [3], [33], 
[34], [36]; this leads to the development of the 
compound Newtonian liquid drop model [3], 

B. Compound Newtonian Liquid Drop Model 

It has been observed in different experiments 
that nucleus is suffer and more viscous than its 
circumscribing cytoplasm [2], [37], [38], [39], 
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Computational approaches for cell 

Bridging the length scales 

Continuum approaches X Multiscale models X 1 
Microstructural aDDroaches 

Liquid drop models for suspended cells 
Newtonian liquid drop model [1] 
Compound Newtonian liquid drop model [2] 
Shear thinning liquid drop model [3] 
Maxwell liquid drop model [4] 

Elastic continua 

Linear-elastic 
solid model 
Non-linear elastic 
solid model 

Viscoelastic continua 

Linear-viscoelastic 
solid model 
Power-law structural 
damping model [5] 

Biphasic continua 

Poroelastic model 
Poro-viscoelastic 
model 

z 
Active continua 

Bio-chemo-mechanical 
model [6] 
Active poroelastic gels 

1 
Continuous 
Isostaticity theory 

Isostatic model [7] 

£ 
Models of Actin 
filaments network 

Semi-flexible chain 
model (2D) [8]- [10] 
Bipolymer network 
(3D) [11] 
Computational model of 
cross-linked Actin-like 
network (3D) [12] 

Models based on 
prestressed network 

Planar prestressed cable 
nets (2D) [13] 
Prestressed cable 
nets (3D) [14] 
Tensegrity models [15] 

Models based on 
divided-media theory-
Divided Medium 
model (2D) [16] 
Granular model 
(3D) [17] 

Models based on 
Brownian motion 
of filaments 

Brownian Ratchet 
model [18] 

Elastic Brownian 
ratchet model [19] 

Models based on 
remodeling of CSK 

Dipole polarization 
model [20] 

Active elastic dipole 
model [21] 

Models based on kinetics 
of SFs and FAs 

Stress-Fiber reorganization 
model [22] 
Constrained mixture 
model [23] 
Mechano-chemical 
model [24] 

£ 
Models based on other 
approaches 

i 
For red blood cell 

• Spectrin-network 
model [25] 

• Two-component 
multi-scale model 
[26] 

For adherent cell types 

• Open foam model [27] 
• Percolation model [28] 
• Energetic approach [29] 

Fig 1: The schematic representation of computational approaches (continuum and microstructural) for cell mechanics 
(modified from [30]). 

The compound Newtonian liquid drop model 
which is a refinement of the earlier model, views 
cell as a heterogeneous structure composed of three 
layers as illustrated in Fig 2 (b) [2]. The outer layer 
describing the plasma membrane is modeled as a 
thin cortical shell with constant isotropic surface 
tension. The middle thick layer representing the 
cytoplasm is modeled as the Newtonian fluid with 
relatively small viscosity. The inner layer 
characterizing the segmented nucleus surrounded 
by CSK is also modeled as Newtonian liquid, but 
with relatively large viscosity [35]. This layer is 
under constant cortical tension due to nuclear 
envelope [40], 

This model predicts a smaller viscosity in larger 
pipet for small deformation analysis [35]. Further, 
it can exhibit Newtonian behavior [34] by tuning 
the time scale ratios of the nucleus and the 
cytoplasm [41], [42]. This model can grasp the 
initial fast recoil phase of the recovery process, 
which indicates that it can describe the non-
Newtonian behavior of the cells as well [41], [42]. 
It has been evident that the nucleus plays a vital 
role in defining the leukocyte rheological behavior, 
which depends on the ratio of the surface tension 
the ratio of the viscosity between layers, and the 
extent of deformation of the nucleus [40], [41]. The 
set of mechanical parameters of this model cannot 
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be deduced by recovery experiment alone [31], 

(a) 00 

Fig 2: (a) The Newtonian liquid drop model: An 
intracellular region is modeled as Newtonian liquid (light 
blue) surrounded by cortex (red) modeled as fluid layer 
with constant tension, (b) The Compound Newtonian 
liquid drop model: An intracellular region is comprised 
of heterogeneous parts where the nucleus is modeled 
with more viscous Newtonian fluid (dark blue) than the 
circumscribing cytoplasm (light blue) and is enclosed by 
the nucleus cortex layer of static surface tension (red). 
The plasma membrane is modeled as prestressed cortical 
shell (red) (modified from [31]) 

C. Shear Thinning Liquid Drop Model 

The study of non-Newtonian behavior of the cell 
served as a motivation to develop the Shear 
thinning liquid drop model. As demonstrated in Fig 
3 (a), the cytoplasm is modeled as a homogenous 
non-Newtonian fluid bounded by a layer with 
constant surface tension representing the cortex of 
the cell. It evaluates the changes in apparent 
cytoplasmic viscosity of the cell corresponding to 
an applied shear rate at a large deformation [3], 

It has been observed in the experiments that 
increase in the mean shear rate causes decrease in 
the apparent cytoplasmic viscosity n conforming to 
power-law relationship as follows 

r) = Vc (fm/fc) ~b (4) 

here nc is the characteristic viscosity at 
characteristic shear rate yc, b is the power, and ym 

is the mean shear rate averaged over the whole 
process and domain [3], [31]. The constitutive 
relationship for the Newtonian liquid drop model at 
constant shear rate y gives 

r = ric (ymTby (5) 

The Shear thinning liquid drop model can 
explain well the non-linear deformation of the cell 
at its entrance into the micropipette compared to 
the Newtonian liquid drop model. The finite 
element analysis of the model not only elucidates 
the basic relationship between the aspiration rate 
and the micropipette diameter, [43] but also 

demonstrates the ejection behavior of the cell [44]. 
Nonetheless, this model is not able to forecast the 
initial phase of rapid entry of the cell into the 
micropipette [3]. Also, a number of cell types did 
not reveal the shear-thinning behavior when 
subjected to small strain deformations [45], 

D. Maxwell Liquid Drop Model 

The Maxwell's liquid drop model has been 
proposed to explicate the rapid initial entry of the 
cell into the micropipette at the beginning of the 
aspiration test. It premises the cell as pre-stressed 
static-tension cortical shell containing 
incompressible Maxwell viscoelastic fluid [4] as 
depicted in Fig 3 (b). This model encompasses an 
elastic element, which makes it different from the 
Newtonian liquid drop model [1]. The constitutive 
relationship is given by 

r + ~k t = W (6) 

where r is the shear stress, fi is a viscous constant 
of a dashpot arranged in series, k is an elastic 
constant of a spring, f is the shear stress rate, and 
y is the shear strain rate [4], [31]. 

For a small strain aspiration test, results obtained 
using series solutions and the finite element method 
demonstrated that; this model can interpret the 
initial rapid entry and the recovery behavior of the 
cell [4]. It has been observed, that in the initial 
phase of the micropipette aspiration test when the 
deformation is rapid but small, the cytoplasm 
behaves like the Maxwell fluid for a very short 
duration, whereas in later phase when the 
deformation is large but slow, it behaves more like 
the Newtonian fluid of high viscosity [46]. In the 
large deformation finite element simulations of 
aspiration test, the model was not able to produce 
valid results unless both the viscous and elastic 
coefficients of the Maxwell fluid were increased 
steadily as the cell was sucked into the 
micropipette. This infers that the Maxwell liquid 
drop model is not able to explain the rheological 
properties of the cell [2], [46], [47]. 

All liquid drop models analyzed under similar 
boundary conditions may exhibit a linear 
dependence of stiffness on prestress [48]. Even 
though the results provided by liquid drop models 
are in accordance with the experimental findings 
under specific experimental conditions, in general 
they are not able to predict (from the mechanistic 
principles) how these properties can influence the 
cell functions. In addition, they are also not able to 
predict the resistance of living cells to mechanical 
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stress [30], 

(a) (b) 

Fig 3: (a) The shear thinning liquid drop model: An 
intracellular region is modeled as a homogenous non-
Newtonian fluid (green), (b) The Maxwell liquid drop 
model: An intracellular region is modeled as a 
homogenous Maxwell fluid (yellow). In both models, an 
intracellular region is surrounded by prestressed cortical 
shell (red) (modified from [31]) 

III. ELASTIC CONTINUA 

The elastic or viscoelastic solid models were 
invented to capture the solid-like behavior of the 
cell into micropipette aspiration. They consider the 
cell as an elastic or viscoelastic incompressible and 
homogenous half-space [49], [50], [51]. This class 
of models are different from the preceding ones in 
the sense that the cell is considered either as 
homogenous or heterogeneous solid (nucleus is 
defined discretely embedded in the cytoplasm) 
without accommodating the distinct cortical layer 
[31]. The material models belonging to this class 
are the linear elastic models, non-linear elastic 
models (hyperleastic), and linear-viscoelastic 
models. 

A. Linear and Non-linear Elastic Solid Models 

In both linear and non-linear elastic 
(hyperelastic) solid models, the cell is represented 
as homogenous solid and the time factor is 
disregarded [31]. The elastic behavior of the linear 
model follows the Hooke's law, whereas the non
linear model does not [44], [52]. Both, the linear 
and non-linear elastic model could be useful for 
finding the material properties of the cell subjected 
to small and large deformations, respectively. The 
linear elastic solid model coupled with the 
tensegrity model is simulated to determine the 
mechanical behavior of the smooth muscle cell 
subjected to compression and indentation test [53], 
As these models are highly oversimplified 
compared to the intricate living cells they are not 
able to explain some of the natural cellular 
characteristics such as motility [54], 

IV . VISCOELASTIC CONTINUA 

A. Linear Viscoelastic Solid Models 

The linear viscoelastic solid models have been 
proposed to study both solid and fluid like material 
properties of the cell. 

In this approach the cell is illustrated as either 
homogenous or heterogeneous solid where the 
stress is linearly dependent on strains and their time 
derivatives [44], [55]. These models are deduced to 
unravel the obscure behavior of cell under transient 
loading conditions, that is creep or stress 
relaxation. They are able to characterize the 
nucleus and the cytoplasm separately [56], [57]. In 
conjunction with other models, these models are 
employed to investigate the changes in cell 
mechanics during cell migration [58] and 
deformation [51]. Recently, a finite element 
viscoelastic model has been developed to forecast 
the osteoblast behavior subjected to cyclic isotropic 
radial strain [59], 

In the computational simulation of single cell 
experiments to evaluate the cell deformation the 
neo-Hookean hyperelastic [56], [57] and the 
standard linear solid (Klevin) models are the 
widely used non-linear elastic and linear 
viscoelastic type of solid models, respectively [31], 
[60]. 

