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Abstrakt 

Ateroskleróza je v rozvinutém světě hlavní příčinou úmrtí a finančně zatěžuje zdravotnické 

systémy po celém světě. Převládající hemodynamické působení spolu s lokální koncentrací 

mechanického napětí hrají důležitou roli v lokální povaze aterosklerózy a jejím rozvoji ve 

specifických oblastech lidských cév. 

Endotel v krevních cévách je tvořen tenkou vrstvou buněk, ležící na rozhraní mezi krevním 

řečištěm a cévní stěnou. Dysfunkce endoteliálních buněk se podílí na hlavních patologiích. 

Například ateroskleróza se rozvíjí, když jsou narušeny bariérové a protizánětlivé funkce 

endotelu, což umožňuje akumulaci cholesterolu a dalších materiálů v arteriální stěně. U 

rakoviny je klíčovým krokem v růstu nádoru jeho vaskularizace a proces migrace endoteliálních 

buněk. Mechanické zatížení endoteliálních buněk hraje klíčovou roli v jejich funkci a 

dysfunkci. 

Počítačové modelování může zlepšit porozumění buněčné mechanice a tím přispět k poznání 

vztahů mezi strukturou a funkcí různých typů buněk v různých stavech. K dosažení tohoto cíle 

jsou v této práci navrženy konečnoprvkové modely endoteliálních buněk , tj. model buněk 

plovoucích v roztoku a model buněk přilnutých k podložce, které objasňují reakci buňky na 

globální mechanické zatížení, jako je tah a tlak, jakož i model buňky s jeho přirozeným tvarem 

uvnitř endoteliální vrstvy. Zachovávají hlavní principy tensegritních struktur, jako je předpětí 

a spolupůsobení jednotlivých součástí, ale prvky se mohou organizovat vzájemně nezávisle. Při 

implementaci nedávno navržené bendo-tensegritní koncepce uvažují tyto modely namáhání 

mikrotubulů nejen v tahu/tlaku, ale i ohybu a také zohledňují vlnitost intermediálních filament. 

Modely umožňují, že jednotlivé komponenty cytoskeletu mohou změnit svůj tvar a uspořádání 

bez zhroucení celé buněčné struktury, dokonce i když jsou odstraněny, a umožňují nám tak 

vyhodnotit mechanický přínos jednotlivých cytoskeletálních složek k buněčné mechanice. 

Navržené modely jsou validovány porovnáním jejich křivek síla-posunutí s experimentálními 

výsledky. Mode l plovoucí buňky realisticky popisuje silově-deformační odezvu buňky při tahu 

a tlaku a obě reakce ilustrují nelineární zvýšení tuhosti s mechanickým zatížením. 

Je simulována také tlaková zkouška ploché endoteliální buňky a porovnána s testem přilnuté 

buňky a jeho simulací. Poté se simuluje smykový test ploché buňky, aby se vyhodnotilo její 

chování při smykovém zatížení vyskytujícím se v cévní stěně v důsledku proudění krve. 
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Poté byla zkoumána mechanická odezva ploché buňky ve vrstvě endotelu za fyziologických 

podmínek v arteriální stěně. Později byla zkoumána buněčná odezva při odtrhování od položky 

během cyklických úseků pomocí 3D simulací metodou konečných prvků. 

Navrhované modely poskytují cenné poznatky o vzájemných souvislostech mechanických 

vlastností buněk, o mechanické roli jednotlivých cytoskeletálních složek i jejich synergii a o 

deformaci jádra za různých podmínek mechanického zatížení. Proto by práce měla přispět k 

lepšímu pochopení cytoskeletální mechaniky, zodpovědné za chování buněk, což může zase 

pomoci při zkoumání různých patologických stavů souvisejících s buněčnou mechanikou, jako 

je rakovina a vaskulární onemocnění. 

Klíčováslova: Cytoskelet, Bendo-tensegrita, Endoteliální buňky, Metoda konečných prvků, 

Buněčná biomechanika, Mechanotransdukce, Tahová a tlaková zkouška, Zkouška adheze. 
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Abstract 

Atherogenesis is the leading cause of death in the developed world, and is putting considerable 

monetary pressure on health systems the world over. The prevailing haemodynamic 

environment together with the local concentration of mechanical load play an important role in 

the focal nature of atherosclerosis to very specific regions of the human vasculature. 

In blood vessels, the endothelium, a thin monolayer of cells, lies at the interface between the 

bloodstream and the vascular wall . Dysfunction of endothelial cells is involved in major 

pathologies. For instance, atherosclerosis develops when the barrier and anti-inflammatory 

functions of the endothelium are impaired, allowing accumulation of cholesterol and other 

materials in the arterial wall . In cancer, a key step in the growth of a tumour is its 

vascularization, a process driven by endothelial cell migration. The mechanical environment of 

endothelial cells plays a key role in their function and dysfunction. 

Computational modelling can enhance the understanding of cell mechanics, which may 

contribute to establishing structure-function relationships of different cell types in different 

states. To achieve this, finite element (FE) models of endothelium cell are proposed in this 

thesis, i.e. a suspended cell model and adherent model elucidating the cell's response to global 

mechanical loads, such as tension and compression, as well as a model of the cell with its natural 

shape inside the endothelial layer. They keep the central principles of tensegrity such as 

prestress and interplay between components, but the elements are free to rearrange 

independently of each other. Implementing the recently proposed bendo-tensegrity concept, 

these models consider flexural (buckling) as well as tensional/compressional behaviour of 

microtubules (MTs) and also incorporate the waviness of intermediate filaments (IFs). The 

models assume that the individual cytoskeletal components can change their form and 

organization without collapsing the entire cell structure when they are removed and thus, they 

enable us to evaluate the mechanical contribution of individual cytoskeletal components to the 

cell mechanics. 

The proposed models are validated with experimental results by comparison of their force-

displacement curves. The suspended cell model mimics realistically the force-deformation 

responses during cell stretching and compression, and both responses illustrate a non-linear 

increase in stiffness with mechanical loads. 

The compression test of flat endothelial cell is simulated and compared with adherent cell test 

and its simulation. Then, the shear test of flat cell is simulated to assess its shear behaviour 
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occurring in vascular wall due to blood flow. Then investigated the mechanical response of the 

flat cell within the endothelium layer under physiological conditions in arterial wall . Later, 

investigated the cell response in debonding during cyclic stretches using 3-D finite element 

simulations. 

The proposed models provide valuable insights into the interdependence of cellular mechanical 

properties, the mechanical role of cytoskeletal components in endothelial cells individually and 

synergistically, and the nucleus deformation under different mechanical loading conditions. 

Therefore, the thesis should contribute to the better understanding of the cytoskeletal 

mechanics, responsible for endothelial cell behaviour, which in turn may aid in investigation of 

various pathological conditions related to cell mechanics like cancer and vascular diseases. 

Keywords: Cytoskeleton, Bendo-tensegrity, Endothelial cells, Finite element modelling, Cel l 

biomechanics, Mechanotransduction, Tensile test, Compression test, Adhesion. 
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1. INTRODUCTION 

1.1. General background 

Living cells are themselves the universe and can be considered one of the most complex forms 

of matter. The initial step in understanding how living cells respond to applied stresses was to 

study their mechanical behaviour and interactions with the extracellular environment. Cells in 

living organisms are constantly subjected to a variety of mechanical stimuli, which cause them 

to change their shape, function, and behaviour. New experimental methodologies combined 

with robust computational approaches capable of modelling the mechanical response of cells at 

different temporal and spatial scales are opening new avenues for understanding cell mechanics 

and mechanobiology. Research on cell mechanics is very important for two main reasons. First, 

cells are constantly exposed to physical stress and strain caused by external physical forces that 

govern the health and function of the human body [1], and second, Biomechanical studies can 

give quantitative information on the changes in cell mechanical properties as diseases progress. 

In the developed world, atherosclerosis is the main cause of morbidity and mortality. It is 

characterised by the progressive narrowing and hardening of medium and large arteries, which 

can eventually lead to ischemia of the heart, brain, or extremities, leading to infarction [2]. The 

biology of the artery wall , disease genesis, and cell mechanisms that have been linked to the 

onset of atherosclerosis are discussed in this chapter. Understanding the cellular responses due 

to the haemodynamic environment is important for understanding the initiation of 

atherogenesis. 

1.1.1. The artery wall 
The artery's structure is divided into three layers: tunica intima, tunica media, and tunica 

adventitia (see Figure 1.1.). The tunica intima is a very thin layer that covers the artery wall's 

innermost section. A thin layer of endothelial cells in direct contact with flowing blood acts as 

an active barrier to material transport between the flowing blood and the artery wall . A layer of 

connective tissue lies beneath this single layer of endothelial cells. The internal elastic lamina 

is the intima's outermost layer, composed of a fenestrated network of elastin and collagen fibres. 

The tunica media is the thickest layer of the arterial wall , located in the middle. The arterial 

wall's stiffness, strength, and structural integrity are provided by this layer, which is made up 

primarily of smooth muscle cells organized concentrically but also contains elastin and collagen 

fibres. The medial layer's composition is highly influenced by the artery's size and age. The left 

anterior descending coronary artery, for example, comprises a higher number of smooth muscle 
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cells when it comes to aligning the heart. Finally, the tunica adventitia, the outermost layer, is 

made up of connective tissue, collagen, and elastic fibres; it is separated from the media by a 

thin layer of elastic tissue known as the external elastic lamina. The adventitia layer protects 

the artery from severe deformation when it is overloaded, and it also contains vasa vasorum, 

which are small blood vessels that provide oxygen, metabolites, and nutrition to the arterial 

wall, all of which are necessary for its survival. These vessels may pass through the media layer 

as well . 

Vasa vasorum 

Tunica Adventitia 

Tunica Media 

Figure 1.1: Successive layers of the arterial wall . Figure adapted from [3] 

1.1.2. Endothelium and its role in atherosclerosis 
The endothelium is an important player in the pathobiology of atherosclerosis. The endothelium 

is a monolayer of cells that lines the inside walls of arteries, acting as a barrier between the 

flowing blood and the arterial wall . Initially, this layer was considered to act as a passive barrier 

between the flowing blood and the artery wall , but it has since been found that the opposite is 

true. [4] was the first to reveal this in an in vitro investigation on isolated rabbit arteries. They 

observed that when arteries with an intact endothelium are given acetylcholine, they dilate, but 

when this layer is removed, the vessel constricted under the same conditions. The endothelium 

reacts to the current haemodynamic and biochemical environment by triggering a variety of 

cellular responses. Additionally, this cell layer has been strongly implicated in the pathobiology 

of atherosclerosis through its regulatory functionality. 

1.1.3. Endothelial cells 
The basic architecture of endothelial cells is constructed from membranes, organelles and 

cytosol. The plasma membrane is the cell's outermost protective coating; it is a semipermeable 

lipid bilayer surface coating that regulates the flow of matter between the extracellular and 
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intracellular environments, particularly in the form of ions and molecules. A number of integral 

membrane proteins can be found on the membrane's surface (or ion channels). Non-gated ion 

channels govern plasma membrane permeability, ligand gated ion channels activate in response 

to ligand binding, and flow sensitive ion channels are among them. These react to the current 

haemodynamic situation. The cytoplasm, which makes up the majority of the cell volume and 

is made up of cytosol and organelles, is an area within the cell. The cytosol is the fluid part of 

the cytoplasm that is mostly made up of proteins. The cytoskeleton, a 3D internal scaffolding 

network connected inside the cytosol that provides mechanical rigidity and strength to the cell, 

holds the cells actual structure together. Act in filaments, intermediate filaments, and 

microtubules make up this network. Act in filaments are of particular significance because they 

play a role in force transmission, and their reorganization allows for morphological changes in 

shape and orientation in response to changing environmental conditions. 

1.2. Motivation of the study 

Cells convert various types of energy and signals, maintain, and modify their internal structure, 

and react to external stimuli. They have structural features related to intracellular components 

that allow them to tolerate both physiological and mechanical shocks within the body. 

Mechanobiology is the study of the relationship between mechanical forces and biological 

processes. Several in vivo and in vitro investigations have demonstrated the importance of 

mechanical stress on cellular processes as cell proliferation, contractility, and apoptosis [5]. 

Mechanotransduction is the process by which cells convert mechanical signals into biochemical 

reactions. It is separated into two parts: mechanical response and biochemical response. For a 

better knowledge of cell physiology, researchers are studying both intracellular load transfer 

mechanisms and mechanotransduction. Ce l l forces, intracellular structures, and cell behaviour 

are all interconnected phenomena, and quantifying them with computational models w i l l help 

us better understand how they interact. 

1.3. Objectives of the doctoral thesis 

The main objective of the thesis is to investigate and to model the mechanisms that determine 

the intracellular force propagation and the mechanical behaviour of endothelium cell and its 

structural components. More specifically formulated as follows: 

• To investigate the cell response to distinct global mechanical stimuli by simulating 

mechanical behaviour of isolated endothelial cell such as: 

o tension and compression of a suspended endothelial cell for validation 

o compression for adherent and flat endothelial cells 
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o shear of the flat endothelial cell 

• To investigate the mechanical contribution of cytoskeletal components to cell 

mechanics, individually and synergistically by simulating disruption of cytoskeleton 

and its components. 

• To investigate the mechanical response of the flat cell within the endothelium layer 

under physiological conditions in arterial wall . 

• To investigate the cell response in debonding during cyclic stretches using 3-D finite 

element simulations. For this purpose, the created 3-D finite element model w i l l be 

expanded by cohesive elements capable to simulate gradual debonding from the 

substrates under cyclic load. 
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2. STATE OF THE ART 

2.1. Cytoskeletal components 

Living cells are extremely complex entities with several structural components such as the 

cytoskeleton, cell membrane (CM) , nucleus, and cytoplasm. The structural rigidity and 

rheology of the cytoskeleton, as well as its mechanical interaction with the extracellular 

environment, have a substantial impact on cell activity. The cytoskeletal network is comprised 

of three types of components that are distributed throughout the cytoplasm: actin filaments 

(AFs), microtubules (MTs), and intermediate filaments (IFs). These components are 

interconnected to one other, to the nucleus, and to the C M , despite their differences in 

characteristics [6]. Their structural organization determines the cytoskeleton's response to both 

external and internal mechanical stimuli. Actin-myosin contractility causes pre-tension and pre-

stress in the cell, which is countered mostly by M T s and partially by the extracellular matrix 

( E C M ) to which the cell is tethered [7]. As a result, the cytoskeleton determines the mechanical 

properties of cell deformation required for various cellular processes to be regulated. 