(a) (b) 

Fig 4: The whole cell is modeled as (a) linear elastic 
solid and (b) linear viscoelsatic solid (modified from 
[31]) 

Both the linear elastic solid model depicted in 
Fig 4 (a) and the linear viscoelastic solid model 
depicted in Fig 4(b), were developed to mimic 
different observations of the single cell 
experiments. They have been enormously used in 
computational simulations of distinct cell types 
undergoing different mechanical tests and are 
summarized in TABLE, l : . The major drawback of 
both solid models is that a unique set of material 
properties cannot be employed to simulate the 
mechanical behavior of both the suspended and 
adherent cell types [44], 
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B. The Power-law Structural Damping Model 

In the last decade, the power-law structural 
damping model also known as Soft Glassy 
Rheological (SGR) model has gained great acclaim 
in the field of cell biology due to its unique ability 
to predict the power-law as well as other time-
dependent types of behavior observed in living 
cells. A phenomenological model based on SGR 
theory has been proposed to evaluate the dynamic 
behaviors of cells subjected to the time-varying 
forces. This model describes the cell as soft glassy 
material existing close to the glass transition, and 
suggests that the CSK proteins may govern the 
mechanical properties of cells mainly by 
modulating the effective noise temperature of the 
matrix [5], 

The class of soft glassy materials comprises of a 
diverse group of substances that include foams, 
pastes, colloids, emulsions, and slurries etc. The 
materials under this paradigm are composed of 
elements that are discrete, numerous, and 
aggregated with one another via weak interactions. 
In addition, they are not in thermodynamic 
equilibrium below glass transition (similar to glass 
thus, sometimes called as soft-glassy materials) and 
their geometrical arrangement is structurally 
disordered and metastable [75], 

T A B L E . 1: T H E SOLID MODELS WERE DEVELOPED ON THE 
BASIS OF OBSERVATIONS OF THE CORRESPONDING 

EXPERIMENTAL METHODS AND THEIR IMPLEMENTATION IN THE 
COMPUTATIONAL SIMULATION TO E V A L U A T E THE 

DEFORMATION OF VARIOUS C E L L TYPES 

Material 
model 

Experimental 
method 

Cell 
types 

Linear and 
non-linear 
elastic 

Micropipette 
aspiration [49] 

Atomic force 
microscopy [61] 

Cytointender 
[62] 

Magnetic 
twisting 
cytometry [63] 

Stem cells [65], [66], 

Osteosarcoma cells [67], 

Vascular endothelial 
cells [68], 

Bovine endothelial cells 
[69], [70], 

Endothelial cells and 
their nuclei [38], [49], 

Myoblasts [57], 

Linear 
viscoelastic 

Micropipette 
aspiration [50] 

Chondrocytes and their 
nuclei [37], [71] 

Endothelial cells [72], 

Flat punch Leukocytes [73], 

indentation [64] Qsteocytes [74]. 

The SGR theory considers that each individual 
element of the cytoskeletal matrix exists within an 
energy landscape containing many wells of varying 
depths as depicted in Fig 5. 

In case of living cells, these wells are thought to 
be formed due to the binding energies between the 
neighboring cytoskeletal elements. Due to lack of 
thermal energy in the system, it is not able to 
undergo structural rearrangement, and as a 
consequence of this, the elements are unlikely to 
escape from the energy wells [76]. Over the time, 
the element escapes from the energy barriers of 
neighboring elements and hops out of that well to 
fall into another, reaching a more stable state with 
very slow relaxation rates [77], 

In such systems, the non-thermal energy source 
provides agitation (represented by an effective 
temperatures, or noise level, x) to the elements so 
that they can hop out from the energy well in which 
they are trapped. As a result of this, the system 
undergoes structural rearrangement causing the 
material to flow [76], 

The structural damping model that follows the 
power-law trend has been proposed in [5] to 
describe the frequency-dependent rheological 
behavior of adherent cell types. The complex 
modulus G*(co) of this model is expressed as 

G*(o)) = G'(<u) + iG~{w) 
=

 co(^r1(i + ^)r(2- • x) cos - (x -
2 

1) + icon (7) 

where x-1 is the power-law exponent, fj is the 
structural damping coefficient given by f] = 
G (a))/G(co)= tan((x — 1) 7r/2), m is the 
radian frequency 2nf, G0 and <P0 are scaling factors 
for the stiffness and frequency, respectively, r 
denotes the Gamma function, i2 = -1, and both G0 

and /u (viscosity material parameter [Pa.s]) depend 
on bead-cell geometry [55]. T 

he elastic modulus also known as storage 
modulus G (OJ) corresponds to the real part of (7), 
which increases for all values of co according to the 
power-law exponent, whereas the loss modulus 
G (a>) corresponds to an imaginary part of (7), and 
includes a component that also increases as a 
power-law with same exponent. 

The loss modulus is a frequency-independent 
fraction f] of the elastic modulus; such direct 
coupling of the loss modulus to the elastic modulus 
is a characteristic feature of structural damping 
behavior. The loss modulus also includes a 
Newtonian viscous term ico/u, which comes into 
play only at higher frequencies. The changes in 
exponent of the power-law (7) describes the 
transition from solid state (x=l) to liquid state 
(x=2) [5]. 
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Hop 

Stable state 

Fig 5: The schematic illustration of trap dynamics in 
SGR model of CSK, the natural reorganization and 
dynamics of intracellular biopolymers can be modeled as 
an array of transitions between a fluid and solid state. 
This is illustrated by hopping of elements between the 
energy wells of varying depths, reaching a more stable 
state [78] 

It has been experimentally observed that under 
controlled conditions the dynamic moduli increases 
with increasing frequency following the weak 
power-law [45]. The frequency-dependent response 
of a single cell can be given by two regions of 
diverse rheology; at actin cortex the power-law is 
lower and the region is more elastic, on the 
contrary an intracellular region has a higher power 
and is more liquid-like [79]. The prestress that 
regulates the transition between the solid-like and 
fluid-like behavior in cells has a unique inverse 
relationship with the power-law exponent. The 
dynamic moduli (GandG") increase linearly with 
increase in the cytoskeletal prestress [59], 

It has been evident in various exper iments, that 
the cells can demonstrate some of the key 
characteristics of soft glassy materials like 
dynamical heterogeneity, physical aging, and 
shear-induced rejuvenation, which are in favor with 
SGR model [45],[52],[79]. A material law related 
to Power-Law Rheology (PLR) model has been 
developed and incorporated in the biomechanical 
model of the cell in microbead twisting 
experiments, which deduces the material constants 
related to PLR using the finite element method 
[80], [81]. 

Recently, a similar model has been developed 
and implemented in computational simulation of 
cell in micropipette aspiration [82].This model has 
an advantage over the solid viscoelastic models due 
to its ability to manifest dynamic behavior of the 
cells following power-law trend [31]. It has been 
employed to simulate the dynamic response of a 
cell in various experimental techniques for instance 
magnetic twisting cytometry [45], [80], [81], 

atomic force microscopy [83], and micropipette 
aspiration [82], 

Nevertheless, an unidentified non-thermal origin 
of the effective temperature has been used in this 
model and there are difficulties in interpreting the 
depth of the energy wells [84]. As assumed by this 
model the biological responses of the living cells 
are not timescale-invariant under relevant 
biological conditions [85]. There is a discrepancy 
between the loss behavior measured for CSK 
experimentally and the one predicted by SGR 
model. In addition, this model was not able to 
differentiate between the above and below glass 
transition states [86]. It neither takes into account 
the molecular details nor does it consider the active 
contraction of the cells [87]. It also fails to explain 
the strain stiffening or the cell rheological behavior 
at high frequencies [88], [89], [90]. 

V . BlPHASIC CONTINUA 

All the continuum models discussed earlier 
considered the cytoplasm as a single phase 
material, either solid or liquid, whereas the biphasic 
model views it as a two-phase material, a 
combination of both solid and liquid phase [91] as 
depicted in Fig 6. 

Fig 6: The schematic representation of the bi-phasic 
model of the cytoplasm illustrating the solid phase 
(consisting of CSK, organelles, and 
macromolecules) and the fluid phase (consisting of 
cytosol) 

A. Biphasic Poroelastic Models 

In this continuum mixture theory approach the 
solid phase of the cytoplasm is treated as linear 
elastic solid and the fluid phase is treated as a non-
viscous fluid [92] and described as 

as = -0spl + Astr(e)I + 2ßse 

of = -0fpl (> 

where the superscripts s and / denote the solid and 
fluid phases, respectively, a is the Cauchy stress 
tensor, e is the Cauchy's infinitesimal strain tensor, 
I is the identity tensor, p is the fluid pressure, ft 
and ft denote the solid and fluid volumetric 
fractions, respectively (where ft + ft = 7), and ks 

and fis are the Lame constants for the solid phase 
[91]. For this model, the liquid phase can emanate 
through the solid phase and the momentum 
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exchange between these two phases is in the form 
of friction, which could be the reason for the 
viscoelastic behavior of cells and tissues [31], 

The chondrocytes are usually modeled as 
biphasic when their response to the deformation 
(mechanical loading) is simulated using the 
multiscale modeling approach [93], [94], [95], [96], 
[97], [98], [99]. The pressure that actuates the 
blebbing process is not equally distributed across 
the cell, but generated and used locally. This is in 
accordance with the hypothesis of a poroelastic 
cytoplasm [100]. It has been demonstrated that the 
passive aspiration of the neutrophil inside a 
micropipette can be described by the biphasic 
poroelastic model [101]. Recently, it has been 
experimentally evident that this model can define 
the cell rheological properties at short time scales 
[102]. This model has also been implemented in 3-
D computational simulation of pericellular matrix 
[103], [104]. In conjunction with other standard 
models it can define the biphasic responses of 
cartilage [105], 

In addition to the complexity of the governing 
equations of continuum mixture theory, the 
irregularity of the cell shapes make the analytical 
solution along with the computational modeling of 
this model very complicated [54]. It neither 
predicts the complete creep response of the 
chondrocytes to a step aspiration [106] nor their 
initial deformation behavior under compression 
[107]. Also, it disregards the plasma membrane 
[92]. 

B. Biphasic Poro-viscoelastic Models 

The biphasic poro-viscoelastic model was 
introduced to capture the time-dependent responses 
of the chondrocytes both in full and partial 
micropipette aspiration experiments [106], [108], 
This model can be further extended to triphasic 
model by entailing the ionic phase. This can be 
achieved by precise coupling of mechanical, 
chemical, and electrical events [91]. 

VI. ACTIVE CONTINUA 

This class of models has an ability to incorporate 
the inherent active nature of the living cells and 
measure their material characteristics. 

A. Bio-chemo-mechanical Model 

This biochemical and mechanical model has 
been proposed to simulate the force dependent 
assembly and disassembly of Stress Fibers (SFs) 
and Focal Adhesions (FAs) by incorporating the 
dynamic reorganization of the CSK [6]. This model 
elucidates the biochemistry of SF remodeling along 
with a biomechanical description of SF 

contractility. The biochemistry of SF formation is 
based on two key experimental observations; SFs 
assemble due to activation of signaling molecules 
and they dissociate on reduction in tension in CSK 
[109]. The mechanical response of the single SF 
remodeling consists of three coupled phenomena 
and these are employed in this model using simple 
phenomenological relations as follows 

(a) An activation signal that triggers the formation 
ofSFs 

For this model, generally an exponentially 
decaying signal is presumed on the basis of 
experimental observation. The activation signal can 
be expressed by dimensionless signal intensity C 

C = expi-tt/8) (9) 

here tt is the time measured from the onset of the 
ith activation signal and 8 is the decay constant of 
the signal [6], 

(b) The SF formation rate dependent on the 
activation signal, coupled with their dissociation 
rate affected by the tension in the CSK 

The first-order kinetic equation describing the 
rate of SF assembly and disassembly is given by 

5 = [ a a o ) 

where r\ is a non-dimensional activation level that 
measures the extent to which the actin and myosin 
are incorporated into SF and f^J denotes 
differentiation with respect to time t measured from 
the instant of application of the first signal. The 
term T is the tension in SF and T0 is the isometric 
tension considered to be directly proportional to the 
activation level r\ and expressed as T0 = t]Tmm, 
where Tmax is the isometric tension in SF at 
maximum activation level (// = 7). The non-
dimensional constants kf and kb govern the rate of 
formation and dissociation of the SF, respectively 
[110]. 

The first term on the right hand side in (10) 
delineates the rate of the SF formation; it decreases 
with increase in activation level r\ and increases 
with the activation signal C. The second term on 
the same side defines the rate of the SF 
dissociation; it decreases with increase in tension T 
in the SF and increases with the activation level r\ 
[110]. The SFs are stable at the isometric stress 
level, but as the stress falls below this level they 
disassemble [111]. The SF assembly rate is 
indirectly and disassembly rate is directly 
dependent on stress [112]. 
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(c) The cross-bridge mechanics between the actin 
and the myosin filaments generates the tension in 
the SFs. 

Considering the analogy of the force generation 
mechanism between the SFs and muscle cells, the 
influence of this generated tension on the SF 
contraction/extension rate is embedded in a version 
of Hill's equation as follows: 

T 1 + (11) 

where e is the strain rate, e0 is the maximum strain 
rate, and the dimensionless Hill type constant kv 

describes the reduction in tension due to the strain 
rate [110]. The fast shortening rate provides the 
maximum rate of SF disassembly resulting in the 
reduction in tension and finally, the cell reaches a 
steady-state level of contraction [44]. This 
constitutive description of the cell includes both the 
active contribution from the actin SFs and the 
passive elastic contribution from the intermediate 
filaments (IFs) and the microtubules (MTs) [6], 
The results of parallel-microplates technique for 
myoblast subjected to compression were found to 
be in good accordance with this stress-strain 
relationship [116]. 

The rigidity of the sites where the cell is attached 
to the substrate governs the concentration of SFs 
through orientation distribution of isometric stress. 
This model predicts that for stiffer attachments to 
the substrate the orientation of isometric stress is 
more anisotropic and subsequently, the 
concentration of SFs is higher [6] as illustrated in 
Fig 7 (a) and (b). 

k = 10 k = 10 k=10 k = 10 

k=10 k= 3.33 k = 10 k = 0.2 

I n c r i n EFs concentration Increase in £Fi concentration 

(a) 00 
Fig 7: Results of computational simulations predicting 
the effect of reduction in the stiffness of support. Here, 
all the supports have equal stiffness k = 10, except the 
bottom right support in (a) k = 3.88 and (b) k = 0.2. The 
contours of SFs concentration have been plotted along 
with the line segments representing the direction of 
maximum principal stress (modified from [6]) 

This model is able to capture the coupling 
mechanism arising from cell-substrate interaction 
and intracellular machinery. It predicts the 
influence of substrate compliance on the cellular 

traction forces in 2-D simulation of cell on micro
needles [114]. In addition, this model is able to 
describe the influence of variegated stiffness and 
architecture of the substrates on the cell behavior. It 
has been demonstrated that cells adherent to stiffer 
substrates exert higher traction forces and 
simultaneously form more prominent FAs and SFs 
[130]. 

In conjunction with mixed-mode implementation 
of the FA assembly model, this model predicts the 
cell response to the substrate stiffness in 3-D 
application and the results obtained are in line with 
the experimental observations [116]. This model is 
not only able to predict the spatial distribution of 
traction forces but also the decrease in the force 
generated by the cell with increasing substrate 
compliance; this is in accordance with the 
experimental observations [110]. 

The kinetic model of the SF formation and 
disassociation (10) has been incorporated with 
force-dependent model for the assembly of FA. 
The new coupled model has been employed to 
elucidate the experimental observations of 
dispositions of SFs and FAs at the periphery of 
convex ligand patterns. It also predicts the high 
concentration of FAs along the edges of cells on 
the V-shaped ligand pattern as depicted in Fig 8 (a) 
and the enhanced formation of highly aligned SFs 
along the non-adherent edges as illustrated in Fig 
8(b) [117]. The same model has been implemented 
to investigate the relationship between the 
cytoskeletal contractile forces and FA dynamics 
[111]. 

Incr=ai= in FA; iUtribu-ti-on In.cr=a;= in £F; ciitrititticfi 

(a) 

Fig 8: The predictions of (a) FAs concentration and (b) 
SFs distribution in computational simulation for a cell on 
the V-shaped ligand pattern (modified from [117]) 

This model is able to predict the changes in SF 
orientation and assembly for the 2-D cells 
subjected to the cyclic uniaxial stretch. It has been 
demonstrated in the simulation that the stress 
generated perpendicular to the direction of stretch 
is greater than the stress generated in parallel and is 
consistent with the higher actin polymerization 
levels in the same direction [118]. This model has 
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also been employed in simulations of 1-D and 2-D 
cell migration to evaluate the spatial distribution of 
traction forces [ 119]. 

The bio-chemo-mechanical model has been 
refined to include a signaling model based on the 
messenger molecules used in signal transduction 
[120]. The implementation of active formulation in 
3-D simulations has demonstrated remarkable 
difference in the stress distribution in cytoplasm 
and nucleus compared to the simulation with the 
conventional passive material models [116], [121]. 

Overall, this model is able to simulate the 
responses of cells to a wide range of loading 
scenarios. On the other hand, this model neither 
includes the FAs explicitly nor the biomechanical 
behavior of MTs and IFs. This model has assumed 
space independent activation of the signal for 2-D 
and 3-D applications [52], 

VII . ISOSTATIC M O D E L 

An isostatic model has been proposed because 
the classical theory of elasticity was not able to 
explain the channeled long-distance force 
propagation phenomenon [7]. This model has 
proposed a framework for the CSK network based 
on the continuous isostaticity theory that has been 
developed in [122], [123], [124]. This model is 
based on the concept that the focused propagation 
of force stimuli in the framework over large-
distances and the "action at a distance" effect is 
feasible only when the considerable parts of the 
CSK network are isostatic [7], 

Isostatic structures belong to the class of 
statistically determinate systems (for a given 
external loading and boundary conditions) [125], 
Due to the peculiar structure of an isostatic 
network, the force in an individual structural 
member of the network can be deduced from 
equations of equilibrium and geometrical properties 
of the network without considering the constitutive 
equations of structural members [123]. It is 
noteworthy, that such partial differential equation 
of stress field is hyperbolic in nature and can 
predict the long-distance stress propagation over 
specified directions [7], [125], 

Several conditions are described for the 
isostaticity of CSK network. In scenario A, all 
nodes of the CSK network can support torques, 
which is in accordance with the assumption of 
open-foam cell model that has been proposed in 
[27], [126]. This situation may occur when the 
forces applied to the cell are not sufficient to 
buckle the filaments. In scenario B, only some of 
the nodes of the CSK network can support torques. 
This situation appears when all filaments that are 
converging at a node carry tensile forces 

(representing microfilaments (MFs) and IFs) except 
a single filament, that may carry compressive 
forces (representing MT). Lastly, in scenario C, in 
the limit where none of the nodes of the CSK 
network support torques the structure behaves like 
tensegrity [15], [127] . Through the cytoskeletal 
remodeling process the cell can propagate the 
mechanical signals to some regions of the 
cytoplasm, while blocking them in other regions. 
Thus the CSK network could be viewed as partially 
isostatic [7], [125]. 

This model is able to predict the relationship 
between the long-distance force transfer and the 
cytoskeletal prestress. The prestress in the network 
can be regulated via tightening or loosening of 
filaments that causes three effects on the isostatic 
CSK network as explained in the following cases. 
In the first case, no filament is tightened or slacken 
and as a result of this, the CSK network will remain 
isostatic and there will be either negligible or no 
effect on the force transmission. In the second case, 
loose filaments are tightened. This adds a number 
of force-bearing elements in the CSK network thus 
making the CSK to lose its isostaticity by 
becoming statically undetermined. As a 
consequence of this force transmission within the 
network will get scattered and weakened over short 
distances. In the third case, tight filaments are 
slackened this reduces the number of force-bearing 
elements in the CSK network making the system 
unstable and lose its isostatic properties. As a 
repercussion, force-transmission via these loose 
filaments will not be possible and they will 
disperse [7]. This observation is in line with the 
experimental findings of disrupted long-distance 
force transmission in airway smooth muscle cells 
[128]. 