2.2. Experimental methods for measuring cell mechanics 

With the advancement of micro rheological tools in recent decades, precise quantitative 

mechanical measurements of single living cells have been available. The passive measurement 

methods and the active measurement methods are the two primary categories of these 

approaches. The former investigates the motion of particles injected into the cell as a result of 

thermal fluctuations, whereas the latter involves applying forces directly to the cell. The active 

methods are further divided into two types of experiments: those that apply a mechanical 

stimulus to a localized portion of the cell, such as atomic force microscopy ( A F M ) [8], magnetic 

twisting cytometry ( M T C ) , and those that apply a mechanical stimulus to the entire cell, such 

as microplate stretchers [9], microplate manipulation ( [10]; [11]) etc. Active approaches are 

recommended over passive ones because passive methods may damage the cell and impact its 

interior by causing changes in the cytoskeletal framework. 

2.3. Cell mechanics modelling approaches 

Since computational modelling allows for complete control over the shape and organization of 

individual cytoskeletal components, it may be used to investigate the mechanisms behind cell 

responses to a variety of mechanical stimuli. ([12]; [13]; [14]; [15]; [16]; [17]; [18]; [10]; [19]; 

[20]; [21]; [22]; [23]; [24]; [25]). Existing computational modelling approaches for cell 

mechanics can be divided into two groups: continuum approaches and microstructural 

approaches. 
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When the shortest length scale of interest is substantially larger than the space over which the 

cell's structures and properties vary appreciably, continuum techniques are used. The coarse-

graining approach is used in continuum mechanics to localize microscopic stress-strain 

connections, resulting in a constitutive relationship and deformation description of the material 

that can be applied at the macroscopic scale [1]. These are broadly classified as liquid drop 

models and the material models such as elastic, viscoelastic, biphasic, and active continua. 

The cytoskeleton is a fundamental component in cell mechanics, according to microstructural 

studies. The cellular tensegrity model, which depicted the cytoskeleton as a linked network of 

cables in tension representing AFs and struts in compression representing M T s , is one of the 

most widely used models in this class [7]. This model has successfully predicted viscosity 

modules of the cytoskeleton ( [22], [23], [24]) as well as experimentally observed features of 

cell mechanical behaviour such as strain hardening [26]. However, this model does not consider 

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

The hybrid modelling approach using F E analysis has been proposed for more reliable 

formulation of cell mechanical behaviour [25]. Using the same method, ([17], [18]) proposed 

a more complicated cell model with 210-members tensegrity structure that successfully 

simulates both tensile and A F M indentation testing. 

Figure 2. 1: Tensegrity F E model of suspended cell by ([17]; [18]) including nucleoskeleton 

(purple), cytoplasm (blue) and discrete elements representing cytoskeleton structure. 

The suspended cell model depicted in Fig . 2.1 was based on the realistic shape of cell and 

includes all cytoskeletal components. Some of the recent models in this category are multi-

structural model [15] self-stabilizing tensegrity structure based model [16] spring network cell 

model [19] granular cell model [20], etc. None of these models take into account the active cell 

responses, where the cytoskeletal fibres undergo polymerization and depolymerisation during 

loading. 
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The cytoskeletal tensegrity models presented in the literature do not account for the flexural 

behaviour of M T s . Thus, M T s appear too stiff. In order to compensate this problem, the most 

sophisticated hybrid model was created recently by using the bendo-tensegrity concept for 

modelling smooth muscle cells as shown in Fig . 2.2 from [27]. 

(a) (b) . . . . . . 

Figure 2. 2: Sections of continuous elements (a) and structural arrangement of cytoskeletal 

components (b) with respect to the nucleus for suspended cell model. From [27] 

Recent active approaches studies have successfully solved this issue by adding the cell's 

inherent active nature into computational modelling, such as the bio-chemo-mechanical mode 

[28], dynamic stochastic model [29], kinematic model [30] etc. Although contemporary models 

in this class have formulations to describe both passive and active cell responses, they do not 

explain the role of additional cytoskeletal components like M T s , IFs, and so on. 

2.4. Non-linear constitutive models 

A material is said to be hyperelastic i f there exists an elastic potential W (or strain energy 

density function SEDF) that is a scalar function of one of the strain or deformation tensors, 

whose derivative with respect to a strain component determines the corresponding stress 

component. 

dW 

Where, Sij - the folder 2nd Piola-Kirchhoff stress tensor 

W - is a function of the specific strain energy per unit undeformed volume 

£ij are components of Green-Lagrange strain tensor 

They do not take into account for the dissipative release of energy as heat while straining the 

material and perfect elasticity is assumed at all stages of deformations. They are characterized 
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by a relatively low elastic modulus and high bulk modulus and used in a wide variety of 

structural applications. Some of the most common applications to the hyperelastic models are: 

(i) The rubbery behaviour of a polymeric material 

(ii) Polymeric foams that can be subjected to large reversible shape changes 

(iii) Biological materials 

Rubber as well as other hyperelastic materials are widely employed for structural purposes in a 

wide range of sectors, from tyres to aerospace. The most attractive property of rubbers is their 

ability to experience large deformation under small loads and to retain their initial configuration 

without considerable permanent deformation after load is removed [31]. Their stress-strain 

behaviour is very nonlinear, and a simple elasticity modulus is no longer adequate. Therefore, 

characterization of elastic behaviour of highly extensible, nonlinear materials is of great 

importance [32]. 

The constitutive behaviour of hyperelastic material is derived from its SEDF ' W based mostly 

on three strain invariants h and h. It is the energy stored in the material per unit of reference 

volume (volume in the initial configuration) as a function of strain at that point in material [33]. 

Where h and h are invariants of right Cauchy-Green deformation tensor defined in terms of 

principal stretch ratios Xi, fo and fo as follows: 

lt = X \ + X \ + X \ 

I3 = x\x\x\ 
If hyperelastic materials are considered incompressible, i.e. h = 1 then only two independent 

strain measures remain, namely / ; and h. Otherwise these invariants should be isovolumetric 

(/;, h) and the volume member with compressibility parameter "d" is used in the S E D F 

formulation. 

2.4.1. Neo-Hooke Model 
This model is a special case of Mooney-Rivl in form with Coi= 0 and can be used when material 

data is insufficient. It's easy to use and can make accurate approximations at low strains. But it 

cannot capture the upturn of the stress strain curve. 

This model introduces specific strain energy in the form of 

W = ^ ( I i - 3 ) + i ( / - l ) 2 
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Where, 

G = initial shear modulus 

Ii= Modified first invariant of the right Cauchy-Green deformation tensor 

d = 2 /K compressibility parameter of the material, when K is the bulk modulus of 

elasticity and 

J = third invariant of the deformation gradient tensor 

Since, the shape change in this model is described by a single elastic constant, the model is 

accurate only for strains less than 50%. 

2.4.2. Mooney-Rivlin Model 
2.4.2.1. Mooney-Rivlin 2-parametric Model 

Two parameters phenomenological model that works well for moderately large stains in 

uniaxial elongation and shear deformation. But, it cannot capture the upturn (S-curvature) of 

the force-extension relation in uniaxial test and the force-shear displacement relation in shear 

test. This model works with incompressible elastomers with strains up to 100% and introduces 

a specific S E D F in the form: 

W = C 1 0 ( T i - 3) + C 0 1 ( T 2 - 3) + - l ) 2 

Where Cm, Coi are material parameters 

Ii= isovolumetric first invariant of the right Cauchy-Green deformation tensor 

h= isovolumetric second invariant of the right Cauchy-Green deformation tensor 

d = compressibility parameter of the material, the relationship 

K = is the bulk modulus of elasticity 

J = third invariant of the deformation gradient tensor. 

The stress-strain curve cannot show strain stiffening (inflexion point) and the model can be 

commonly used for polymers and rubber for an automobile tire. 

2.4.2.2. Mooney-Rivlin 5-parametric Model 

This model works with incompressible elastomers with strain up to 100-200% and introduces 

a specific strain energy in the form of 

W = C100i - 3) + C 0 1 ( / 2 - 3) + C200i ~ 3 ) 2 + C n O i - 3 ) ( / 2 - 3) 

+ C 0 2 ( / 2 - 3 ) 2 + i ( / - l ) 2 

Where Cm, Coi, C20, C02 are material parameters 

11 = Modified first invariant of the right Cauchy-Green deformation tensor 

12 = Modified second invariant of the right Cauchy-Green deformation tensor 
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d = compressibility parameter of the material, the relationship 

K = is the bulk modulus of elasticity 

J = third invariant of the deformation gradient tensor. 

This model is applicable even when the stress-strain curve shows an inflexion point. 

2.4.2.3. Mooney-Rivlin 9-parametric Model 

This model introduces specific strain energy in the form of 

W = d o C l i - 3) + C 0 1 ( I 2 - 3) + CzoOi - 3 ) 2 + C u f r - 3)( I 2 - 3) + C02(J2 - 3 ) 2 

+ CsoOx - 3 ) 3 + C21(Ji ~ 3 ) 2 ( I 2 - 3) + C12{\ ~ 3)( I 2 - 3 ) 2 

Where Cm, Coi ,Cw, C02 ,Cn ,Co3 ,Cso ,C2i,Cn and are material parameters 

11 = Modified first invariant of the right Cauchy-Green deformation tensor 

12 = Modified second invariant of the right Cauchy-Green deformation tensor 

d = compressibility parameter of the material, the relationship 

K = is the bulk modulus of elasticity 

J = third invariant of the deformation gradient tensor. 

This model is applicable even for complex shapes of stress-strain curves but must be supported, 

in addition to simple tension test, also with equibiaxial and shear tests. 

2.4.3. Model Arruda-Boyce 
This model is structure-based, unlike previous models based on purely phenomenological 

description of the material responses, and introduces the energy threshold stress stretching 

structure XL chains 

+ c 0 3 a 2 - 3 ) 3 + i ( / - i ) 2 

Where, 

initial shear modulus 

A,l = marginal structural chain elongation 

d = compressibility parameter of the material 

K = is the bulk modulus of elasticity and the relationship 

10 



Ii = Modified first invariant of the right Cauchy-Green deformation tensor 

J = third invariant of the deformation gradient tensor. 

For XL tending to infinity we get the Neo-Hooke model. 

Wel l suited for rubbers with strain up to 300% and provides good prediction in case of lack of 

material data. 

2.5. Summary 

The presented models use Hooke's law for modelling the cytoskeletal components (linear 

elastic material properties) because the cytoskeletal components are represented with discrete 

(ID) elements which are not supported (in the applied A N S Y S software) to use hyper elastic 

material properties. On the other hand, the continuum part (hyper elastic materials) is modelled 

by using Neo-Hooke hyper elastic model because this is the simplest hyper elastic model that 

requires only one material constant (Shear modulus) derived from any tests whereas other 

models require more parameters to define their mechanical response which are not available in 

the literature. 
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3. LITERATURE REVIEW OF MECHANICAL BEHAVIOUR 

OF ENDOTHELIUM CELLS AND ITS SIMULATION 

The endothelium is a continuous, single cell-thick membrane, which lines blood vessels and 

forms part of the tunica intima. They lay on a connective tissue basement membrane that 

connects them to the tunica media (comprised mainly of elastin, collagen, and smooth muscle 

cells). The tunica adventitia, the vessel wall's outermost layer, is mostly connective tissue 

strengthened by collagen fibres. 

Endothelial cells are normally flat and elongated in the direction of blood flow, measuring 0.2-

0.5 m thick, 10-15 m broad, and 25-50 m long, with a centrally positioned oval or spherical 

nucleus that is slightly elevated in comparison to the rest of the cell [34] . 

The endothelium is a unique multifunctional tissue with significant basal, inducible metabolic 

and synthetic functions in addition to its role as a selective permeability barrier. It responds to 

both physical and chemical stimuli, such as mechanical forces. These cells play a role in 

regulating hemostasis/thrombosis, vasoconstriction/vasodilation, as well as immunological and 

inflammatory responses. 

The endothelial cells that line the lumen surface of blood vessels are exposed to at least two 

different mechanical forces: fluid shear stress generated by blood circulation, and periodic 

stretching and relaxing caused by blood pulsation-induced diameter oscillations [35]. 

The luminal surface of mammalian arteries is lined with a continuous coating of endothelial 

cells. In vivo, periodic oscillations in vessel diameter are caused by the pulsations of blood flow 

in arteries, forcing the vessel wall to expand and relax in a cyclic pattern. As a result of blood 

flow, the endothelium lining is subjected to fluctuating fluid shear stress. Endothelial cells of 

arteries are elongated and oriented in the direction of the blood flow ( [36]; [37]), whereas 

endothelial cells of large veins are polygonally shaped and are not aligned as shown in the Fig . 

3.1. 
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Figure 3. 1: Arrangement of endothelial cells lining the luminal surface of arteries and veins 

(silver nitrate staining), a) Strongly elongated and oriented endothelial cells in human thoracic 

aorta. The direction of blood flow is indicated by the arrow. Bright field: magnification, x225. 

b) Polygonally shaped endothelial cells of human saphenous vein. Sample was obtained after 

bypass surgery. Bright field; magnification, x350. This picture is adopted from [35] 

Atherosclerosis can cause stenosis, or narrowing of the lumen of blood vessels, which can lead 

to pro-thrombotic regions. Shear stress can stimulate both vascular cells and blood components 

in stenotic areas. Cellular interactions play a crucial part in a variety of biological processes 

inside the cardiovascular system [38]. They are quite particular and are influenced by a variety 

of circumstances, including hemodynamic forces. For blood components to adhere to the vessel 

wall, a balance of dynamic forces (forces acting on cells) and adhesive forces is required 

(interactions of receptors and ligands from one cell to another). Understanding the interaction 

of hemodynamic factors with vascular cell biology is crucial to understanding cardiovascular 

diseases. This section wi l l go through the mechanical stresses that the arterial wall is subjected 

to, the shear stress patterns found in stenotic arteries, and the hemodynamic effects on 

endothelial cells. 