The novel framework proposed by this model is 
independent of the structurally defined pathways 
(like SFs) to describe the force transmission in 
cells, thus they can describe how cells transmit 
forces in 3-D extracellular matrix (ECM) and in 
cells adhering to 2-D soft substrates. On the 
contrary, the concept of isostaticity is strongly 
dependent on the distribution of the tensed 
filaments (representing MFs and IFs) and 
compressive filaments (representing MTs) in the 
CSK network, but so far, there is no experimental 
evidence for such force distribution in living cells. 
The hyperbolic field equation proposed by this 
model is true only when the network achieves its 
marginal stability, this may not be the case for the 
CSK network in living cells, which constantly 
changes and reorganizes its structure [7], 

VIII . LIMITATIONS A N D FUTURE SCOPE 

The continuum approach ignores the 
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contribution of molecular structures that form CSK 
by considering them too small compared to the size 
of cell. Thus, this approach does not provide an 
explanation for how to modulate the cell functions 
via mechanical forces [54]. The multiscale model 
[129] which would bridge the gap between the 
continuum approaches and the microstructural 
approaches could be one of the solutions to 
overcome this limitation. These models could be 
devised by precise coupling of simulation results 
from individual length scales [30], [31]. 

The structural model of single cell mechanics 
should be universal, such that it accurately predicts 
the responses of all cell types for all loading 
scenarios. The model should entail not only the 
physical structure and organization of distinct cell 
types, but also the changes in them during any cell 
cycle. In addition, it should also account for all 
cellular processes and timescales [130]. For 
computational simulations of a wide variety of 
single cell experiments, the constitutive 
formulation involving molecular processes should 
be implemented [52], 
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Appendix C 

1. Introduction 

Sphere-like tensegrity structures are needed in a number of applications. High-frequency 

spheres represent geodesic shapes created on the basis of principal polyhedrons (see Fig 9) but 

composed of a greater number of members. Many methods have been developed for disintegrating 

the basic polyhedral form into a larger number of components. Knowledge of geometrical 

constraints of high frequency spheres and resulting polyhedrons, is important to design tensegrity 

structure while maintaning its structural and fabrication limits. For applications where the stiffness 

of basic tensegrities is not sufficient, double-layer tensegrities may be applied. Methods for 

organizing tensegrity trusses into spheres are based on geodesic subdivisioning of an octahedron 

[!]• 

2. Formation of geodesic polyhedrons 

Most of the geodesic polyhedrons are derived from five principal polyhedrons as depicted in Fig 9. 

Tetrahedron Octahedron Icosahedron Cube Dodecahedron 
4 faces 8 faces 20 faces 6 faces 12 faces 

Fig 9: Principal (Platonic) polyhedrons (from [2]). 

Two frequency Three frequency Four frequency Five frequency Six frequency 

Fig 10: Division of triangular faces ofpolyhedron into various frequencies (from [2]). 

A triangular grid is constructed by dividing the edges of each triangle of the principal 

polyhedron into equal number of parts and then joining them by drawing lines between them as 

depicted in Fig 10. The number of subdivisions for an edge is called the frequency of a particular 

subdivisioning and denoted by V . When the average length of the members remains constant, 

more members imply that linear dimensions of the whole structure increase proportionally to the 

frequency [3]. The subdivisions with even frequencies only are used in tensegrity designing [2], 
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2.1 Diamond structures 

As in the model for a T-tetrahedron, the tensegrities are considered to be a collection of tendon 

triangles interconnected via struts and tendons with their vertices lying on a sphere. The lengths of 

the struts as well as the lengths of the tendons forming tendon triangles are fixed. In addition to 

different number of tendons, another difference between 2 v diamond T-tetrahedron (see Fig 11(a)) 

and Zig-zag T-tetrahedron (see Fig 11 (b)) is in the position of tendon triangles. The T-icosahedron 

with diamond pattern is actually a special case of the two frequency diamond T-tetrahedron with 

all tendons having the same length. 

Fig ll:(a) 2 v diamond T-tetrahedron and (b) Zig-zag T-Tetrahedron (from [4]). 

In Fig 12, label a represents equilateral, whereas b represents isosceles triangles. The bold 

lines represent the geodesic breakdown lines used in the tensegrity design. It is called a 4v 

structure because its geometry derives from the 4v geodesic subdivision of the tetrahedron [4]. An 

example of 4v diamond T-tetrahedron is illustrated in Fig 13. 

Fig 12: Face triangle of a four frequency tetrahedron projected onto a sphere (from [4]). 
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Fig 13:4v diamond T-tetrahedron (from [4]). 

Fig 14 :(a) Tendons arrangment (dotted linesjand 
(b) Struts arrangment (bold lines) of 4v diamond T-tetrahedron (from [4]). 

Arrangment of struts and tendons connecting two types of tendon triangles, a (equilateral) and 

b (isosceles), is shown in Fig 14. Adjacent tendon triangles are always connected by a pair of 

tendons (see Fig 14(a)) and a strut (see Fig 14(b)) [4], 

2.2 Zig-zag structures 

A zig-zag structure has a similar arrangement of struts and tendons as the corresponding 

diamond structure. In a diamond tensegrity structure two adjacent triangles are interconnected by 

two tendons (in addition to a strut), whereas in a zig-zag tensegrity they are connected by only one 

strut and one tendon (see Fig 15). From the structural point of view each strut is traversed by a 
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"zig-zag" of three tendons [4]. An example of 4v zig-zag T-tetrahedron tensegrity is presented in 

Fig 16. 

Fig 16: 4v Zig-zag T-tetrahedron (from [4]). 

3. Trusses or Double-Layer Tensegrities 

For most of the tensegrities discussed so far, the tensile members create a single 

continuous spherical layer, thus they are rather compliant and tend to vibrate significantly 
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in many practical applications. Even the high frequency spherical tensegrities have little 

resistance to concentrated load. These drawbacks are overcome by developing space truss 

configuration for tensegrity structures which would be analogous to the space truss 

arrangements developed for the geodesic dome. Tensegrity space trusses are characterized 

by outer and inner layers of tendons interconnected by a collection of struts and tendons. 

Consequently, the structure becomes more rigid and has more resistance to concentrated 

loads [4, 8], 

3.1 Tensegrity tripod 

In tensegrity prism, removing the triangle of tendons corresponding to one of the ends and 

pressing the struts at the free end close to each other, resist and stay apart. The structure obtained is 

called tensegrity tripod or T-tripod as illustrated in Fig 17. When attached to other tensegrity 

structures, this composite compression member can keep them apart and enable creation of 

multilayer tensegrities [4]. 

Non-Apex 
end 

Apex 
tendon 

Primary 
interlayer 
tendon 

Fig 17: Tensegrity Tripod (T-tripod) (from [4]). 

T-tripod has 6 tendons, three of them called as apex or outer convergence tendons binding the 

three struts together at one end to form a triangle representing the apex of tripod and the remaining 

three tendons are called as primary interlayer tendons which join the apex end of one strut to the 

non-apex end of an adjacent strut in the T-tripod (see Fig 17) [3]. Alternatively, another 

compression member called 'T-polypod' is designed from any polylateral prism by eliminating its 

tendons on one end and can be used instead of T-tripods [4], 

When T-tripods are used as compression members to support a spherical single-layer tendon 
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network, the T-tripods struts lie outside the layer of tendons (see Fig 18). This eliminates the 

intractable interference problems occurring in larger structures when supported by simple two-

hubbed struts as they lie in the same layer which they support [5]. 

3.2 Construction of double tensegrity sphere using T-tripod 

3.2.1. Outer convergence and corresponding binding 

Consider a sphere made of single-layer network supported by T-tripods as described in the 

previous section. This network consists of vertex-connected rings of tendons called as polylaterals 

(non-planar equivalent of a polygon) which are connected pairwise in vertexes (hubs). The 

condition is not more than one vertex is shared between adjacent polylaterals, and every vertex is 

shared by exactly two polylaterals (here, triangles created by edges of neighbouring polylaterals 

are not considered as polylaterals). 

Fig 18: Spherical assembly of tripods embedded in the tensegrity network (from [4]). 

The smallest polylateral is a triangle of three hubs connected by three tendons [3, 7]. The apex 

tendons of the T-tripods lie on the outer surface called as outer convergence. Apart from 

continuous inner single-layer spherical network there is a discontinuous outer network formed by 
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the tendon triangles of the apexes of the T-tripods which serve as compression members. These 

apex tendons (triangles) are called as outer convergence tendons [4]. To achieve more structural 

stability, the outer network is completed by binding together the T- tripod apexes using another set 

of tendons called outer binding tendons (see Fig 19). In this way the outer convergence (layer of 

tendons) is created. 

Although the lengths of outer network tendons are different, the outer and inner networks 

should be bound in such a way that both networks have the same topology. The distance between 

the three non-apex ends of struts of the t-tripod increases on untwisting the T-tripod (i.e. they 

move further apart from each other by elongating the primary interlayer tendons). Thus, the outer 

convergence tendons should be bound together in such a way that tension in the outer binding 

tendons untwists the T-tripods. Consequently, the outer network of tendons is pushed farer from 

the inner network by the virtue of expanding compression members i.e. untwisting of T-tripods 

[4]. 

3.2.2. Inner convergence and corresponding binding 

Struts from several different T-tripods converge at inner network where they are 

connected together by tendons called as inner convergence tendons forming a polylateral 

and having a similar topology as outer binding tendons. The remaining tendons of the 

inner network creating triangles are called inner binding tendons. When the appropriate 

tendons are added to connect the convergence polylateral to the opposite ends of the struts 

they are called secondary interlayer tendons and complete the truss network as illustrated 

in Fig 19. The tensegrity truss generated using this method has two groups of geometrical 

shapes in each layer, triangles and polylaterals. 

In the final design, a triangle or polylateral from one group will be completely 

surrounded by polylaterals from another group [4]. The combination of triangles and 

polylaterals yield a more rigid structure than general polylaterals only [6]. In this 

configuration each strut is secured by 12 tendons, which is the minimum number of 

tendons required to rigidly fix one system in its surrounding system [7]. In planar view, 

the truss section looks same viewed either from inside or outside the tensegrity sphere. 

This technique can be applied to any tensegrity network on the condition that it can be 

divided into alternating polylaterals [5], 

In this way maximum stiffness can be achieved with minimum strut density, as all T-

tripods act as compression members (between outer and inner convergence) and 

convergences (layers) consist of tendons only. The geodesic networks on the basis of this 

approach belong to the class of double layer tensegrities [4]. Most of the structures 
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discussed till now have spherical symmetry. The drawback of this technique is that it does 

not result into a perfect spherical shape network as triangles eliminate the polyhedrons 

which have much more faceted appearence [5]. The final outcome is a rigid tensegrity 

space frame aimed at extremely large-scale applications for instance, for covering 

superstructure of a space station [4], 

Outer binding tendon Primary interlayer tendon Outer covergence tendon 

Inner binding tendon 
Secondary interlayer tendon 

Fig 19: 4v T-Octahedron double-layer tensegrity (from [4]). 

4. Spherical Tensegrity 

The spherical tensegrities have a wide scope of applications, especially in the field of 

architecture, cellular mechanics, etc. Further, a dome can be induced by truncating the tensegrity 
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sphere. The simplest form of tensegrity is an octahedron consisting of three compression members 

i.e. the struts cross and do not touch each other as they pass at the centre. They are held together 

only at their terminals by the triangular tension net (tendons) as depicted in Fig 20 (a). 

Fig 20: (a) Three-strut tensegrity octahedron (b) Corresponding flattenedform (from [7]). 

The same three islanded struts of the tensegrity octahedron may be mildly reorganized or 

asymmetrically transformed into flattened form by removing three tendons and lengthening or 

shortening the others (see Fig 20 (b)). The struts may be of the same or different lengths and the 

vertexes can be shifted along the struts from their original positions at their ends. Even in flattened 

form the compression members still do not touch each other. This fundamental unit used 

repeatebly to construct the spherical tensegrity structures [7]. 

Formation of a tensegrity structure can be done in two ways. The first way is called single-

bonding in which a single strut of basic three strut structure in flattened form is directly connected 

to the strut of another basic three strut structure in flattened form accomodating the tensegrity sub-

unit hexagonal ring of tendons as depicted by dotted lines in Fig 21 (b). 

Fig 21: Complex of basic three-strut tensegrities, with axial alignment whose exterior 

terminals (a) before and (b) after joining in single bond as 90-strut tensegrity (from [7]). 
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Another way known as double bonding, the basic structures in flattened form has direct 

connection between struts on a straight line (as that of single bonding) and also, are joined by two 

parallel struts with the help of tendons. Thus, basic three-strut tensegrities in flattened form may be 

joined to form a complex, 270-struts, isotropic triacontrahedron tensegrity geodesic spheres either 

in single-bonding with positive rotating triangles (see Fig 22 (a)) or double-bonding with negative 

rotating triangles (see (b)). 

Fig 22: A 270-strut isotropic tensegrity geodesic sphere forming a complex six-frequency 
triacontahedron tensegrity (a) Single bonded clockwise rotating tendon triangles and 
(b) double bonded anticlockwise rotating tendon triangles (from [7]). 

Fig 23: The basic 12 frequency matrix (from [7]). 

Within the tensegrity sphere compression generated in discontinuous struts is balanced by the 

tension applied by omni integrated tendons network. The spherical tensegrity consist of 
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continuous tension network of single or double tendons between the ends of discontinuous 

compression network of islanded struts. The load distribution and uniform stress flow within the 

system can be better achieved with double tendon tension network. These tendons always yield in 

obtuse or acute ' V shape at their point of contact with islanded struts [7], 

In a spherical tensegrity system, the tension tendons are positioned closely to the struts and they 

do not yield away. The basic 12-frequency tensegrity matrix (see Fig 23) employs collections of 

the basic three-strut units joined at dead centre between single-bonded and double-bonded 

discontinuities and the shaded triangles represent the sites for each of the three- strut units [7], 

5. Form-finding Technology 

Any tensegrity structure is designed by keeping its parameters in mind mainly, certain amount 

of pre-stress, length of its constituents and basic morphology. A new topologie and geometric 

design aims at achieving a certain higher level of prestress and to keep it under the externally 

applied forces while maintaning its geometrical constraints [9]. As tensegrities belong to the class 

of statically indeterminate structures, their static analysis requires an initial form-finding procedure 

[10, 11]. Form-finding is technique based on mathematical programming view of tensegrity for 

finding a certain geometrical configuration which makes the system stable on its own (an intrinsic 

property of statically indeterminate structures with members bearing tension or compression, 

only). It involves computing of the shape of a tensegrity structure when being pre-stressed and sets 

in self-equilibrium. 

Form-finding procedure is very useful for civil engineers, architects and the people 

dealing with mechanisms and structures. Although designed to achieve the same goal, it 

has been defined in contradictory ways by many authors [12, 13, 14]. Therefore, based on a 

comprehensive literature study, the authors have proposed the following definition: Form-finding 

is a method to design and generate the stable geometrical configuration of a tensegrity structure 

(using mathematical modelling) inspired by other geometrical forms and structures, under a given 

condition of pre-stress such that it will remain stable and maintain its shape under a certain range 

of external forces and impacts. 

The truncated tetrahedron was analysed for its form-finding tensegrity structure with the same 

length for all cables and another length for all struts [9]. In Fig 24, first image represents truncated 

icosahedron in polyhedron form and the second one represents its corresponding tensegrity 

structure created using form-finding procedure. The truncated icosahedron is combination of 

hexagonal and pentagonal polylaterals, whereas the corresponding form-finding tensegrity has 

structure of pentagons surrounded by triangles. In addition, the tensegrity structure consists of 30 

compression elements (thick bars) and 120 tension elements (thin black bars) that do not provide 

smooth edges as that of the corresponding polyhedron. Thus it is evident, that the form-finding 
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tensegrity structures may or may not be similar to the polyhedron from which it originates 

[10,11,14], 

The form-finding methods in tensegrity architectures are broadly divided into kinematical 

methods and statical methods. In statical method, a relationship is set between equilibrium 

configurations of a structure with a given topology and the forces in members, which are then 

analysed using various methods, for instance force-density method, energy method, etc. In other 

words, it will search for equilibrium configurations that permit the existence of a state of prestress 

in the structure with certain required characteristics. On the other hand, kinematical method is 

characterised by increasing (decreasing) the length of the struts (tendons) and keeping the length of 

tendons (struts) constant until a maximum (minimum) of length of strut (tendon) is achieved to 

stabilise the system. This is a practical approach to build the tensegrity structure without requiring 

the tendons to be in pre-tension [10], 

Fig 24: (a) Truncated Icosahedron in polyhedron form and (b) The corresponding 
tensegrity structure having rhombic configuration designed using form-finding technology 
(from [14]). 

Further, the kinematical methods are classified into analytical approach, non-linear 

optimization and pseudo-dynamic iteration, whereas statical methods include analytical methods, 

based on formulation of linear equations of equilibrium in terms of force densities, energy 

minimization and a search for equilibrium configurations of the struts of the structure connected by 

tendons whose lengths are to be determined using a reduced set of equilibrium equations. A lot of 

new methods were also introduced in recent years. These methods do not require the members to 

be in state of pre-stress [10]. Al l the form-finding methods presented so far (based on different 

approaches) have been summarised and tabulated by Jaun & Tur [13]. In most of the existing 

form-finding procedures; however, assumptions on the tension coefficients (force divided by 

length as a variable for each element), the element lengths or the symmetry of the whole structure 
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must be imposed a priori [11]. Therefore, the evaluation of complex tensegrity structures with 

these procedures remains difficult. A form-finding procedure typically gives the value of critical 

parameters such as (i) a twisting angle (ii) a cable-to-strut ratio (iii) a force-to-length ratio also 

known as the tension coefficient or the force density coefficient [14]. The advanced tensegrity 

principle based computational model of smooth muscle cell cytoskeleton (see Fig 25) is developed 

at Brno University of Technology with its nucleus and centrosome tensegrities designed using 

form-finding technology. 

Fig 25: (a) Tensegrity principle based computational model of smooth muscle cell 
cytoskeleton (b) Nucleus and centrosome designed using form-finding technique. 

Following are the four methods to evolve new tensegrity structures [2]: 

a) To postulate a new concept of tensegrity or to modify an existing one. 

b) Solution for different relationships between struts and tendons which can be achieved in 

any of the following ways. First, interpreting the existing relationship between them in 

a different way. Second, manipulate the number of struts and tendons until a new 

pattern is achieved. Third, discover the relation from an entirely new figure. And 

finally, consider various ways in which the struts and tendons can be related to each 

other. 

c) Discover or develop new polyhedral figures which serve as bases for tensegrity systems 

based on already established relationships between the struts and tendons. 
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d) Extend an existing idea of figures; for instance, develop tensegrity structure from two 

layer figure to three layer diamond structures, geodesic domes [4], 

6. Conclusion 

In part I, we have introduced the principal tensegrities and their classification based on 

topologies and weaving configurations, whereas in this part of the paper we have overviewed the 

fabrication of complex high frequency spheres and double layered tensegrity structures using 

form-finding technology. Several methods to create higher order tensegrity structures have been 

presented and illustrated with relevant examples applicable to various fields. The objective of this 

two-part overview paper is to introduce amazing tensegrity structures and their extraordinary 

features to the researchers and students from various fields, to encourage them to contribute in this 

area by creating their new applications. 
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- I: Basic structures. Engineering Mechanics. 21(5):355 - 367. 

Overview of Tensegrity-I: 
Basic structures 

Yogesh D. Bansod5, Deepesh Nandanwar6, Jin Bursa7" 

The tensegrity framework consists of both compression members (struts) and tensile members 

(cables) in a specific topology stabilized by induced prestress. Tensegrity plays a vital role in 

technological advancement of mankind in many fields ranging from architecture to biology. In 

Part I of this two-part article, we have reviewed topological classification of elementary cells of 

tensegrity structures including rhombic, circuit and Z type configuration. Further, different types 

of tensegrities created on the basis of these configurations are studied and analysed, for instance 

Tensegrity prism, Diamond tensegrity, and Zig-zag tensegrity. The Part II focuses on the 

applications of tensegrity principle in construction of high frequency spheres & domes. 