3.1. Mechanical stresses and fluid dynamics 

The vascular tree is subjected to various types of forces. Blood pressure fluctuations, artery 

motion, and fluid shear all exert stresses on vascular cells. Factors like artery architecture, blood 

pulsatility, and tissue mechanical characteristics all influence stress levels. 

Although vascular cells respond to cyclic strain and hydrostatic pressure, endothelial cells are 

more sensitive to wall shear stress. Shear stress is a force that is applied parallel to the vessel in 

the direction of blood flow, and it is expected to have major physiologic and pathological 

responses by affecting blood components and endothelial cells that are in direct contact with 
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flowing blood. For a Newtonian fluid, shear stress (x) is proportional to the dynamic viscosity 

(\x) of the fluid and to the speed at which adjacent layers of fluid slide past each other, i.e. the 

dß shear rate —as seen in the equation below. 

r = / / - = n y (1) 

Where # is flow velocity along the boundary, 

y is height above the boundary 

The wall shear rate (y) in a laminar steady flow tubular vessel, assuming an incompressible, 

and Newtonian fluid, can be calculated as: 

(2) 

where D is the diameter and Q is the volumetric flow rate. Combining equation 1 and 2 gives a 

reasonable estimate of the mean wall shear stress in straight arteries. 

0 0 = Ü [39] 

The velocity profiles, shear stress and shear rate patterns are shown in Fig . 3.2. For laminar 

flow in straight tubular vessels. 

<£JL=Tfl .1 V <£JL=Tfl .1 V <£JL=Tfl 

- V ^ f l 

Figure 3.2: Laminar fully developed blood flow in a tubular vessel [39] 

Non-dimensional fluid characteristics can be used to simulate genuine (physiological) 

conditions in real-world studies. For steady flow, these parameters include the Reynolds 

number (Re), which measures the ratio of inertial to viscous forces and is represented in 

equation (4). 

Re = ^ (4) n 

Where p is density and V i s the average velocity. These equations can only crudely estimate the 

dynamics in blood vessels. 

Blood is a suspension that can behave like a non-Newtonian fluid, and its viscosity varies 

depending on factors like haematocrit, aggregation, plasma viscosity, and the deformability of 

red blood cells, and blood behaves as a Newtonian fluid at shear rates greater than 200 s"1 and 

has a viscosity of approximately 3.5 cP (0.0035kg/ (m. s)=0.0035Pa.s) [40]. Blood viscosity 
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increases with a substantial effect below 20 Pa.s when the shear rate decreases due to red blood 

cell cross-linking (Rouleaux formation). Blood viscosity has been studied extensively, and 

various mathematical models, such as the Carreau, power law, Casson, and expanded power 

law models, have been developed to quantitatively represent it [41]. 

3.2. Shear stress patterns in stenotic arteries 

Complex patterns of blood flow can be observed in arteries with stenosis. Endothelial cells 

which line the vessel lumen are particularly sensitive to wall shear stress. F ig . 3.3 depicts an 

idealized asymmetric stenosis shear stress profile for a fully developed laminar flow of an 

incompressible Newtonian fluid. It has a fluid acceleration region near the stenosis's throat, as 

well as a post-stenosis low-velocity recirculation region with a reattachment point ([42]; [43]). 

Variations in shear stress in this region can alter blood components and endothelial cells, 

resulting in thrombosis and atherosclerosis progression. 

A FLOW 

Figure 3. 3: Shear stress patterns in the asymmetric stenosis model as computed in a numerical 

Simulation (A) [42]. 

Longer blood component interaction, higher residency time, and endothelium adherence of 

circulating elements such as lipoproteins, monocytes, and platelets may be favoured by fluid 

velocity. High shear stresses at the stenosis's throat can activate blood components, and the 

recirculation zone's low velocity allows for lengthier interactions between blood components 

and endothelial cells, culminating in the formation of a thromb. 

Shear stress triggers a variety of physiological, pharmacological, and gene regulatory responses 

in various vascular cells, which may have an impact on the formation and progression of 

atheroma in stenotic areas. 

Mechanical forces, specifically stress concentrations and fluid shear stresses, may play a key 

role in atherogenesis, based on the localized distribution of atherosclerotic lesions. Because 

lifestyle and risk factors are prevalent across the vasculature, they cannot explain this 
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distribution. Areas where stress concentrations occur and blood flow is known to be disrupted, 

such as bifurcations and curvatures, are atheroprone. The coronary arteries, the primary 

branches of the aortic arch, the visceral arterial branches of the abdominal aorta, and the 

terminal abdominal aorta and its branches are preferred places in the arterial tree ([44]; [45]). 

These areas are characterized by disturbed flow with low and high shear stress magnitudes, as 

well as significant temporal and geographical oscillations. Because atherosclerotic plaques are 

frequently found in specific regions, damage to the endothelium is assumed to be the cause. 

According to the response-to-injury hypothesis [2] atherosclerosis starts with endothelial cell 

injury. Endothelial cells can be stimulated by local blood flow perturbations, resulting in a pro-

atherogenic cell phenotype [46]. 

Endothelial cell shape and function have been the subject of numerous scientific studies in 

recent years. The nature of shear stress and its impact on endothelial cell activation or 

dysfunction, which leads to atherosclerotic plaque formation, remain unknown. The purpose of 

these experiments was to determine cellular responses to shear stress caused by fluid movement. 

The detection of the effects of shear stress on the arterial wall , as well as the development of 

endothelial cells in an artery-like shape, is a critical step in understanding the pathophysiology 

of vascular disease. 

3.3. Experimental tests of endothelial cells 

3.3.1. Tensile test experimental setup. 

Micro tensile testing of individual cells are carried out with a tensile test equipment that they 

developed before [47] and refined for this investigation. A round-shaped floating cell is grabbed 

using a pair of cantilevers displaced by the micromanipulators. The cantilever, which is made 

up of a carbon fibre and a glass rod, is handcrafted: a thin carbon fibre with an 8um diameter 

is bonded to the tip of a 1 mm diameter glass rod with an epoxy adhesive to achieve the length 

indicated below. B y altering the carbon fibre length, they create two types of cantilevers: 

deflectable and non-deflectable. The length of the carbon fibre at the tip of a glass rod for the 

deflectable cantilever is set to 2-3mm. The deflectable cantilever is easily bent since it is so 

thin. A cross-calibration approach is used to obtain the spring constant for cantilever bending 

[48]. The carbon fibre for the non-deflectable cantilever is set to a length of 100 um. This is so 

short that the non-deflectable cantilever has a relatively large spring constant and hence does 

not bend against a force of less than 10 u N that appears in this experiment. 
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Figure 3. 4: A single cell's tensile test is depicted in this diagram. The cantilever and the cell 

are not depicted in precise relative scale, and the cantilever deflection is exaggerated [47]. 

3.3.2. Compression test experimental setup 

The untreated rigid microplate is positioned beneath a suspended endothelial cell or a nucleus 

that has settled down due to gravity in the observation chamber. The microplate is kept in this 

position for around 2 minutes, or until the cell or nucleus sticks to it. The observation medium 

is then replaced with medium containing 10% fetal calf serum and 20mM Hepes. The 

mechanical test is performed right away on round cells and nuclei. For the so-called spread 

cells, a custom-made mechanism connects the chamber and the rigid microplate, which is then 

moved to an incubator (37° C, 5% CO2) [49]. The chamber is returned to the microscope and 

the microplate is re-attached to the steel arm after a 45-minute incubation time, which is long 

enough to stimulate cell spreading. Compression is imposed by pushing the rigid microplate 

holding the cell or nucleus by 2.5 um per 10 s towards the flexible microplate after initial 

contact with the flexible microplate, as demonstrated in Fig.3.5. For the first 2.5 um 

displacement of the rigid microplate, the stiffness of the flexible microplate is set to achieve a 

compression of the cell or nucleus on the order of 1.5 um and a deflection of the flexible 

microplate of around 1 um. This is equivalent to a total compression of 50-60%. Relaxation is 

accomplished by removing the rigid microplate in the same time sequence as before. Depending 

on the cell, the complete cycle (loading and emptying) takes 1.5 to 3 minutes. To quantify solely 

passive mechanical qualities and eliminate cellular adaptation, the mechanical test is performed 

in the shortest period possible. Throughout each 10 s step, the applied forces and consequent 

cell or nuclei deformation remain constant. Digital video images of round cell are shown in F ig . 

3.6. 
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Figure 3. 5: Schematic diagram of the Compression test of a single cell from [50] 

Figure 3. 6: Digitized video images of a round cell (a-c),a spread cell (d-f), and an isolated 

nucleus (g-i) exposed to compression. This picture is taken from the [50] 

3.4. Endothelial cell culture devices 

Endothelial cells have been investigated for their ability to respond to shear stress in devices 

inspired by viscometers with different arrangements. Modified cone and plate or Couette 

viscometers, as well as parallel-plate flow chambers, were used in the experiments. Tubular 

devices have only been studied in a small number of cases. 

3.4.1. Modified cone and plate viscometer 
In a cone and plate viscometer as shown in Fig . 3.7, shear is created between a flat plate and a 

cone with a low angle, in a design similar to a Couette viscometer. Endothelial cells are grown 

on a flat plate or in a series of glass coverslips. Rotation of the cone with respect to the stationary 

base plate produces uniform fluid shear strains in the cultivated endothelium monolayers. In 

vitro models of the cone and plate can incorporate both pulsatility and spatial gradients. Applied 
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shear stresses [51] in the range of 0 - 1.5 Pa modifying the viscosity, cone angle, and rotational 

speed in three different patterns, i.e. steady, periodic and oscillating (non-periodic) shear stress. 

Rapid sinusoidal changes of shear stress at 60 cycles/min (1 Hz) were produced by tilting the 

cone with respect to the axis of rotation resulting in a slight wobble in the cone rotation, creating 

pulsatile flow ([52]; [53]; [54]). 

[55] Glued coverslips into a stainless-steel ring with a protuberance in the form of a rectangular 

bar that disrupted flow downstream of the bar. The constant laminar shear stress was re

established further downstream. Each ring's bar was aligned in the radial direction, requiring 

almost concentric flow to ensure that the streamlines strike the bar at a perpendicular angle, 

resulting in complicated spatial shear stress patterns ([55]; [56]) 

A B 

CONE 

PLATE FLOW I FLOW I REATTACHMENT 
DISTURBING I REVERSAL POINT 
BARRIER I 

Figure 3. 7: Cone and plate viscometer, original (A) [52] and modified with a step (B) [55] 

3.4.2. Parallel plate flow chamber 

A microscope slide or coverslip is used to culture endothelial cells in parallel plate flow 

chambers (see Fig . 3.8). On both sides of the flow chamber, endothelial cells are generated. The 

culture media is then pumped through the chamber, creating a well-defined wall shear stress on 

the surface of the endothelial cells. To limit the effects of the entrance zone, the inlet and 

outflow are perpendicular to the flow direction ( [57]; [58]; [59]). The apparatus's height to 

width ratio is usually quite minimal. This enables for the use of infinite parallel plates, for which 

the fluid mechanics are well understood. 

PARALLEL PLATES 

FLOW 
DISTURBING 
BARRIER 

FLOW I REATTACHMENT 
REVERSAL POINT 

INLET 
•3L 

OUTLET 

Figure 3. 8: Parallel plate chamber, original (A) [57] and modified with a step (B) [59] 
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Modified a parallel plate flow chamber by placing a rectangular obstacle perpendicular to the 

flow field [59]. Numerical software was used to calculate the flow separation, reattachment, 

and recovery point details. The cells were exposed to a shear stress of 1.4 Pa, a Reynolds 

number of 20, and a complex hemodynamic environment similar to that of a cone and plate 

with disrupting bar, resulting in a flow separation zone and a reattachment point. The presence 

of large spatial gradients and a complicated shear stress distribution (constant over the width) 

mimics stenotic areas. Pulsatility was added to the parallel plate flow chamber, and the 

influence of temporal wall shear stress gradients on endothelial cell morphology was 

investigated [60]. It has been found that machining flaws can cause shear stress fluctuations of 

up to 11 percent within a chamber [61]. When the study is conducted on different parts of the 

same plate or when only a few endothelial cells are examined, this can lead to considerable 

inaccuracies 

3.4.3. Tubular models 
Cells have been investigated using tubular models to determine endothelial function within an 

arterial geometry [62]. This is a better model in terms of geometry, but it's still a model with 

well-defined fluid dynamics. None of these models have presented images of endothelial cells 

growing in them [63], nor have they examined spatial gradients in wall shear stress. 

Endothelial cells have also been cultured in distensible membranes ([64]; [35]) and compliant 

tubes, and then stretched rapidly in specially developed cyclic strain apparatus to replicate the 

rhythmic deformation of the artery wall associated with systolic-diastolic pressure variations 

( [65]; [66]; [67]). Endothelial cultures with no fluid flow have also been subjected to 

hydrostatic pressure [62]. The impact of shear stress on endothelial vasoactive substance 

production was investigated using compliant models [63]. 

3.4.4. Existing experimental limitations 
Endothelial cells' responses to idealized hemodynamic conditions have been studied 

extensively. In response to shear, cultured endothelial cells change their shape, gene expression, 

signalling, and metabolism ( [46]; [68]; [55]; [69]). The hemodynamic studies are far from 

realistic, making it difficult to relate these data to in vivo endothelial cell responses. Our ability 

to investigate cellular mechanics has advanced significantly. Unfortunately, our failure to 

reproduce mechanical stimuli may be complicating our comprehension of the in vivo response. 
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4. FINITE ELEMENT BENDO-TENSEGRITY MODEL OF 

ENDOTHELIAL CELL 

4.1. Structure and geometries of hexagonal endothelial cell model variants 

The concept of "bendo-tensegrity" was proposed by [70] recommending an alteration to 

contemporary cytoskeletal tensegrity models that considers the flexural response of M T s . In the 

current study implementing this concept with hybrid modelling approach, a F E bendo-

tensegrity model of suspended endothelial cell is proposed, with topology being similar to the 

model of vascular smooth muscle cell by [27]. The hypothesis of this work is that the proposed 

bendo-tensegrity model of flat cell that can be describe the cellular structural behaviour and 

determine cell's global response to distinct mechanical stimuli. 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. 