Keywords: Tensegrity, Struts, Cables, Prestress, Configuration 

1. Introduction 
The technique used in constructions by architects around the world is based on holding the 

structure with the help of its weight and continuity of stresses induced basically in compression. 

For example, each component of a stone dome or bridge is pulled by tension downward through 
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the structure, but the compressive continuity is still in charge of sustaining most of the load. On the 

other hand, tensegrity architecture represents a totally different principle, it does not rely on the 

gravity for its stability (as gravity creates tension in other structures). Tensegrities represent a 

system of "equilibrated omnidirectional stresses" [1]. They don't need any support and are self-

equilibrated as well as pre-stressed structures. The theory of tensegrity structures is well known in 

statuary or civil engineering while in other engineering branches the potential of these structures is 

not yet fully explored. This paper summarizes the up to date knowledge on tensegrity structures 

and presents some of their non-conventional applications in computational modelling in various 

technical fields. 

2. Features of Tensegrity 

Fuller [2] coined the term "tensegrity" by combining two words "Tensional + Integrity"; it 

means that integrity of a structure consisting of tension and compression components relies on the 

tension members. His definition of tensegrity structures was 'A tensegrity system is established 

when a set of discontinuous compressive components interacts with a set of continuous tensile 

components to define a stable volume in space'. If we apply this definition in broader sense, then 

the entire universe can be viewed as a tensegrity structure. Such as planetary systems at a space 

level and atomic systems at a microstructural level, all of them consist of discontinuous 

compressed members (spheres) connected by gravitational (tensional) forces that symbolize 

tensile members. It is evident, that this definition is too broad, and a more precise one is needed. 

K. Snelson [3] describes tensegrity as a closed structural system composed of a set of three or 

more elongated compression struts within a network of tensioned tendons, the combined parts 

mutually supportive in a way, that the struts do not touch one another, but press outwardly against 

nodal points (vertices) in the tension network to form a firm, triangulated, prestressed, tension and 

compression unit. In short, he defined tensegrity as discontinuous compression, continuous tension 

structures [4]. Probably the most complete definition of tensegrity structures is presented in [5] as 

"Tensegrity is a structural principle based on the use of isolated components in compression inside 

a net of continuous tension, in a way that the compressed members (usually known as bars/struts) 

do not touch each other and the prestressed tensioned members (usually known as 

cables/tendons/strings) delineate the system spatially". In living nature, tensegrity structures can be 

found as a governing principle in many biological systems ranging from cells [6] to tissues [7]. For 

instance, musculo-skeletal system can be understood as a tensegrity structure [8] some of the 

recent studies show that DNA molecules [9] and cell cytoskeleton can also be viewed as tensegrity 

based stable structures [6]. In technology, tensegrity principle is used widely in building new 

structures, shelters (see Fig 1) bridges, etc. 
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Fig F. A tense grity shelter built at Brno University of Technology, Brno 

Apart from above, it is used for the development of advanced materials, smart materials [10, 

11] and deployable devices for aerospace technology [12]. On the other hand, some natural 

(spider web) and man made structures (such as bicycle wheels or multi cable domes - Olympics 

stadium in Seoul (1986), etc.) can not be truly considered as tensegrity structures because their 

compressive members are in mutual contact; in Snelson words, they don't have floating 

compression system [3], 

2.1 Characteristics of tensegrities 

Characteristics of tensegrities can be summarized as follows: 

a) They have a higher load-bearing capacity with similar weight. 

b) They are light weight in comparison to other structures with similar resistance. 

c) They don't need to be anchored or don't have to lean on any surface as they don't 

depend on their weight or gravity. They are stabilized in any position by equilibrium 

of compressive forces in struts with tensional forces in prestressed cables. Prestrain in 

the cables can be transformed into prestress only i f the structure is statically 

indeterminate. 

d) They are enantiomorphic i.e. exist as right and left-handed mirror pairs [13]. 

e) Elementary tensegrity modules can be used (such as masts, grids, ropes, rings etc.) to 

make more complex tensegrity structures. 
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f) Higher the pre-stress, stiffer the structure would be, i.e. its load bearing capacity 

increases with the increasing pre-stress [14]. The degree of tension of the pre-stressed 

components is directly proportional to the amount of space they occupy [15]. 

g) In a tensegrity structure the compressive members are short and discontinuous, hence 

they do not undergo buckling easily and no torque is generated in them [16]. 

h) The resilience depends on the structure assembly and material used. 

i) They work synergically i.e. their behaviour cannot be predicted by considering the 

behaviour of any of their components separately. 

j) They are sensitive to vibrations under dynamic loading. Slight change in load causes 

the stress to redistribute in the whole structure within no time and thus, they have the 

ability to respond as a whole. 

k) Kenner [16] introduced a term "ElasticMultiplication" for the tensegrity structures. It 

is a property of tensegrity structure which depends on the distance between two struts. 

If two struts are separated by a certain distance the elongation of tendons (tensile 

members) attached to them is much less compared to this distance. 

1) The deformation response of entire tensegrity structure to load is non-linear as its 

stiffness increases rapidly with increasing load, like at a suspension bridge [16]. 

m) The tensegrities are commonly modelled with frictionless joints, and the self-weight of 

cables and struts is neglected. 

2.2 Advantages of tensegrity over conventional (continuous) structures 

a) As the load is distributed in whole structure there are no critical points of weakness 

[16]. 

b) They don't suffer any kind of torsion and buckling due to space arrangement and short 

length of compression members [1]. 

c) Forces are transferred naturally and consequently, the members position themselves 

precisely by aligning with the lines of forces transmitted in the shortest path to 

withstand the induced stress. 

d) They are able to vibrate and transfer loads very rapidly and hence, absorb shocks and 

seismic vibrations which make them applicable as sensors or actuators [10, 11]. 

e) They can be extended endlessly through adding elementary structures. 

f) Construction of structures using tensegrity principle makes it highly resilient and, at 

the same time, very economical. 
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2.3 Disadvantages of tensegrity over conventional (continuous) structures 

a) If the structure becomes too large it faces a problem of bar congestion (i.e. the struts 

start running into each other) [17]. 

b) They show relatively high deflections and low material efficiency as compared to 

conventional continuous structures [17]. 

c) Fabrication complexity is a major barrier in developing floating compression 

structures [5], 

d) Adequate design tools are not available for their design, software "Tensegrite 2000" 

(developed by R. Motro et al.) is the most advanced tool available to design tensegrity 

structures. 

e) At large constructions the structure cannot withstand loads higher than critical, related 

to its dimensions and prestress [17]. 

Fig 2: Primary weaves cells & equivalent basic tensegrity modules (from [4]). 

(c) 

Fig 3:(a) Tension/compression triangle (b) Tension only triangle (c) 3 strut prism (from 
[3]). 
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3. Tensegrity weaving & triangulated tension network 

Snelson [4] has defined 5 basic weave cells as depicted in Fig 2 which can be translated into basic 

tensegrity structures. Among these the first two geometries on the left hand side (two and three-

way cross units) have total triangulation making the tensegrity structures firm. The remaining 

geometries are flaccid because they have less tendons than required for total triangulation (as 

compared to the number of struts in the weave unit). On the basis of the relative position of 

tendons and complexity of arrangement of struts Pugh [14] classified the basic patterns to 

configure tensegrity structures which were further refined by Motro [18] as a spherical system, star 

system, irregular system and cylindrical system. In this overview article, we have focused only on 

spherical systems due to their large scale application in designing tensegrity structures. Spherical 

systems can be further divided into rhombic, circuit and zig-zag configurations. 

The triangles formed by tendons in a tensegrity network can be classified in two different ways. 

First, the tension/compression triangle is formed with two struts and two tendons where two cables 

from the end of one strut join the two ends of a second strut as depicted in Fig 3 (a). Second, a 

tensegrity only triangle can be formed with three different cables attached to three different struts 

as shown in Fig 3 (b). The tension/compression triangles always occur in pairs like butterfly 

wings, whereas tension only triangles do not (see Fig 3 (c)) [3], 

4. Topological classification of elementary cells of tensegrity structures 
4.1 Rhombic configuration 

The name of tensegrity patterns is based on the way they are constructed (tendon patterns). In 

Fig 4, each strut (blue/black colour) of a system represents the longest diagonal of a rhombus 

formed by four corresponding tendons or cables (red/orange colour) and can be folded following 

these diagonal. Generally, this configuration corresponds to the diamond tensegrity. T-prism 

(section 4.1) and T-icosahedron (section 4.2) tensegrities are well known examples of the rhombic 

configuration where rhombus represents a non-planar quadrilateral formed by tendons [14]. 

Fig 4: (a) Assembly of rhombic configuration and (b) its pattern (from [19]). 
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4.2 Circuit Configuration 

In this system, the compressed members are formed by close circuits (see Fig 5) which do not 

comply with standard definition of tensegrity [17]. This can be constructed by closing the rhombus 

generated by struts and cables of the diamond pattern tensegrity such as T-icosahedron (see Fig 

11). 

Fig 5: (a) Circuit configuration of cuboctohedron tensegrity having 4 non-touching 

triangular circuits and (b) its pattern (from [20]). 

A new tendons-struts relationship is established by joining the struts to form the circuit pattern 

which gets compact in size and able to withstand greater external load compared to the tensegrity 

structure built using diamond pattern for the same number of struts. It was Pugh's discovery that a 

circuit system is more rigid than a rhombic one with the same number of struts. Several regular 

and semiregular polyhedra can be built using this configuration, for instance icosidodecahedron, 

cuboctahedron, snub cube and snub icosahedron, etc. [14]. If opposite pair of squares are forced 

toward one another in a three-layer twelve struts structure, then the whole system twists and 

contracts. 

As shown in Fig 5, the cuboctahedron is composed of four circuits of three struts each 

(triangles) and the cables defining the edges of the polyhedron. These triangles are intertwined and 

their equilibrium is ensured by a hexagon of cables and the effect of the other three triangles for 

three of the apices of each hexagon. It may be claimed it is not a true tensegrity structure since the 

struts here are connected to each other but now the triangles of struts act as a single compression 

unit, and hence these structures can be regarded as tensegrity structures. 