Two different geometries of endothelial cell models within an arterial wall were introduced in 

[71], based on a flat (constant cell thickness of 0.5 urn [72]) and domed (non-constant thickness, 

tapered from the centre to the edges) regular hexagons. However, while the ratio of longitudinal 

and circumferential dimension of a regular hexagonal cell [72] (see F ig . 4.1(b)) is 0.87, the " in 

situ" endothelial cells are irregular, elongated in the direction of blood flow [73]. Therefore, we 

modified the model geometry to mimic better the natural shape of endothelial cells in arteries 

and used a ratio of 0.96 in our simulations for the so called elongated shapes [74] [75]. 

In the four created geometry variants, the structure of the model is the same. The endothelial 

cell model encompasses the nucleus and cytoplasm surrounded by the C M (Fig. 4.1.) and 

cytoskeletal components like A F s , M T s , and IFs (Fig.4.3.). For the proposed model 

implementing the hybrid modelling approach, the continuum parts (nucleus, cytoplasm) were 

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

(representing C M ) and the cytoskeletal components were modelled using discrete (beam or 

truss) elements. 

Endothelial cells are 0.5 urn thick, 15 urn wide and 50 urn long and have a centrally located 

oval or round nucleus slightly raised compared to the rest of the cell. Endothelial cells are 

usually flat and elongated in the direction of blood flow [34]. Both cytoplasm and nucleus were 

modelled with eight-node hexahedral isoperimetric elements. A thin flexible layer 

circumscribing the cytoplasm referred to as the C M was modelled with four-node quadrilateral 

shell elements on the outer surface of the cytoplasm, with thickness of 0.01 urn [76] and no 

bending stiffness. 
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Figure 4. 1: Finite element hybrid model of endothelial cell representing (a) the continuum 

mesh and the cytoskeletal components of the elongated flat model with A F s (red), IFs (green), 

and M T s (blue) (b) front view of the domed cell model with supports and varying thickness. 

Figure 4. 2: Sectional view of the hybrid model representing nucleus on the centre. 

In a real cell, M T s of unequal lengths originate from the centrosome located near the nucleus 

and emanate outward through the cytoplasm ti l l the cortex where they interact with other 

cytoskeletal filaments at focal adhesions (FAs). It is now evident that M T s do not have 

compression-only behaviour but they appear highly curved (buckled) in l iving cells under no 

external load. This indicates that compressive forces in M T s induce substantial bending solely 

by the action of prestressed AFs ; this is referred to as the "bendo-tensegrity" concept [70]. 

Implementing this concept, the M T s of varying curvature were modelled using beam elements, 

originating from a single node near the nucleus (representing the centrosome) and further 

extending t i l l the F A s to form a star-like shape. Every F A was connected to the centrosome 

with only one M T and it was ensured that they do not penetrate the nucleus. 
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Figure 4. 3: M T s architecture in the proposed computational model. 

IFs are scattered throughout the intracellular space, connecting the F A s to the nucleus. On 

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

mechanics only at large strains (above 20%) ( [77]; [78]). To incorporate their waviness, the 

IFs were modelled as truss elements resisting only tensile loads under elongations higher than 

20% (Fig. 4.5 a) and all the IFs were equally strained for simplification. In this way, these truss 

elements behave like wavy fibres although they are modelled straight in contrast to real IFs as 

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

centre of the cell, each F A is connected to the nucleus via at least one IF circumscribing the 

nucleus. To create a realistic model geometry without modelling the contact between the IF and 

nucleus, the circumscribing part of the IF is assumed to be included in the nucleus model and 

thus not modelled separately. To mimic their real structural arrangement, each IF was modelled 

as two fibres originating from the same F A and being tangential to the nucleus thus creating a 

dense network in perinuclear region. 

Figure 4. 4: IFs architecture in the proposed computational model. 
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Figure 4. 5: Stress-strain relationship defining the mechanical behaviour of (a) IFs with 

applied positive strain and (b) A F s with applied negative strain (pre-strain) in their 

undeformed configurations. 

AFs filaments were modelled as truss elements shown in Fig.4.6 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 

behaviour of A F s 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% ( [47], [79]) 

was assigned to them generating the initial force (prestress) essential for cell shape stability 

(Fig. 4.5 b). For simplification, this prestrain was equal in all AFs of the model. To achieve the 

synergistic effect of cytoskeletal components, the elements representing A F s , M T s , and IFs 

were connected by sharing the same end nodes at the C M representing F A s . 

Figure 4. 6: A F s architecture in the proposed computational model. 

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

represent their idealized structural role in a realistic manner and are summarized in Table 4.1. 

It is decisive for mechanical response of the model because the mechanical behaviour of living 

cells is mainly determined by the cytoskeletal filaments ([7]; [80]). 
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A l l the details of F E models of flat endothelial cells are published in conference paper, see 

Appendix D . The general overview of computational models of endothelial cells are presented 

in other conference proceedings, see Appendix E . 

4.1.1. Material properties of flat model 
For the proposed model implementing the hybrid modelling approach, the continuum parts 

(nucleus, cytoplasm) were modelled using continuous (volume) elements circumscribed by a 

thin layer of shell elements (representing C M ) and the cytoskeletal components were modelled 

using discrete (beam or truss) elements. 

For the elasticity of cell components modelled using continuous elements, a Neo-Hookean 

hyper elastic incompressible/compressible description was used. The reason for adopting Neo-

Hookean hyper elastic model is that it is the simplest hyper elastic model which can be defined 

by a single parameter corresponding to shear modulus (or also by bulk modulus i f being 

compressible), whereas other hyper elastic models require more input parameters that cannot 

be obtained from experiments published in literature. Also , its predictive capability is better 

than that of the higher order (Mooney-Rivlin) models which is important especially with a lack 

of experimental data from multiaxial tests. This model is recommended i f the strains do not 

exceed 50% and no strain stiffening occurs. The values of shear modulus of continuous 

components recalculated from the published Young's modules are summarized in Table 4.2. 

B E A M 188 is a linear (2-node) beam element in 3-D with six degrees of freedom at each node 

(three translations and three rotations). Linear, large rotation, and/or large strain nonlinear 

applications are well-suited for the beam elements. B E A M 188 includes stress stiffness terms, 

by default, in any analysis with N L G E O M , O N . The stress stiffness terms provided enable the 

elements to analyse flexural, lateral and torsional stability problems (using eigenvalue buckling 

or collapse studies with arc length methods). 

Thus, the M T s are able to resist tensional as well as compressive forces with their flexural 

(buckling) behaviour taken into consideration. M T s are modelled as curved beams which 

requires at least three nodes to define their geometry. 
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Cell component Elastic 
modulus, 

E(Pa) 

Poisson's 
ratio, v 

Diameter 
(nm) 

Finite 
element 

specification 

Nature 

Microtubules (MTs) 
[81] 

1.2 x 10 9 0.3 25/17 
(outer/inner) 

B E A M 188 Curved 
Beams 

Actin filaments 
(AFs) 
[82] 

2.2 x 10 9 0.3 7 L I N K 1 8 0 Tension 
only 

Intermediate 
filaments (IFs) 

[82] 

2.0 x l O 9 0.3 10 L I N K 1 8 0 Tension 
only 

Table 4. 1: Elastic properties of discrete components of cell model. 

As the one-dimensional line elements do not support hyper elasticity in A N S Y S software, 

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 4.1. 

Component Name Young's 
Modulus 

E(Pa) 

Shear 
Modulus 

G(Pa) 

Bulk 
Modulus K 

(Pa) 

Finite 
element 

specifications 
Cytoplasm [50] 0.5 x 1 0 3 0.17 x 1 0 3 2.77x 1 0 3 SOLID 185 

Nucleus [50] 5 x 1 0 3 1.7 x 1 0 3 27.77x 1 0 3 SOLID 185 

Cell membrane (CM) [76] 1 x 1 0 6 0.33x 1 0 6 Infinity S H E L L 181 

Table 4. 2: Hyper elastic properties of continuous components of cell model 

4.2. Spherical model of suspended endothelial cell 

The experiments [50] show a spherical shape of suspended cells used in most mechanical tests. 

In order to validate the mechanical response of endothelial cell, we rearranged the shape of flat 

endothelial cell model into the spherical cell model as shown in Fig.4.7; for this purpose, we 

assumed the same volume of the cell. 
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Figure 4. 7: Spherical model of suspended endothelial cell 

The dimensions are recalculated by equating volume of regular hexagonal prism to the volume 

of a sphere. From this, the diameter of cytoplasm is 7.4 \xm and diameter of nucleus is 3.0 urn. 

4.3. Modification of the FE model for adherent endothelial cell 

Implementing the bendo-tensegrity concept [70] with fusion of continuum and discrete 

approaches, a F E bendo-tensegrity model of adherent cell [27] modified from the suspended 

cell model incorporating Microtubules (MTs), Act in Bundles (ABs) , Intermediate filaments 

(IFs), nucleus, cytoplasm, and Act in cortex (AC) is proposed in the current study. The unique 

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

including cellular prestress and interaction between the cytoskeletal components with their 

more realistic morphological representation for cell in adherent state. 

In this study, the simulation of compression test with the proposed F E adherent cell model was 

performed to validate the model with modified geometry and structure. Images of cytoskeletal 

protein distributions and in situ microscopic observations of cell shape in adherent state (Fig.  

4.8 a) were used to develop a 3D adherent cell model (Fig. 4.8 b) and the architecture of its 

cytoskeletal components. 

Figure 4. 8: Typical images of: (a) an adherent cell on a rigid microplate [50] and (b) 

corresponding proposed F E adherent cell model. 

The adherent cell model is slightly distinct from the suspended cell model. It encompasses the 

nucleus and cytoplasm enclosed by the Act in Cortex and cytoskeletal components like A B s , 

M T s , and IFs (Fig. 4. 9). For this model, the approximate geometry was based on the rules 
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described by [25]. The maximum diameter of our model axisymmetric cell was 20 microns, 

while the maximum height was 8 microns. The model nucleus had a flat ellipsoidal shape with 

a maximum diameter of 8 microns and a height of 4 microns based on the experimental 

observations [50]. The experimentally measured thickness of the cortical layer is 0.2 um (i.e. 

20 times thicker than the cell membrane itself) was chosen for our model ([21]; [83]) and the 

values are consistent with another study on endothelial cells [84]. 

Actin bundles (ABs) 
Intermediate filaments (IFs) 
Microtubules (MTs) 
Nucleus 

Figure 4. 9: Structural arrangement of cytoskeletal components with respect to the nucleus. 

The cytoplasm and nucleus were both meshed with four-node tetrahedral solid elements due to 

the geometric complexity of the cell configuration. A thin layer of actin-gel at the cell surface, 

referred to as A C , was modelled with four-node quadrilateral shell elements with no bending 

stiffness, using an equivalent approach as reported by [15]. For this model, the topological 

distribution of both M T s and IFs was retained analogous to that of the suspended cell model. 

In contrast, however, in a cell adhered to a rigid substrate thick A B s were observed localized at 

the cell periphery running almost uniformly in the longitudinal direction ([15]; [47]) as depicted 

in F ig . 4.10 b. 

Figure 4. 10: (a) architecture in the proposed computational model and (b) Microscopic 

fluorescence image of the architecture of A B s cited from [85] 

These bundles were modelled using truss elements (Fig. 4.10 a) that resist only tensile loads 

and are arranged along the A C with both ends anchored to it at F A s together with elements 

representing M T s and IFs. Similarly, to AFs in the spherical model, A B s are internally 

prestressed; to achieve this in the proposed model, the prestress caused by the 24% prestrain ( 
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[47]; [15]) was assigned to them generating the initial force essential for cell shape stability. 

For simplification, all the A B s in the model were prestressed equally. 

Ce l l Component Element Type Element definition 

Microtubules (MTs) Beam Beaml88 

Act in bundles (ABs) Truss L i n k l 8 0 

Intermediate filaments (IFs) Truss L i n k l 8 0 

Act in cortex (AC) Shell Shelll81 

Cytoplasm Continuous(volume) Sol id l85 

Nucleus Continuous(volume) Solid 185 

Table 4. 3: Mesh properties of the adherent cell model in A N S Y S 

The element types chosen for modelling cytoskeletal components to represent their idealized 

structural role are summarized in Table 4.3. 

4.3.1. Material properties of adherent model 

Material properties have been set mostly identical with the suspended cell model presented in 

Table 4.1 and Table 4.2; differences are highlighted in bold in Table 4.4. and Table 4.5. 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. 

Ce l l component 
Elastic modulus, E 

(Pa) 
Poisson's ratio, u Diameter (nm) 

Microtubules (MTs) [81] 1.2 x 1 0 9 0.3 (outer/inner) 
25/17 

Actin bundles (ABs) [47] 0.34 x 10 6 0.3 250 

Intermediate filaments 
(IFs) [82] 

2.0x 1 0 9 0.3 10 

Table 4. 4: Elastic properties of discrete components of adherent cell model 
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Cel l component 
Elastic modulus, 

E(Pa) 

Calculated shear 

modulus, G (Pa) 

Cytoplasm [50] 0.5 x 1 0 3 0.17 x 1 0 3 

Nucleus [50] 5 x 1 0 3 1.7 x 1 0 3 

Actin cortex (AC) [86] 2x 10 3 0.67 x 10 3 

Table 4. 5: Hyper elastic properties of continuous components of adherent cell model 
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5. FINITE ELEMENT SIMULATIONS OF ENDOTHELIAL 

CELL 

5.1. Simulations of suspended cell model 

To validate the proposed bendo-tensegrity model of a suspended cell, compression and tensile 

tests of endothelial cells were simulated and compared with experimental results from literature. 

5.1.1. Simulations of suspended cell in compression and its experimental validation. 
The compression test of a suspended cell done with microplates was simulated to compare with 

the cell response to compression. The simulation was performed in several successive steps, 

mimicking the experiment [50]. The spherical shape of the cell with prestressed A F s serves as 

the initial state and the microplates are supposed rigid. To avoid further nonlinearities related 

to contact, the cell was fixed in the central node of the cell in all directions and compressed 

vertically on both sides (top and bottom side) of the cell by applying vertical displacements to 

the nodes on both sides in order to flatten the area being in contact with the microplates and to 

achieve 50% deformation of the cell. Further details of the compression test with suspended 

cell can be found in Appendix C where, however, a smooth muscle cell was simulated instead 

of endothelial cell. 

To assess the impact of cytoskeleton, the simulations were repeated with models with individual 

cytoskeletal components being removed and with a continuum model without any cytoskeleton. 

Figure 5. 1: Suspended cell model during consecutive steps in simulation of Compression test 

at 50% compression (blue) and unloaded state (wire frame) 

The force-deformation (%) curve calculated from compression test simulation is in good 

agreement with the non-linear responses of the experimental curves obtained from the 

compression test of cultured endothelial cells [50], as depicted in F ig . 5.2 and thus validates the 

proposed bendo-tensegrity model of a suspended cell. The slope of the simulated force-
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deformation curve increased with increase in cell compression, similar to that observed in the 

experiments. 

0.06 r 

0.05 

— FE simulation 
Experimental results (JNnrmalized form) 

O 0.04 
3. 

- 0.0.1 

0.01 

0 10 20 30 40 50 60 70 

Deformation (%) 

Figure 5. 2: Comparison of simulated force-deformation (%) curve with the experimental 

curves taken from a study by [50] investigating the biomechanical properties of a single 

endothelial cell using a micromanipulation technique. 

During simulation of compression test, the nucleus appears elongated perpendicularly to the 

loading direction concomitant of cell compression, analogous to that observed in experiments 

[50]. M T s localized in the central region perpendicular to the direction of loading were merely 

straightened, while the others remain bended (Fig. 5.3 c). M T s in the direction perpendicular to 

compression that became less curved resist tensile forces and generate low positive stresses, 

while those ones that were bended more due to compressive forces generate low negative 

stresses; this effect highlights the influence of the shape of M T s on cell deformation. 
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Figure 5. 3: Simulation results of 50% cell compression: Stresses in (a) A F s (b) IFs and (c) 

M T s ; (d) distribution of first principal strain in the continuous elements representing nucleus. 

The proposed model can predict correlation of cellular mechanical properties and stress/strain 

distribution within the specific cytoskeletal components during compression. AFs reoriented 

perpendicularly to the loading direction resist tensile forces and generate high stresses (Fig. 5.3 

a) 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 [50]. 

IFs reoriented perpendicularly to the direction of compression were slightly uncoiled from their 

assumed initial waviness and exhibited very lower positive stresses induced (Fig.5.3 b). 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). 

Under 50% compression, the reaction force of the cell model without cytoskeleton was 1.32 

times lower than the model with cytoskeleton (Fig. 5.2), highlighting its role in characterizing 

the compressive properties of cell. When M T s were removed the model showed an 

approximately 1.08 times decrease in the cell reaction force compared to the hybrid model. 
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When IFs being removed the model showed an approximately 1.04 times decrease in the cell 

reaction force compared to the hybrid model. When A F s were removed, the maximum reaction 

force of the cell model without AFs was 1.20 times lower than the hybrid model. 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 [10]. 

5.1.2. Simulations of suspended cell in tension and its experimental validation 
The tensile test of a suspended cell with rigid micropipettes was simulated for comparison of 

the cell response to stretching. 

(a) (b) 

Figure 5. 4: The suspended cell model during consecutive steps in simulation of tensile test: 

(a) spherical cell, (b) compressing the cell by 20% and (c) stretching the cell 50% 

The simulation was performed in several steps, mimicking the experiment [87]. In the first step, 

contact between the spherical cell (with prestressed AFs) and both micropipettes were 

established by compressing the cell by approximately 20%. In the second load 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, displacement was applied to the nodes of 

the top and bottom surfaces in order to achieve 50% tensile strain of the model. The reaction 

force was assessed as the sum of forces at the nodes of the either top or the bottom surface of 

the cell. 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. 

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 

Bovine aortic endothelial cells [87], as depicted in Fig . 5.5. 
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Figure 5. 5: Comparison of simulated force-deformation (%) curve with the experimental 

curves taken from a study by [87], measuring the tensile properties of cultured Bovine aortic 

endothelial cells. 

The cell diameter in the experiments differs from our model, thus for comparison the 

experimental results are normalized to the same diameter; in reaction force it was as FN = 
> 
and the normalized deformation is given as AlN = Al 

Jexp. Jexp. 

where D is diameter of the suspended cell model and Dexp is the cell diameter in the 

experimental results. 

The stiffness of the hybrid 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 

Where , /= 0.0765 JUN was the reaction force of cell at the stretched edge and a = 42.9866 urn 2 

was the (maximal undeformed) cross-sectional area of cell. 

With reference to F ig . 5.5, the stiffness of 3.17 kPa calculated for the F E model (D=7.4 urn), is 

in good accordance with the stiffness of 2.6 + 0.7 kPa calculated for the experimental cell 

sample. 

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

and stress/strain distributions within the specific cytoskeletal components. During cell 
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stretching, the randomly oriented A F s 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 ( [19]; [88]). During cell stretching some of the M T s were 

merely straightened out, while others remain bended (Fig. 5.6.c). M T s 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 negative stresses; this effect 

highlights the influence of the shape of individual M T s on cell deformation. High stresses in 

straightened M T s 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 A F s (Fig. 5.6.a) that were aligned in the direction of stretch and resist 

tensile forces. IFs aligned in the direction of stretch were linearized from their assumed initial 

waviness and exhibited high strains, while only low stresses were observed in the ones oriented 

in longitudinal direction and zero stress occurs in the others which remain wavy. 

Figure 5. 6: Simulation results of 50% cell elongation: axial stress distribution in (a) AFs (b) 

IFs and (c) M T s ; (d) distribution of first principal strain representing nucleus. 
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5.1.3. Role of cytoskeletal components 
The role of each cytoskeletal component in cell stiffness was investigated via removal of this 

component from the hybrid model as illustrated in Fig . 5.7 comparing the stiffness of the 

modified models, i.e. the total reaction force under the same (maximum) deformation. The 

results in F ig . 5.7 (a) show that the stiffness of the spherical model in compression decreases 

by some 32% when all the cytoskeleton components are removed; the contribution of AFs to 

the stiffness appears to be the highest: compared to the reaction force of the hybrid model, 

removal of A F s reduced the reaction force of the cell model by 20%. These rather contra-

intuitive result relates to volume incompressibility of the cytoplasm and a consequent increase 

in lateral dimensions of the cell under compression. 

In simulations of the tensile test of the spherical model, the maximum reaction force of the cell 

model without cytoskeleton was by 66% lower than that for the hybrid model (see Fig . 5.7 (b)), 

and both AFs and M T s played a vital role in this decrease. 

H 0-7 

J 
(a) 

I I I 
(b) 

Figure 5. 7: Contribution of cytoskeletal components in spherical cell model to its stiffness (a) 

in compression, (b) in tension. The reaction force is normalized to 1 with respect to that from 

hybrid model. 

5.1.4. Summary and discussion 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 (tension 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. 
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The compression test simulations revealed that although being tension-bearing elements, A F s 

contribute significantly even 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. 

Thus, the proposed suspended cell model based on the bendo-tensegrity concept 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. 

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 F E modelling of distinct single cell mechanical tests. The 

nucleus deformation (maximum first principal strain, si) was observed for 50% global 

deformation for compression is 0.176 and for tension 0.218. 

The tensile test simulation results demonstrated that the bended M T s were highly compliant 

with lower stresses, whereas the straight ones (being in tension only) showed much higher 

stresses (Fig. 5.6 (c)), highlighting the significant contribution of M T s arranged in loading 

direction to the cell stiffness during stretching. When stretched by approximately 50 % the 

suspended cell model gave the reaction force of 0.0765 u N that evaluated the cell stiffness of 

3.17 kPa, which is in good agreement with normalized stiffness of 2.6 + 0.7 kPa measured for 

cultured bovine aortic endothelial cells [87]. The effect of cytoskeletal components in tension 

and compression test simulations demonstrated that removal of A F s reduced the cell stiffness 

by approximately 23% and 20%. This difference in stiffness might be attributed to the treatment 

with cytochalasin D that resulted in disruption of not only the deep actin fibres but also an actin 

meshwork beneath the C M [10]. As a result, the cell stiffness was reduced substantially during 

experiments in contrast to the simulations. 

The cellular tensegrity models envision AFs as tension supporting cables and M T s as 

compression supporting struts [7]. 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 ([17]; [18]). The previous tensegrity-

based models neither take into account the influence of flexural behaviour of M T s nor predict 

the impact of individual cytoskeletal components. The proposed bendo-tensegrity models 
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modify this structural concept by taking into account both flexural (buckling) as well as 

tensional behaviour of M T s and they enable us to change their stiffness by changing their 

curvature. 

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 behaviour as observed in living cells. 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 remodelling of AFs and M T s 

exhibited under mechanical loading. However, this remodelling occurs in longer time periods 

than duration of the considered experiments thus they cannot be captured by the experimental 

response. 

5.2. Simulations of adherent cell model 

5.2.1. Simulations of adherent cell in compression and its experimental validation 
The boundary conditions (see F ig . 5.8) are applied by mimicking the experimental approach 

[50] investigating the behaviour of a single endothelial cell under compression using a 

micromanipulation technique. 

Figure 5. 8: F E model of an adherent cell in the Compression test, with constraints and 

displacement load applied on the top of the cell, (front view). 

The initial shape of the cell model was truncated sphere being close to the real shape of the 

adherent cell. The cell was then compressed vertically on its top side by applying vertical 

displacements to the nodes in order to flatten the area coming gradually into contact with the 

microplates and to achieve the total 50% deformation of the cell. The reaction force was 

evaluated as the sum of forces at nodes of top side of the cell. 

To validate the adherent cell, the simulation of compression test was performed by mimicking 

the experiments by [50]. Results of the simulation are presented in F ig . 5.9 (undeformed and 
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deformed mesh on the cell surface), and Fig . 5.10 (first and third principal strains in the 

nucleus). 

Figure 5. 9: Adherent cell model in simulation of Compression test: unloaded shape of 

truncated sphere in wire frame and final shape with 50% compression of the cell in solid blue 

color. 

Figure 5. 10: Distribution of (a ) first principal strain (b) third principle strain in the nucleus of 

adherent endothelial cell. 

The force-deformation curve calculated from compression test simulation is in good agreement 

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

cultured endothelial cells [50], as depicted in Fig . 5.11. A n d thus, validates the proposed bendo-

tensegrity model of adherent cell. The slope of the simulated force-deformation curve increased 

with increase in cell compression, similar to that observed in the experiments. 
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Figure 5. 11: Comparison of simulated force-deformation curves obtained with the adherent 

cell and flat cell models with the experimental curves taken from the study by [50]. 

The quantitative characterization of nucleus deformation could be hypothetically decisive for 

transducing mechanical signals into changes in gene expression for 50% cell compression 

(global deformation). 

5.2.2. Role of cytoskeletal components 
The role of each cytoskeletal component in cell stiffness was investigated via removal of this 

component from the hybrid model as illustrated in Fig . 5.7 comparing the stiffness of the 

modified models, i.e. the total reaction force under the same (maximum) deformation. The 

results in F ig . 5.12 show that the stiffness of the adherent model in compression decreases by 

some 32% when all the cytoskeleton components are removed; the contribution of A F s to the 

stiffness appears to be the highest: compared to the reaction force of the hybrid model, removal 

of A B s reduced the reaction force of the cell model by 20%. These rather contra-intuitive result 

relates to volume incompressibility of the cytoplasm and a consequent increase in lateral 

dimensions of the cell under compression. 
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Figure 5. 12: Contribution of cytoskeletal components in adherent cell model to its stiffness 

(a) in compression. The reaction force is normalized to 1 with respect to that from hybrid 

model. 

5.3. Simulation of flat cell model 

5.3.1. Simulations of regular flat and domed cell in compression 
The compression test of a regular flat endothelial cell model was simulated to investigate the 

cell response to compression. The simulation was performed in several successive steps, 

mimicking the experiment [50]. The cell model was then compressed vertically (in thickness 

direction) on top and bottom side of the cell to achieve 50% deformation of the cell. The 

reaction force was evaluated as sum of reaction forces on either top or bottom surface nodes. 

Figure 5. 13: F E model of undeformed shape of regular flat hybrid endothelial cell 
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Figure 5. 14: Distribution of (a) first principal strain (b) third principle strain in the nucleus of 

flat endothelial cell in isometric view. 

The stiffness of the flat model is several times higher than the adherent model (Spread cell) 

presented in experimental results from [50]. The reason is evidently in the different shape of 

the flat model which corresponds to a very short hexagonal prism with its upper hexagonal face 

being in full contact with the microplate. In contrast, the experiment was done with a single cell 

cultivated in vitro on a substrate which results in a different shape with the top contact area 

being much smaller. 

Investigation done with adherent and flat cell models under compression brought results 

qualitatively similar to those with the spherical model under compression, as illustrated in F ig . 

5.15. 
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Figure 5. 15: Contribution of cytoskeletal components in cell models to their stiffness in 

compression flat model. The reaction force is normalized to 1 with respect to that from hybrid 

model. 

The role of cytoskeletal filaments and dicussions related to the results are explained in 
Appendix A . 
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5.3.2. Simulations of regular flat and domed cell in shear 
The shear test of a flat endothelial cell model was simulated to investigate the cell response to 

shearing load. The flat shape endothelial cell model presented in Fig.6.5. In this simulation, all 

the nodes of bottom hexagonal face were fixed in all directions. The cell was then loaded on 

the top side by prescribed constant displacements in x-direction (in all the surface nodes in top 

side) in order to achieve shear deformation of the cell. The resultant reaction force was 

evaluated as the sum of forces at nodes of the top side of the cell. The boundary conditions of 

the flat endothelial cell are shown in Fig . 5.16 and 15% shear deformation is shown in F ig .  

5.17.The distribution of first principal stress in nucleus is presented for flat and domed in the 

Fig . 5.19. 

Figure 5. 16: Boundary conditions of flat endothelial cell for shear 

Figure 5. 17: Shear deformation of regular flat endothelial cell 

Figure 5. 18: Distribution of shear strain in xy direction of flat endothelial cell at 15% shear 

deformation in isometric view, (a) regular flat (b) regular domed 
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Figure 5. 19: Distribution of first principal strain in the nucleus of regular endothelial cell at 

15% shear deformation in isometric view (a) regular flat (b) regular domed 

The maximum shear strain in xy plane within the whole cell is about 0.5 (see Fig . 5.18). 