A rhombicuboctahedron has 8 triangular and 18 square faces. It has 24 vertices, each shared by 

one triangle and three squares. The tensegrity structure has 24 struts making 6 square circuits (see 

Fig 6 (a)) arranged in three pairs perpendicular to each other and 48 tendons. Icosidodecahedron 

consists of twenty triangular faces and twelve pentagonal faces. It has 60 edges of the same length 
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and 30 vertices, each of them shared by two triangles and two pentagons. The corresponding 

tensegrity structure based on circuit configuration has 30 struts of equal length arranged into 6 

non-touching circuits of pentagons (see Fig 6 (b)); it contains 60 tendons [21]. 

Fig 6: (a) Rhombicuboctahedron tensegrity using 6 non-touching square circuits, 

(b) Icosidodecahedron tensegrity from 6 non-touching pentagonal circuits (from [21]). 

4.3 'Z type' configuration 

A "zig-zag" configuration (also being an enantiomorphic) is obtained from the rhombic 

configuration as the basic structure. Both ends of any strut should be connected by three non-

aligned tendons arranged to form a 'Z ' shape. Truncated tetrahedron (see Fig 7) is a classic 

example of Z type configuration obtained from truncated icosahedron which belongs to the class of 

rhombic configurations (refer section 4.1 and 5.2). 

(a) (b) 

Fig 7: (a) Truncated tetrahedron (T-tetrahedron) using Z type configuration and 

(b) its pattern (from [22]). 
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This type of configuration can be obtained by removing two tendons of the opposite sides of a 

non-planar rhombus of truncated icosahedron. In this way, the number of cables is reduced and 

their arrangement can be changed in such a way that three nonaligned tendons connecting both 

ends of a strut form a 'Z ' shape [5]. The distortion of regular polygon may rise due to the 

orientation of struts that converge in each face. To obtain the perfect geometry, additional cables 

can be inserted into the original system [18]. 

5. Types of tensegrities 

The tensegrity structures are widely classified as prestressed and geodesic structures. They are 

divided into three main categories: Tensegrity prism, Diamond tensegrity and Zig-zag tensegrity. 

The X-module (see Fig 8) built by Snelson had given birth to tensegrity. This simple tensegrity 

structure consists of two X-shaped wooden struts suspended in air by stretched nylon cables [4]. 

The simple kite frame is the basic prestressed tension-compression cell of X-module tensegrity 

structure. It consists of two crossed struts firmly held together by a girth of four tension members, 

because the (vector) sum of compression forces pushing out equals the sum of tension forces 

pulling in. As shown in Fig 9, the change in length of both struts and tendons i.e. change in 

proportion of frame is related to the variation in distribution of forces, both tension and 

compression. 

Fig 8: Wood X-module (from [4]). 
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Fig 9: Kite frame shape in various proportions (from [3]). 

It is a quasi-tensegrity structure because it is planar (2D), and the struts touch each other. If any 

one of the tendons is removed, then the blank side will work as a compressed component; this is 

called as "strut effect". This basic principle is required to design various elementary components 

of two layer and three layer tensegrity systems. The lengths of the four tendons and the lengths of 

the two struts determine the shape of the kite frame (see Fig 9) [13]. 

5.1 Tensegrity Prism (T-Prism) 

Also known as 'Three struts T-prism1; it was invented by Karl Ioganson in Moscow in 1921 

[23]. It is the simplest and therefore one of the most instructive members of the tensegrity family. 

The T-prism has 9 tendons and 3 struts (see Fig 10) and belongs to a subclass of prismatoids. 

Fig 10: Diamond Configuration of T-prism (from [1]). 
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It has been called tensegrity prism or T-prism as it can be considered as a twisted prism 

consisting of two triangular faces twisted with respect to each other. Generally, these tensegrity 

structures are designed by keeping the lengths of one set of tendons and struts constant and 

determining the lengths of another set of tendons. When one end of the prism is twisted relative to 

the other, the rectangular sides of the prism become non-planar quadrilaterals. Thus, two opposite 

angles of each quadrilateral become obtuse and acute. For structure to be stable and prestressed, 

the prism is twisted in such a way that the distance between the obtuse angles is least (an 

intermediate stage of twisting) and hence, a completely stable T-prism is formed [17]. 

5.2 Diamond Tensegrity 

The tensegrity icosahedron also known as T-icosahedron is depicted in Fig 11 as a classic 

example of diamond tensegrity. These tensegrities are characterized by the fact that each triangle 

of tendons is connected to the adjacent one via a strut and two interconnecting tendons [17]. It was 

first exhibited by Buckminster Fuller [23] in 1949 and is one of a few tensegrities which exhibit 

mirror symmetry. This tensegrity is classified as a "diamond" type because each of its struts is 

surrounded by a diamond form of four tendons which are supported by two adjacent struts making 

them distinct from a Zig-zag tensegrity. It has 6 struts and 24 tendons with tendon to strut lengths 

ratio of 0.612 [14]. 

Fig 11: (a) T-icosahedron and (b) its corresponding transformation from and back to 

doubled-up octahedron (from [17]). 
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If the quadrilaterals nested with struts are changed to squares then the tendons form a 

cuboctahedron network. Fig 11 illustrates the change in system of tendons from an octahedral 

arrangement (with each strut doubled-up by presence of two struts in the identical position) to 

cuboctahedron and back. Small arrows indicate the direction of movement of the struts and of the 

corresponding pair of opposite points of the quadrilateral as the tendon system goes through 

transformations [17]. 

Joins to A 

Joins to B 

Joins to A 

Joins to B 

Fig 12: (a) Octahedral structure (b) corresponding 3-struts single layer tensegrity system 

(modifiedfrom [14]). 

Joins to A 

Joins to B 

Joins to D 

Fig 13: Planar view of 6-struts two layer tensegrity system (modifiedfrom [14]). 



Appendix D 

Opening the octahedral structure carefully from one end gives a single layer diamond structure 

as depicted in Fig 12. New tensegrity structures with spherical symmetry can be generated by a 

layer by layer addition of struts and tendons and joining both ends of each layer. Planar views of 

tensegrity systems based on this approach are depicted in Fig 13 and Fig 14. 

5.3 Zig-zag tensegrity 

The tensegrity tetrahedron also known as (T-tetrahedron) depicted in Fig 15 is a classic example 

of diamond tensegrity developed by Francesco della Sala in 1952 [23]. The T-tetrahedron is the 

zig-zag counterpart of the diamond T-icosahedron (see Fig 11). Although both structures have 6 

struts, the major difference is that T-tetrahedron has four tendon triangles, whereas the T-

icosahedron has eight of them. 

Fig 15: T-Tetrahedron (Z type configuration) (from [17]). 

In general, zig-zag structures with Z type configuration are simpler and less rigid due to their 

lower number of tendons than their diamond counterparts with rhombic configuration [17]. 

6. Conclusion 
In this part-I of the overview article, the authors have introduced the tensegrity principle and its 

unique features over conventional solid structures. Further, the topological classification of 

elementary cells (tendon patterns) and tensegrities based on these types of cells were presented 

here. The tensegrity structures have a wide range of applications specifically in structural 

engineering such as domes, bridges, and towers, as well as in biological sciences for computational 

modelling of human anatomy, eukaryotic cells, etc as depicted by an example in Fig 16. The 

tensegrity principle based computational model of smooth muscle cell cytoskeleton has been 

developed at Brno University of Technology [24] as a part of simulation study of different 
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mechanical tests of eukaryotic cells. In Fig 16 the lines in purple colour symbolise the cables 

(microfilaments) being in tension, the green ones are struts (microtubules) loaded in compression 

and the red ones are bars (intermediate filaments) acting as springs. In Part II of this article high 

frequency double layer spherical tensegrity structures will be discussed. 

Fig 16: Tensegrity computational model of smooth muscle cell cytoskeleton based on 

icosidodecahedron (from [24]). 
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A concise review of soft glassy 

rheological model of cytoskeleton 
8 9 

Yogesh D. Bansod , Jiri Bursa 

A cytoskeletal network contributes significantly to intracellular regulation of 

mechanical stresses, cell motility and cellular mechanics. Thus, it plays a vital role in 

defining the mechanical behaviour of the cell. Among the wide range of models proposed 

for dynamic behaviour of cytoskeleton, the soft glassy rheology model has gained special 

attention due to the resemblance of its predictions with the mechanical data measured 

from experiments. The soft glassy material, theory of soft glassy rheology and experiment 

on cytoskeleton has been discussed, which leads to a discussion of the unique features and 

flaws of the model. The soft glassy rheological model provides a unique explanation of the 

cytoskeleton ability to deform, flow and remodel. 

Keywords: Cytoskeleton, Model, Soft glassy rheology, Magnetic Twisting Cytometry 

1. Introduction 

The cytoskeleton (CSK) is an interconnected structure of various cross-linked and 

interlinked filamentous biopolymers that extends from the nucleus to the cell surface. 
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The mechanical forces of the cytoskeleton are associated with many biological functions 

of cells such as its growth, differentiation, and apoptosis, (programmed cell death) which 

cause the changes in cell shape [1]. Numerous evidences have shown that CSK plays a 

vital role in transmitting mechanical stresses from the cell surface to the nucleus across 

the cytoplasm [2, 3, 4, 5]. 

The cytoskeletal network is composed of three types of filaments: actin filaments, 

microtubules and intermediate filaments [6] as shown in Fig 1. The actin filaments 

(diameter of 6-8 nm) are woven into network with little extensible cross-linked filaments 

[7]. These filaments are in tension due to the cell contractile apparatus and also passively 

by the cell distension through its adhesive substrate or by the swelling pressure of liquid 

cytoplasm [2]. Microtubules are tubular biopolymers (outer and inner diameter of 24 and 

12 nm, respectively) [7] and are in compression to resist the contraction from 

interconnected actin network [8]. Intermediate filaments (diameter of 10 nm) that are 

believed to be in tension contribute significantly to cell stiffness only at large strains 

(>20%) [9]. These three filamentous networks are physically interlinked [10] which 

enable a force transmission among them 
Actin filament Microtubules Intermediate filament 

Fig 1: (a) Actin filaments are mainly concentrated on the cell cortex, (b) Microtubules are 

developed from the centrosome near the nucleus, (c) Intermediate filaments are 

distributed in the central regions of the cell and across to neighbouring cells. 

During their spreading process, most of the cells are anchored to the extracellular 

matrix (ECM) to balance the forces induced by the CSK filaments to achieve equilibrium. 