However, the nucleus undergoes much lower strains (some 0.04, see F ig . 5.19) as it is 10 times 

stiffer than the cytoplasm and the shear deformation is concentrated in the cytoplasm above and 

below the nucleus. Evidently, the transmission of strain to nucleus is much lower in shear than 

under the other loading conditions. 

The total reaction force (F) is calculated by taking a sum of reactions on nodes of top hexagonal 

plane; its resulting value is 759 pN. 

Area of regular hexagon is 405.95 pm2 @ side length of 12.5 urn 

m i i i • Resultant Force . . . . , , „ 
The resultant shear stress is T = which is equal to 1.87 Pa 

Area of hexagon 

This shear stress is within the physiological range of wall shear stresses in arteries. The detailed 

information about the simulations of Flat cell model in shear are addressed in a journal paper, 

see Appendix A . 
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5.4. Simulations of flat cell in different variants under physiological 

conditions 

The " in situ" physiological load of an arterial endothelial cell comprehends blood pressure and 

the corresponding circumferential strain, axial pre-stretch instrinsic for arteries and shear load 

from the blood flow [89]. While all the other physiological conditions can be found in literature, 

the circumferential strain depends, in addition to the blood pressure, on dimensions and material 

properties of the arterial wall and its layers. As intima is very thin and mechanically irrelevant 

in healthy arteries [90], we used only two layers representing media and adventitia of different 

arteries to calculate circumferential deformations of the endothelium. 

The dimensions of media and adventitia (inner Rt, interface R2 and outer R3 radiuses, see Fig .  

5.20 (a) of the chosen arteries are specified in Table 5.2. 

The arterial wall was modelled as axisymmetric using quadratic elements with material 

properties described by a 3rd order (N = 3) hyper-elastic incompressible Yeoh model with strain 

energy potential given as: 

N 

i=l 

where It is the 1st invariant of right Cauchy-Green deformation tensor and Ci0 are stress like 

material parameters. Note that the neo-Hookean model used for continuous cell components is 

a specific case of Yeoh model for N = 1. The material parameters of media and adventitia 

(according to [90]) are specified in Table 5.1. 

Tissue Material Constants [kPa] Tissue 

£"io C30 

Media 122.3 0 337.7 

Adventitia 88.7 0 45301.4 

Table 5. 1: Hyper-elastic material properties of arterial layers [90] 
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X : Circumferential 

Figure 5. 20: (a) Finite element mesh (in axial view) of the arterial wall model with media 

(orange) and adventitia (pink) layers, (b) Arrangement of hexagonal endothelial cells on the 

inner surface of the artery used for transmission of deformation between the artery and cell 

model. 

Boundary conditions for these simulations are given by blood pressures of 10, 16, 20 kPa 

corresponding to diastolic, systolic, and hypertensive values, respectively. A x i a l pre-strains of 

0, 0.05, 0.1, 0.2 and 0.3 typical for aorta are applied; they are known to decrease with age [91]. 

In this model, no shear load is applied because its mechanical impact on the rather stiff arterial 

layers is negligible. 

Resulting circumferential strains on the arterial inner surface (endothelium) for different 

arteries and combination of loads typical for older individuals (0 % axial pre-strain, 20 kPa 

blood pressure) are presented in Table 5.2. For application within the cell model, typical 

dimensions of common or internal carotid arteries were chosen with their values of 2.83 mm, 

3.53 mm and 4 mm, respectively [92]. The solved combinations of boundary conditions and the 

resulting circumferential strains on the inner surface covering all the range of physiological 

biaxial loads of the endothelial cell are summarized in Tab. 5.3. 
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Artery (location) Middle of 

thoracic aorta 

Distal A A Renal 

artery 

Iliac 

artery 

Carotid 

artery 

Inner radius [mm] 11.20 8.25 2.3 4.8 2.83 

W a l l thickness [mm] 2.05 2.3 1.05 2.00 1.17 

Strains [%] 11.9 11.3 7.5 10.28 9.2 

Table 5. 2: Dimensions of different arteries and circumferential strains on their inner surface 

(endothelium) under zero axial pre-strain and blood pressure of 20 kPa - a combination 

typical for older individuals 

A x i a l pre-strain (%) 

/ Pressure (kPa) 

Circumferential strain (%) at a 

given pressure and axial pre-

strain 

0/10 4.6 

0/16 7.5 

0/20 9.2 

5/10 2 

5/16 5 

5/20 6.6 

10/10 -0.1 

10/16 1.1 

10/20 2.49 

20/10 -8 

20/16 -7.4 

20/20 -6.8 

30/10 -13 

30/16 -12.6 

30/20 -12.5 

Table 5. 3: A x i a l and circumferential strains of endothelium used to formulate boundary 

conditions of the individual cell model in the circumferential direction 

A l l the four geometries of the model (flat and domed, regular and elongated hexagons) were 

analysed under different biaxial deformation, i.e., with fifteen different combinations of axial 

and circumferential strains, and in three consecutive load steps: under biaxial extension (Bi), 

with addition of blood pressure (BiP), and with blood pressure and shear load (BiPS) acting on 
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the luminal surface. Thus, we obtained 180 solutions in total. It is worth to mention, that the 

biaxial extension applies the circumferential strain calculated using the carotid artery model 

with the chosen blood pressure, thus addition of the blood pressure itself on the inner surface 

represents a minor modification only. 

(a) 

C3 

'I 
N 

X : Circumferential 

Figure 5. 21: Examples of the deformed shapes of regular flat endothelial cell model variant 

B i under extreme biaxial strains according to Tab. 5.3: (a) 0/20 and (b) 30/10 

Illustrative examples of deformed shapes of the regular flat model in variant B i under minimum 

and maximum distortion are shown in Fig . 5.21. 

As the nucleus deformation is considered to be decisive for mechanotransduction [27], [93], 

[94] and [95] examples of distribution of first principal strain in nucleus are presented in 

Appendex B and their maximum values for all the solved cell models are summarized in Table 

5.4 and Table 5.5. 
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Model 

variant 

A x i a l pre-

strain [%] 

Pressure 

[kPa] 

First principal strain in nucleus for the regular model 

variant 

Mode l 

variant 

A x i a l pre-

strain [%] 

Pressure 

[kPa] 

Flat model Domed model 

Mode l 

variant 

A x i a l pre-

strain [%] 

Pressure 

[kPa] 

B i B i P B iPS B i B i P B i P S 

0/10 0 10 0.055 0.060 0.160 0.052 0.048 0.138 

0/16 0 16 0.088 0.090 0.175 0.083 0.071 0.148 

0/20 0 20 0.107 0.110 0.193 0.101 0.083 0.155 

Pulsations +0.052 +0.050 +0.033 +0.049 +0.035 +0.017 

5/10 5 10 0.067 0.070 0.140 0.064 0.058 0.119 

5/16 5 16 0.071 0.070 0.155 0.067 0.057 0.129 

5/20 5 20 0.075 0.080 0.167 0.070 0.057 0.129 

Pulsations +0.008 +0.010 +0.027 +0.006 -0.001 +0.010 

10/10 10 10 0.122 0.112 0.136 0.119 0.107 0.130 

10/16 10 16 0.121 0.120 0.140 0.121 0.111 0.133 

10/20 10 20 0.119 0.124 0.144 0.118 0.111 0.137 

Pulsations -0.003 +0.012 +0.008 -0.001 +0.004 +0.007 

20/10 20 10 0.220 0.197 0.231 0.218 0.187 0.225 

20/16 20 16 0.220 0.204 0.230 0.218 0.188 0.225 

20/20 20 20 0.221 0.201 0.230 0.218 0.191 0.225 

Pulsations +0.001 +0.004 -0.001 +0.000 +0.004 +0.000 

30/10 30 10 0.31 0.277 0.326 0.308 0.263 0.317 

30/16 30 16 0.31 0.279 0.326 0.308 0.264 0.317 

30/20 30 20 0.31 0.280 0.326 0.308 0.264 0.317 

Pulsations +0.000 +0.003 +0.000 +0.000 +0.001 +0.000 

Table 5. 4: The first principal strains in the nucleus in the calculated cases for regular 

hexagonal endothelial cell. Pulsations represent the cyclic increase of the first principal strain 

in nucleus between blood pressures of 10 and 20 kPa. 
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Model 

variant 

A x i a l pre-

strain [%] 

Pressure 

[kPa] 

First principal strain in nucleus for the elongated model 

variant 

Mode l 

variant 

A x i a l pre-

strain [%] 

Pressure 

[kPa] 

Flat model Domed model 

Model 

variant 

A x i a l pre-

strain [%] 

Pressure 

[kPa] 

B i B i P B i P S B i B i P B i P S 

0/10 0 10 0.052 0.055 0.115 0.052 0.049 0.164 

0/16 0 16 0.085 0.085 0.123 0.085 0.073 0.172 

0/20 0 20 0.104 0.092 0.144 0.104 0.087 0.178 

Pulsations +0.052 +0.037 +0.039 +0.052 +0.038 +0.014 

5/10 5 10 0.066 0.066 0.095 0.066 0.062 0.145 

5/16 5 16 0.071 0.072 0.112 0.069 0.067 0.154 

5/20 5 20 0.075 0.075 0.120 0.072 0.067 0.160 

Pulsations +0.009 +0.009 +0.025 +0.006 +0.005 +0.015 

10/10 10 10 0.122 0.113 0.126 0.122 0.107 0.141 

10/16 10 16 0.124 0.12 0.128 0.124 0.113 0.145 

10/20 10 20 0.126 0.119 0.130 0.125 0.111 0.150 

Pulsations +0.004 +0.006 +0.004 +0.003 +0.004 +0.009 

20/10 20 10 0.220 0.202 0.237 0.224 0.194 0.228 

20/16 20 16 0.22 0.203 0.237 0.224 0.193 0.229 

20/20 20 20 0.22 0.204 0.238 0.224 0.193 0.229 

Pulsations +0.000 +0.001 +0.001 +0.000 -0.001 +0.001 

30/10 30 10 0.312 0.279 0.338 0.316 0.272 0.322 

30/16 30 16 0.313 0.28 0.337 0.316 0.275 0.322 

30/20 30 20 0.313 0.282 0.337 0.316 0.276 0.322 

Pulsations +0.001 +0.003 -0.001 0.000 +0.004 0.000 

Table 5. 5: The first principal strains in the nucleus in the calculated cases for elongated 

hexagonal endothelial cell. Pulsations represent the cyclic increase of the first principal strain 

in nucleus between blood pressures of 10 and 20 kPa. 

The whole force-displacement curves for models loaded with the highest and lowest axial 

prestrain (cases 30/20 and 0/20) are shown in Fig . 5.22; as we apply here the circumferential 

strain calculated based on blood pressure in the artery, the curves represent dependences of the 

forces on blood pressure from 0 up to 20 kPa under constant axial pre-strain. Thus, they enable 

us to evaluate the force pulsations in the endothelial layer. 
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10 

Figure 5. 22: Simulated dependences of biaxial tension forces (variant Bi ) on the increasing 

blood pressure (between 0 and 20 kPa) recalculated into circumferential strain of the cell, (a), 

30/20 case, (b) 0/20 case. 

As there are no experimental results for biaxial loading conditions in available literature for 

validation, we compared our results for approximately equibiaxial loading conditions with our 

compression test simulations for flat and adherent endothelial cells published in [71] and with 

experimental results for cell compression [50]. It is known that for incompressible materials 

(product of all the three stretches equals 1) the deformations under equibiaxial tension and 

uniaxial compression are the same. The out-of-plane engineering strain of the 5/20 model (5% 

axial and 6.6% circumferential strains give nearly equibiaxial deformation) is approximately 

11 %. In this way the simulated curves were recalculated and plotted in Fig . 5.23 as functions 

of strain in radial (out-of-plane) direction. The stiffness in equibiaxial tension is similar to that 

in uniaxial compression but the curves are more non-linear due to higher cell distortion (curved 

edges occur, see F ig 5.21 (b)). 
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Strain (%) 

Figure 5. 23: Comparison of simulated force-deformation curves for regular flat equibiaxial 

strain (5/20) models (with and without cytoskeleton) with simulated and typical experimental 

results in compression [71] [50]. 

The role of cytoskeletal filaments and discussions related to the results are explained in 

Appendix B . 
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5.5. Simulation of cell debonding during cyclic loads 

A continuum mechanics technique is used in this chapter to simulate cell-substrate adhesion 

and its debonding under cyclic loads. A cell adhesion is ensured through interaction of adhesion 

molecules; explicitly, molecules on the cell surface known as integrins or receptors connect 

with molecules on the E C M surface known as ligands to form a bond. For an adhered cell, the 

receptor-ligand bonds can be very numerous. 

The cohesive zone modelling framework is employed, which was originally created in the field 

of elastic-plastic fracture mechanics. Cohesive zone modelling, first proposed in [96], [97] 

entails a continuum representation of an interface layer in which interfacial failure is 

represented by a specific phenomenological constitutive relation. 

Studies [98], [99], [100], [101] have employed cohesive zone models to describe fracture in 

metallic, ceramic, and composite materials when the failure modes entail the nucleation, 

growth, and coalescence of flaws. Interface traction vs. displacement relationships are typically 

established so that as the interfacial separation grows, the traction across the interface reaches 

a maximum value and then diminishes, leading eventually to total decohesion. The 

determination of a size scale representative of the physical mechanism that leads to decohesion 

is fundamental to the execution of such a model. 

The cell geometry, shown in F ig . 4.8 (b), is based on the experimental data of [50] for 

endothelial cells. Based on experimental boundary conditions [102], [103], [104], the cells are 

bonded to a silicone substrate that is cyclically stretched from 0% to 5% nominal axial strain 

via a sinusoidally changing displacement boundary condition at a frequency of 1 Hz . With 

Poisson's ratio of 0.4 and Young's modulus of 0.25 M P a , the silicone substrate is considered to 

act as a linear elastic material by [105]. To model the cell-substrate contact, cohesive zone 

formulations are used. 

The modelling of an interface by the introduction of discrete elements (cohesive elements) 

between two surfaces that are meant to have zero separation in the starting condition is known 

as the cohesive zone formulation. The cohesive model's constitutive formulation is based on 

two classes of definitions: potential based (the definition of the cohesive zone law is based on 

the definition of an interface potential, which represents the work done to separate two opposing 

surfaces having contact at an interface by [100]) and non-potential based. While the first 

derivatives of an interface potential function must be computed to obtain the traction-separation 

relationships, the traction-separation relationships in non-potential based systems are not 

obtained from a potential function. 
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The concept of a continuous interface between two surfaces is being used in cohesive zone 

models (in this case the cell and substrate). A n interface potential function 0 is a measure of 

the energy necessary to apply a displacement leap 8 to the surfaces on either side of the interface 

and it prescribes the interface constitutive behavior as follows: 

0 ( A n , A t ) = 0n + 0n exp ( - f [ l - r + i z l _ [q + (Lll) e X p 
51 
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where 0n is the work of normal separation and 0 t is the work of tangential separation; A n and 

A t are the normal and tangential displacement jumps respectively, across the interface; 8n and 

8t are normal and tangential characteristic lengths for the interface. A ^ is the value of An 

following complete shear separation under the condition of normal traction being zero. 

From the potential 0the interface traction-separation relationships between interfacial tractions 

and displacement jumps can be derived as follows: 

30(A) 

dA 

The individual components of the traction are obtained from the following equations. 

90(A) 
71 ~ dA 

Tt = 

n 

00(A) 
dAt 

The Cohesive zone formulations are implemented in A N S Y S software and the characteristic 

interface lengths of 8n = 25 nm and 8t = 35 nm are used based on ligand-receptor bond lengths 

reported in literature by [106]. Based on experimental measurements of bonding strength and 

density, a mode I interface strength of omax = 4 kPa was determined by [107]. A t the cell-

substrate interface, mode II strength is greater than mode I strength, resulting in Tmax= 20 kPa 

The cohesive zone formulation by [100] is utilized to model the behaviour of the interface 

between the endothelial cell and a silicone substrate in this study. The use of cohesive zone 

modelling in this way, where the major separation mode is the breakage of receptor-ligand 

interactions, is quite interesting. 

5.5.1. Results of debonding 
Two examples of debonding of the cell from the substrate under various cyclic loading 

conditions are demonstrated in the Fig . 5.24. 
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Figure 5. 24: Mixed mode separation is computed at bottom of the (a) 1st cycle (b) 30th 

cycles reaching 5 % strain. 

The normal tractions, normal displacements and tangential tractions computed at the cell-

substrate interface at the 1 s t and 30 t h loading cycles are shown in F ig . 5.25, Fig . 5.26 and F ig . 

5.27. 
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Figure 5. 25: The computed normal tractions (a) at the top of the 1st cycle (b) at the top of the 

30 t h cycle (c) at the bottom of 1st cycle (d) at the bottom of 30 t h cycle. (Top View), Due to 

downwards orientation of the y axis, the normal trantions with maximum magnitude are 

negative and shown in blue colour. 
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Figure 5. 26: The computed normal displacements (a) at the top of the 1st cycle (b) at the top 

of the 30 t h cycle (c) at the bottom of 1st cycle (d) at the bottom of 30 t h cycle. (Top View), Due 

to downwards orientation of the y axis, the normal displacements with maximum magnitude 

are negative and shown in blue colour. 

In the top of the cycle (the loaded state) we can see the nearly symmetric distributions as shown 

in Fig . 5.25 (a) and Fig . 5.26 (a). The asymmetric distributions for F ig . 5.25 (c) and F ig . 5.26  

(c) in the bottom of the first cycle (the unloaded state) change into symmetric ones after 5 

cycles. This asymmetry is not significant in tangential tractions (Fig. 5.27 (a)). 

While the top values of both normal and tangential tractions do not change significantly 

between the 1st and 30th cycle (Fig. 5.25 (a). F ig . 5.25 (b) and Fig . 5.27 (a). F ig . 5.27 (b)), their 

bottom values after the 1st cycle, which can be considered as residual tractions, are lower by 

orders. However, these residual values increase significantly with repeated loading. 

In contrast, the normal displacements (separation) increase significantly in the subsequent 

cycles as shown in F ig . 5.26 (a) and Fig . 5.26 (b) while, in the unloaded state they don't exceed 

a few nanometers. 
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The asymmetry of the responses may be explained by the non-symmetric cytoskeleton shape 

explicitly related to the position of centrosome in the model. 

(a) 

MPa 

(b) 

Figure 5. 27: The computed tangential tractions (a) at the top of the 1st cycle (b) at the top of 

the 30 t h cycle (c) at the bottom of 1st cycle (d) at the bottom of 30 t h cycle. (Top View) 

Fig . 5.28 illustrates a complete history of normal separation demonstrating the cyclic character 

of the debonding process. The contact edge opening (i.e., normal displacement or separation) 

when the substrate is fully extended is increasing with the number of cycles, as can be seen in 

Fig . 5.28, due to the increasing upwards push on the contact edge at the start of each cycle 

causing the increasing tensile strain concentration. It must be emphasised that normal separation 

and normal traction values presented in Fig . 5.28 and Fig . 5.29. (With a dashed lines) are 

obtained after the substrate has returned to its unloaded shape at the end of each cycle. 
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Figure 5. 28: Fu l l history of normal separation during 30 cycles for both sides of deformation. 
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Figure 5. 29: Normal traction during all the 30 cycles. (The dashed line represents the bottom 

values of each cycle representing residual tractions). 

Fig . 5.30. shows contour plots of the strain component in the direction of stretching at the top 

of the 30th cycle when the substrate is fully extended. The cell surface to the right of the contact 

edge is at an angle to the substrate, which causes the cell to lift upwardly toward the contact 

edge. 
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Figure 5. 30: Contour plot of the strain component in the direction of substrate stretching at 

the top of the 30th cycles. 
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6. CONCLUSIONS 
The present thesis was aimed towards a realistic computational modelling of cytoskeleton and 

endothelial cell as a whole. The F E bendo-tensegrity model of smooth muscle cell created in 

the previous doctoral thesis [27] was modified to mimic specific shapes, properties and 

cytoskeletal arrangement of endothelium cells. It investigates the passive behaviour of 

endothelial cells by studying their cytoskeletal mechanics in suspended and adherent states. In 

this study, five mechanical tests of single cell were simulated and in three cases i.e., tensile test 

of suspended cell with micropipettes, compression test of suspended cell with microplates, and 

compression of adherent model were compared with corresponding published experimental 

data. In addition, compression and shear of the flat model were simulated to elucidate the global 

cell response. Also, we investigated the mechanical response of the flat cell within the 

endothelium layer in its realistic shape under physiological conditions in arterial wall . Finally, 

we investigated the cell response in debonding during cyclic stretches using 3-D finite element 

simulations. The findings of this thesis predict and explain distinct cellular behaviours 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 and compression and 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. 

• The mechanical response of the flat cell within the endothelium layer under 

physiological conditions in arterial wall is assessed. The impact of individual 

components of loads on the nucleus deformation (more specifically on the first principal 

strain) was investigated because we believe it might influence mechanotransduction. 

Also, the role of the cytoskeleton and its constituents in the mechanical response of the 

endothelial cell was assessed. The results show (i) the impact of pulsating blood pressure 

on cyclic deformations of the nucleus, which increase substantially with decreasing 

axial pre-stretch of the cell, (ii) the importance of relatively low shear stresses in the cell 

response and nucleus deformation. Not only the pulsatile blood pressure but also the 

wall shear stress may induce significant deformation. 
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• The cell response in debonding during cyclic stretches using 3-D finite element 

simulations revealed that 5% axial strain applied on the substate is sufficient to induce 

debonding of the cell from the substrate. The debonding starts in the first cycle and that 

the crack created in the mixed mode (opening + shear) propagates more and more during 

the following cycles. 

• The models predict the role of specific cytoskeletal components in force transmission 

across the cell based on external mechanical stimuli. The effect of the cytoskeleton's 

mechanical role revealed that AFs and M T s play a critical part in cell stiffness, which 

increases with stretching. Even though A F s are tension bearing elements, they have been 

found to contribute significantly to the compressive characteristics of the cell. 

• The proposed cell models consider the different structure and organization of actin 

protein in suspended cells, emphasizing how this affects the interpretation of force-

deformation measurements. 

• As a result, the proposed models may aid in a better understanding of cellular 

mechanical processes such as mechanotransduction and cytoskeleton remodelling. 

A l l the conclusions of this thesis have been summarized and submitted to the conference at E S B 

2022. See Appendix F. 

6.1. Additional ideas for future works 

Out of scope of the formulated objectives of the doctoral thesis, the followings are 

recommended to be investigated: 

• The majority of in vitro investigations measure cell deformation over time or on a 

frequent basis. Cells deform in response to external mechanical stimuli, displaying both 

solid-like elastic and fluid-like viscous behaviour. As a result, cells and their 

components are better defined as viscoelastic materials, and the mechanical responses 

that may be evaluated vary depending on the time scale. [108]. Viscoelastic 

characteristics for continuous components could be defined in the proposed models 

using a conventional linear solid model. 

• Including the centrosome in the proposed models could explain the relationship between 

nucleus and M T s , following the strategy proposed in [20] utilizing granular media, 

although little is known about centrosome dynamics. To do this, computer simulations 

with or without the centrosome might be run, allowing for a better understanding of the 

centrosome's role in cell dynamics under various loading circumstances. 
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• Using a cytoskeletal remodelling description presented in [28], active cell responses 

might be included into the proposed models, following the method of [14]. The 

remodelling process is driven by three interconnected events: an activation signal that 

causes actin polymerization and myosin phosphorylation, the tension-dependent 

assembly of actin and myosin into stress fibres (SFs), and the tension-generating cross-

bridge mechanics between actin and myosin filaments. 

• Finally, the model is intended to be used for assessment of the impact of wall shear 

stress in arteries on endothelium cells. Through their response to hemodynamic forces, 

endothelial cell dysfunction has been related to atherosclerosis. Endothelial cells are 

composed in a monolayer, in this manner further advances are needed to investigate the 

perception of loads by a population of cells. 
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Biomechanical models based on the finite element method have already shown their potential in the simulation of the mechanical 
behaviour of cells. For instance, development of atherosclerosis is accelerated by damage of the endothelium, a monolayer of 
endothelial cells on the inner surface of arteries. Finite element models enable us to investigate mechanical factors not only at 
the level of the arterial wall but also at the level of individual cells. To achieve this, several finite element models of endothelial 
cells with different shapes are presented in this paper. Implementing the recently proposed bendotensegrity concept, these 
models consider the flexural behaviour of microtubules and incorporate also waviness of intermediate filaments. The suspended 
and adherent cell models are validated by comparison of their simulated force-deformation curves with experiments from the 
literature. The flat and dome cell models, mimicking natural cell shapes inside the endothelial layer, are then used to simulate 
their response in compression and shear which represent typical loads in a vascular wall. The models enable us to analyse the 
role of individual cytoskeletal components in the mechanical responses, as well as to quantify the nucleus deformation which is 
hypothesized to be the quantity decisive for mechanotransduction. 

1. Introduction 

Atherosclerosis is a leading cause of morbidity and mortality 
in the developed world. It is characterized by progressive nar
rowing and hardening of arteries which lead to ischemia of 
the heart, brain, or extremities and may cause infarction or 
stroke [1]. To elucidate the atherogenesis, it is important to 
understand the cellular responses to mechanical stimuli 
exerted on endothelial cells from their haemodynamic envi
ronment or artery deformation. 

The endothelium is a monolayer of endothelial cells that 
line inner walls of arteries, hence providing an interface 
between the flowing blood and the artery wall [2] and playing 
a key role in the pathobiology of atherosclerosis [3]. The 
endothelial cells are of flat hexagonal shape [4, 5] elongated 
in the blood flow direction [6]. 

Living cells are highly complex structures consisting of a 
large number of distinct structural components such as the 

cytosol, cell membrane (CM), cytoskeleton, nucleus, and 
other organelles. The cytoskeletal network is composed of 
three types of components, namely, actin filaments (AFs), 
microtubules (MTs), and intermediate filaments (IFs), which 
are spread throughout the cytoplasm and interlinked to each 
other, to the nucleus, and to the C M [7]. Their structural 
arrangement is decisive for the response of the cytoskeleton 
to mechanical stimuli and for the stiffness of the whole cell. 
The prestress in AFs is balanced mainly by MTs but partly 
also by continuum parts and the extracellular matrix, to 
which the cell is tethered [8]. 

In the past few decades, the development of microrheolo-
gical techniques [9] has made quantitative mechanical mea
surements of single living cells feasible. For our research, 
the following testing methods are most relevant: microplate 
stretcher [10], microplate manipulation [11, 12], and atomic 
force microscopy (AFM) [13]. There are other more recent 
techniques which can reveal the mechanical characteristics 

https://doi.org/10.1155/2021/8847372
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FIGURE 1: Arrangement of cytoskeletal components with respect to the nucleus in the flat and dome models (a); continuous elements of the 
flat model (b); front view of the dome model (c). 

of cells such as a microfluidic device [14], dissipative particle 
dynamics [15], or micropipette aspiration [16, 17]. 

Some recent models of cell mechanics consider their struc
ture to include the cytoskeleton, e.g., the multistructural model 
[18], the spring network cell model [19], and the granular cell 
model [20]. Other studies of active approaches incorporate the 
cell's inherent active nature in computational modelling such 
as the bio-chemo-mechanical model [21], the dynamic sto
chastic model [22], and the kinematic model [23]. Although 
these models are equipped with formulations to explain both 
passive and active responses of cells, they do not elucidate 
the contribution of cytoskeletal components. This is feasible 
with tensegrity-based finite element (FE) models consisting 
of both tension- and compression-bearing elements [24] 
which show a self-stabilizing effect [25]. 

In order to interpret the relation between the biological 
response of living cells and mechanical stresses, tensegrity 
models are predominantly suitable for cytoskeletal structures 
of living cells [26]. However, in cytoskeletal tensegrity models 
presented in the literature, the MTs appear too stiff because 
they do not account for the flexural behaviour of MTs [27]. 
In order to overcome this problem, the most sophisticated 
hybrid model has been recently created using the bendoten-
segrity concept [28] for modelling smooth muscle cells [29]. 
This concept was adopted also in this study, and the model 
was modified to represent specific features of endothelial cells 
and the role of individual cytoskeletal components in their 
mechanical response. 