The transmembrane integrin receptors concentrated in focal adhesion plaques transfer a 

portion of the mechanical forces within the CSK to the E C M [11]; as a consequence 

traction forces rise at the cell-ECM interface. These traction forces are in equilibrium with 

forces within the CSK [2]. Thus, understanding of CSK stabilization leads to recognition 

how living cells can sense and respond to the mechanical stresses. The mechanical models 

of living cells have been generally described either by microstructural or continuum 
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approaches [12] [13]. 

A soft glassy rheological model is based on the measurement of cell mechanics. 

Cytoskeletal mechanics plays a vital role in the cellular mechanotransduction and 

motility that involves in contraction, spreading, and crawling. It also plays a key role in 

other mechanical functions such as cell division and apoptosis. In this context, 

rheological properties of the cytoskeleton are of uttermost importance [14]. 

2. Experiments on cytoskeleton 

2.1 Soft glassy material (SGM) 

Soft glassy materials comprise a diverse group of substances that include foams, 

pastes, colloids, emulsions and slurries [14][15][16]. The empirical criteria that define this 

class of materials are as follows: they are very soft, both elastic modulus, G (a>) and loss 

modulus, G (a>) increase with the same weak power4aw dependencies upon frequency, 

hysteresivity, r\ (ratio of loss to elastic modulus) is frequency insensitive and of the order 

0.1 and under certain conditions they display physical aging behaviour [15][17][18]. At a 

given frequency, both G (a>) and G (co) moduli increase linearly with an increasing 

prestress [19]. The generic feature shared by all soft glassy materials is each one of them 

is composed of elements that are discrete, numerous, and aggregate with one another via 

weak interactions [18]. 

2.2 Magnetic Twisting Cytometry (MTC) 

Considering a parallelism between the living cells and SGM, it was hypothesized in 

[14] that the CSK can be added to the list of SGM and may be modelled using a soft 

glassy rheology theory (SGR) proposed by Sollich [17]. Magnetic twisting cytometry 

(MTC) has been performed to obtain the mechanical response of variety of cells; in this 

method the cell is sheared between a plate at the cell base and a magnetic microsphere 

partially embedded into the cell surface, as shown in Fig 2 (a) and (b). 

1 • / M • 
\ 1 twis t ing 

U S • J | | f i e l d 

> 

Fig 2: (a) & (b) Beads attached to the cytoskeleton of human airway smooth muscle 
(HASM) cells via cell adhesion molecules (integrins) (c) The application of magnetic field 
and the displacement of the bead [16]. 
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The magnetic twisting field introduces a torque and thus causes the bead to rotate and 

displace as shown in Fig 2 (c), which is detected by a CCD camera mounted on an inverted 

microscope. 

The frequency dependence of both G and G has been then extracted from the structural 

response at the point of bead attachment [14]. Results are shown in 

Fig 3, G increases with increasing frequency, co according to power law ~ of'1 with 

effective temperature or noise level, x equals to 1.20 under control conditions. Similarly, 

G also increases with increasing frequency and follows the same power law in the range 

of 0.01-10 Hz [14, 16]. On the contrary, within the same frequency range the loss tangent 

was relatively frequency insensitive [15]. 
a 

-

10* 

b 

1C; 

10' J 1 1 1 1 1 1 

10^ IO"1 10* io' 10S io* 
f[HzJ 

Fig 3: (a) and (b) represent the elastic modulus, G'(co) and loss modulus, G"(co) as 

functions of frequency, co for different drug treatments. Filled squares represent 

response under control conditions, unfilled squares are for treatment with histamine, 

filled triangles depict treatment with DBcAMP and unfilled triangles indicate treatment 

with cytochalasin D. The solid lines satisfy the structural damping equation with the 

values of scale factor for stiffness, GO = 53.6 kP a and frequency, 00 = 25 x 107 rad/sec, 

and viscosity constant /j = 1.41 Pa s. (c) Extrapolation of Eq.(2) to higher frequencies 

yields crossover at coordinate (GO, 00) (d) Dynamic moduli under control conditions 

[16]. 
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2.3 The structural damping equation 

In time domain, the mechanical stress response G(t) to a unit step change in strain 

imposed at t = 0 is given by 

C(t) = liS(t)+ C 0 ( t / t 0 ) ( 1 _ x ) 0 ) 

Here, Go is the ratio of stress to the unit strain measured at an arbitrary chosen time to, ju is 

a Newtonian viscous term and <5(t) is the Dirac delta function. The complex modulus for 

the same can be given as 

/ a) xC1-*) n 

G (o>) = Gq \~^~) (1 — "?)r (2 — x) x cos —(t — 1) + io)pL (2) 

Where, r\ is called as structural damping coefficient and , co is the radian frequency 2nf 

Go & <Po are scale factors for stiffness and frequency, respectively, T denotes the Gamma 

function and /' = -1, Go and ju depend on bead-cell geometry. 

In the above equation, the elastic modulus, G'(co) corresponds to the real part which 

increases for all values of co according to the power law exponent, x-1 [14]. On the other 

hand, the loss modulus G (co) corresponds to an imaginary part and is a frequency-

independent fraction r| of the elastic modulus; such a direct coupling of the loss modulus 

to the elastic modulus is the characteristic feature of structural damping behaviour [20], 

Loss modulus also includes a Newtonean viscous term, icon which comes into play only 

at higher frequencies. The key characteristic of glassy materials is that, they are not in 

thermodynamics equilibrium below their glass transition temperature, Tg. In addition, 

these materials are arrayed in a microstructural geometry that is structurally disordered 

and metastable [14]. The structural damping coefficient is not an independent parameter 

but depends on x only [15]. 

3. Soft glassy rheology (SGR) 

3.1 Theory of soft glassy rheology 

Sollich [18] extended the earlier work of Bouchaud's glass model [21] to develop the 

unified theory of SGR. This theory considers that each individual element of the matrix 

exists within an energy landscape containing many wells of differing depth Fig 4. These 

traps are formed by interactions of an element with neighbouring ones. Each of the energy 

well is regarded as being so deep that the elements are unlikely to escape the well by 
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thermal fluctuations alone. Instead, elements are imagined to be agitated and rearranged 

by mutual interactions with neighbouring elements within the matrix. This agitation can 

be represented by an effective temperature or noise level, x [17, 18]. 

Fig 4: Schematic illustration of the soft glassy rheology model of the cytoskeleton in which 

the natural reorganization and dynamics for intracellular biopolymers can be modelled as 

a series of transitions (red positions 1-5) between a fluid and solid state [22]. 

In Eq. (2) when x >1, there is sufficient agitation in the matrix for an element to hop 

randomly between the wells. Consequently, the system becomes disordered and as a 

whole it can flow. It thus behaves like a glassy material. However, when x approaches 1, 

the element is trapped in such a deep well that the agitation in the matrix (under a given 

temperature and noise level) is not high enough to hop off. Consequently, the system 

becomes stabilized and thus behaves like an elastic material. The higher the effective 

temperature, x the more frequently an element trapped in the energy well manages to hop 

from this well into another [17]. Thus the hop can be viewed as the fundamental 

molecular remodelling event [23], 

3.2 Sollich's evolutional probability equation 

The SGR theory follows a conservation law for probability P (E,l,t) of an element 

being trapped in an energy well of depth E & local displacement /, at time /: 

Where, (p(t) = / dEdl g(E,l) P(E,l,t) (required for conservation of probability), 8(1) 

is the Dirac delta function and f(E) is the distribution of energy well depths. The above 

equation is known as structural or hysteretic damping; the second term on the left hand 

side represents the change in probability because of the motion of the energy trap itself, E, 

A 

CD 
C 

LU 

(3) 
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while the first term on the right hand side is depletion, equal to the probability of resident 

elements to be hopping out, given by the product of the probability of occupancy P and a 

transition rate g(E,l). The second term on the same side is an accumulation rate, equal to 

the product of the total number of available transitions 0(t) and the delta function 

constraint forcing elements to hop into the wells at zero local strain. The h(l) function is 

due to the assumption that the local strain becomes zero immediately after the relaxation 

[16,17, 23], 

( (E+kJT)\ 
Sollich has taken f(E) = exp(—E) and g(E, I) = <P0 exp I — J J The transition 

g{E, I) rate for hopping out of wells is distributed over E, which is a non-linear regime 

and function of strain. It must be noted that the selection of energy well is not correlated 

with the previous position [15]. In structural damping Eq. (2), when x >/, there is 

sufficient agitation in the matrix that the element can hop randomly between wells as a 

result, the system as a whole can flow and become disordered which are the fundamental 

features of glassy materials [17]. 

4. Discussion 

Fabry et al. [14] used the magnetic twisting cytommetry with optical detection of bead 

motion for measurement of human airway smooth muscle cell and suggested that the CSK 

proteins might regulate cell mechanical properties mainly by modulating the effective 

noise temperature, x of the cytoskeletal network. In other words, the effective noise 

temperature, x measures the CSK ability to deform, flow and reorganize. Further, the 

weak power-low dependence of both elastic and frictional moduli on the frequency over a 

wide frequency range characterized the dynamic behaviour of adherent cells. The cells as 

a soft glassy material lie close to the glass transition [14, 15, 16]. It has been noted that 

the prestress of CSK and effective noise temperature have a unique inverse relationship 

[24]. Both dynamic elastic moduli and frictional moduli increase linearly with the 

increasing CSK prestress [19]. The unique features of soft glassy rheology theory make it 

well-suited to describe the rheological behaviour of cytoskeleton. 

However, nothing has been mentioned about the regulation of effective temperature or 

noise level in the cells (either by drugs or mechanical stimuli, etc.) An unidentified but 

non-thermal origin has been used by Sollich as a jostling of elements to interpret the 
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effective noise temperature, x. The parameters that determine the scale factor for 

frequency, @o in the Sollich's evolution equation are yet unexplained. There are 

difficulties with the interpretation of depth of the energy well, E [14]. Prestress, which 

plays a significant role in defining the steady-state behaviour of the cell, is not taken into 

consideration by soft glassy rheology theory [6], 

5. Conclusion 

This review showed that the soft glassy behaviour and the underlying notion of the 

noise temperature might provide a unique explanation of the cytoskeleton ability to 

deform, flow and remodel. It can also be stated that the structural disorder and 

metastability are the essential features that may comprise the basis of cytoskeleton 

mechanical functions. 
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