2. Materials and Methods 

For the simulation of mechanical tests of an endothelial cell, 
FE models with different shapes were created using the com
mercial software ANSYS (ANSYS Inc., USA). The hybrid 
modelling approach is similar to the model of the vascular 

smooth muscle cell in [30], where the cytoplasm, nucleus, 
and C M are modelled with continuum elements while the 
individual cytoskeletal components are modelled as discrete 
(unidimensional) elements. This approach enables us to 
study the mechanical role of individual cytoskeletal compo
nents in cellular mechanical response as well as the propaga
tion of mechanical stimuli throughout the cell, including 
quantification of nucleus deformation under different types 
of loads. Both the cytoplasm and nucleus were modelled with 
eight-node hexahedral isoparametric elements. A thin flexi
ble layer circumscribing the cytoplasm referred to as C M 
was modelled with four-node quadrilateral shell elements 
on the outer surface of the cytoplasm, with no bending stiff
ness and a thickness of 0.01 pm [31], coupled with the 3D ele
ments through nodal displacements only, thus leaving nodal 
rotations of the shell free. The cytoskeleton (with the same 
topology in all the models as described below) was inscribed 
inside the continuous part thus creating the hybrid model. 

Three different mechanical tests were simulated to vali
date the proposed model: tensile and compression tests of a 
suspended (spherical) cell with micropipettes and micro-
plates, respectively, and a compression test of the cell adhered 
to a substrate which thus had the shape of a truncated sphere. 
The model of the endothelial cell in its typical flat shape in 
the endothelium layer cannot be validated due to lack of 
experimental data. Therefore, this flat model was created on 
the basis of the above validated models, keeping their topol
ogy and volume; then, it was used for the simulation of com
pression and shear of the endothelium cell in its natural 
shape. Based on its physiological dimensions and shape, the 
cell was modelled as a very short flat regular hexagonal prism 
[4, 32] with a thickness of 0.5 pm [4, 33, 34] as shown in 
Figure 1(b). In order to investigate an even more physiologi
cal shape, the flat model was then modified into a dome with 
the cell being 20% higher at the centre than at the edges; this 
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T A B L E 1: Finite elements used for discrete components of the cell models and their elastic parameters. 

Cell component Elastic modulus, E Poisson's ratio, 
(Pa) v Diameter (nm) 

Finite element 
specification Nature 

Microtubules (MTs) [45] 

Actin filaments (AFs) [46] 

Intermediate filaments (IFs) 
[46] 

Actin bundles (ABs) [41] 

1.2 x 10s 

2.2 x 109 

2.0 x 109 

0.34 x 106 

0.3 

0.3 

0.3 

0.3 

25/17 
(outer/inner) 

4.5 

10 

250 

BEAM188 

LINK180 

LINK180 

LINK180 

Curved beams 

Tension only 
trusses 

Tension only 
trusses 

Tension only 
trusses 

T A B L E 2: Finite elements used for continuous components of the cell models and their hyperelastic parameters. 

Component name Young's modulus, E (Pa) Shear modulus, G (Pa) Bulk modulus, K (Pa) Finite element specifications 

Cytoplasm [47] 0.5 x 103 0.17 x 103 2.77 x 103 Solid 185 

Nucleus [47] 5x 103 1.7 x 103 27.77 x 103 Solid 185 

Cell membrane (CM) [31] 1 x 106 0.33 x 106 Infinity Shell 181 

Actin cortex (AC) [48] 2x 103 0.67 x 103 Infinity Shell 181 

nonuniform height corresponds better to the physiological 
endothelial shape [14, 35]. 

The cytoskeletal arrangement is decisive for the mechan
ical and possibly also for the biochemical response of living 
cells [8, 36, 37]. The cytoskeleton in our model comprises 
12 beam elements (representing the MTs which are curved, 
all connected in the centrosome, and capable of bearing flex
ion and tension or compression), 36 prestressed truss ele
ments (representing the AFs and bearing tension only), and 
24 truss elements representing the IFs. To mimic their wavi-
ness, the IFs have a prestrain of 20 percent to resist tensile 

loads only under larger elongations [38-40]. In contrast, 
the experimentally measured prestrain of 24% [41, 42] was 
always assigned to AFs in the first load step to generate their 
prestress (initial force without load) essential for the cell 
shape stability. 

The MTs of unequal lengths originate from the centro
some, represented by a node located near the nucleus. They 
emanate outward through the cytoplasm till the cortex where 
they interact with other cytoskeletal filaments at focal adhe
sions (FAs). Due to the different nature of truss and beam 
elements, the rotational degrees of freedom of beams remain 



4 BioMed Research International 

free here, and no other contacts (and consequently no friction) 
are assumed between the MTs and the continuum elements 
representing the cytoplasm. The authors believe that this 
behaviour of MTs (but also of AFs and IFs) corresponds to 
the fluid nature of the cytosol and to the character of the 
FAs. 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, con
necting the FAs to the nucleus and creating a dense network 
in the perinuclear region that stabilizes the nucleus at the cell 
centre [39]. For better transmission of mechanical stimuli to 
the nucleus and its stabilization at the centre of the cell, each 
FA was connected to the nucleus via at least two IFs. To 
mimic their real structural arrangement, they were modelled 
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Actin bundles (ABs) Microtubules (MTs) 
Intermediate filaments (IFs) — Nucleus 

FIGURE 4: Structural arrangement of cytoskeletal components with 
respect to the nucleus in the adherent cell model. 

tangentially to the nucleus, thus creating a dense network in 
the perinuclear region. 

For the flat cell model, thin AFs were stretched between 
each pair of 12 nodes of the hexagonal prism, except for those 
which would penetrate the nucleus. The same arrangement 
was used in the dome and spherical model. In the adherent 
cell, actin is arranged in thick longitudinal bundles (ABs), 
the arrangement of which is described in detail in Section 2.3. 

2.1. Material Properties. Although the cytoplasm behaves as a 
liquid rather than as a solid, the shear stresses induced in it 
during (static, i.e. relatively slow) mechanical tests are negli
gible. Thus, a very low compressibility represents its basic 
feature, which can be modelled using the Neo-Hookean 
model given by the following formula for its strain energy 
density W: 

W = f ( A - 3 ) + i ( / - l ) 2 , (1) 

where G(Pa) is the initial shear modulus, rf(Pa_1) is the com
pressibility parameter, / is the 3rd determinant of the defor
mation gradient tensor, and Ix is the 1st invariant of the 
isovolumic part of the right Cauchy-Green deformation ten
sor. To keep the negligible shear stresses, the shear modulus 
was set very low (170 Pa). For the cell membrane, the mate
rial parameters were calculated from the known elastic con
stants as follows: 

3(1 -2v) d' 

where £(Pa) is Young's modulus, v(-) is Poisson's ratio, and 
K(Pa) is initial bulk modulus. 

For the cytoskeleton, we use the following linear elastic 
model: 

(3) 

wherecr(Pa) is engineering stress, e(-) is engineering strain, 
and £ 0 ( - ) is applied prestrain which is negative for AFs and 
positive for IFs. Al l the parameters are summarized in 
Table 1 and Table 2 with the literature they are based on. 
The nonrealistic values of Poisson's ratio for cytoskeletal ele
ments (0.3) are taken from the literature [18, 30, 43, 44] and 
have no impact on the results because they are represented as 
a ID element. 

2.2. FE Model for Suspended (Spherical) Endothelial Cell. In 
order to validate the simulated mechanical response of the 
endothelial cell, we rearranged the flat endothelial cell model 
into a spherical shape occurring in experiments [47]. For this 
purpose, we assumed the same volume of the cell, which gave 
us two concentric spheres representing the cytoplasm and the 
nucleus with diameters of 7.4 pm and 3.0 fmi, respectively. 
The cytoskeletal arrangement of the spherical cell is shown 
in Figure 2(a). 

2.2.1. Boundary Conditions for Compression. Compression of 
the cell was simulated for comparison with the experimental 
cell response in a compression test done with microplates 
[47]. To avoid difficulties related to the contact between the 
cell and the microplates (which are supposedly rigid), the cell 
model was fixed in its central node in all directions and ver
tical displacements were prescribed on both top and bottom 
sides to flatten the area being in contact with the microplates, 
and to achieve 50% shortening of the cell vertical dimension 
(see Figure 2(b)). 

2.2.2. Boundary Conditions for Tension. The tensile test of a 
suspended cell was simulated in several steps for comparison 
with the cell response during stretching with rigid micropi-
pettes [49]. With AFs being prestressed in the first load step, 
a bonded contact between the spherical cell and the faces of 
both micropipettes was established in the second load step 
by compressing the cell by approximately 20% (see 
Figure 3(b)). In the third load step, the cell was elongated 
to achieve zero reaction forces in the micropipettes; this 
unloaded state defines the initial length of the cell for calcu
lation of its global relative deformation (strain) evaluated in 
percentage similarly to the experiments. In the final load step, 
uniform displacement was applied to the nodes of the top 
and bottom surfaces to achieve 50% elongation of the model 
(see Figure 3(c)). 

2.3. FE Model of Adherent Endothelial Cell. The model with 
an axisymmetric truncated spherical geometry possessed a 
maximum diameter of 20 microns and a maximum height 
of 8 microns, with the nucleus having a flat ellipsoidal shape, 
and the centre placed in half height of the model; its major 
and minor (height) axes are 8 microns and 4 microns, respec
tively, based on experimental observations [47, 50]. 
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FE simulation 
Experimental results (Normalized form) 

FIGURE 6: Comparison of simulations of suspended cell compression with force-deformation curves from the corresponding experiments in 
[47, 53]. The highest, medium, and lowest stiffness curves are taken from the experimental results. 

Deformation (%) 

FE model 
Experimental results (Normalized form) 

FIGURE 7: Comparison of the simulated force-deformation curve in 
tension with the experimental response obtained with cultured 
bovine aortic endothelial cells [49]. 

To consider a different structural arrangement of the 
adherent cell [30], thick actin bundles (ABs) were incorpo
rated in the model instead of AFs (with the same prestrain); 
they were observed at the cell periphery running almost uni
formly in the longitudinal direction [18, 41]. Moreover, a 
thin layer of actin-gel referred to as actin cortex (AC) was 
added to the shell elements on the cell model surface to rep
resent both C M and the subcortical network of AFs. The 
experimentally measured thickness of the cortical layer of 
0 . 2 w a s chosen for our model [51, 52], being 20 times 
higher than the cell membrane itself; this value is consistent 
with another study on endothelial cells [50]. The arrange
ment of the cytoskeletal components of the adherent cell 
model (ABs, MTs, and IFs) is shown in Figure 4. 

2.3.1. Boundary Conditions of Adherent Cell in Compression. 
To validate a model with a modified geometry and structure, 
simulation of a compression test of an adherent endothelial 
cell done with microplates was performed with boundary 
conditions mimicking the experimental approach [47]. After 
application of the prestress to the ABs, the cell was fixed at 
the bottom surface to mimic the (rigid) substrate and com
pressed vertically on the top side by application of vertical 
displacements to the nodes coming gradually into contact 
with the upper rigid microplate; these displacements were 
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Deformation (%) 

FE simulation (Adherent) 
FE simulation (Flat) 
Experimental results 

FIGURE 8: Comparison of simulated force-deformation curves 
obtained with the adherent cell and flat cell models with the 
experimental curves from [47]. The highest, medium, and lowest 
stiffness curves are taken from the experimental results. 

calculated in order to flatten the contact area and to achieve 
the total 50% deformation of the cell (see Figure 5). The reac
tion force was evaluated as the sum of forces at nodes of the 
top side of the cell. 

2.4. Flat and Dome FE Models for Endothelial Cell. The hex
agonal shape of the flat cell model (with an edge length of 
12.5 microns and a thickness of 0.5 microns) is typical for 
cells creating an endothelial layer. The nucleus is ellipsoidal 
with a major (horizontal) axis of 9 microns and a minor axis 
(height) of 0.4 microns, located again symmetrically on top 
view and with a spacing of 0.05 microns between the bottom 
surfaces of the cell and nucleus. The arrangement of its indi
vidual cytoskeleton components is shown in Figures 1(a) and 
1(b). With this model, two typical types of physiological load 
were simulated, namely, compression (being equivalent to 
biaxial tension in the arterial wall) and shear, induced by vis
cous forces from the blood flow. The dome model was then 
created by increasing the height by 20% in the central region 
of the cell to mimic better the real shape in the vascular endo
thelium (see Figure 1(c)). Then, it was used to investigate the 
shear response and to assess the impact of nonuniform cell 
thickness on shear response in the physiological hexagonal 
cell shape. 

2.4.1. Boundary Conditions. To mimic the compression exper
iment [47], the endothelial cell model was compressed in the 
thickness direction (symmetrically on top and on the bottom 
side) to achieve a 50% reduction of the cell height. The resulting 
reaction force was evaluated as a sum of the reaction forces in 
nodes either on top or on the bottom surface. 

The shear load of the flat endothelial cell model was sim
ulated in two steps. In the first step, all the nodes of the bot
tom hexagonal face were fixed in all directions and the cell 
was loaded in all the surface nodes on the top side by pre

scribed displacements reaching 15% of the cell height in x 
-direction. The resulting reaction forces where then applied 
in a new simulation at all the nodes on the top side of the cell 
model, and the same load was applied also on the dome model. 
In this way, the force-controlled load was applied, correspond
ing to real shear forces induced by the blood flow and being 
the same at both models for their direct comparison. 

2.5. FE Mesh Density. For all the solved models, the meshes 
counted between 5 and 18 k elements; their sufficient density 
was confirmed as follows. When the mesh size was reduced 
to a half, the number of elements increased by a factor of 
approximately 8. With this denser mesh, the calculated max
imum strains in the nucleus as well as the other quantities 
related to the continuum part increased by 3-4% while the 
stresses in beam elements (MTs) changed even less and the 
link elements (AFs, ABs, and IFs) were insensitive to the 
number of elements. 

3. Results 

With the exception of the shear load, the symmetric geomet
rical shape of the model and the arrangement of the cytoskel
eton resulted in a nearly isotropic behaviour of the model 
without a preferred orientation. 

3.1. Results for Suspended Cell Compression. The force-
deformation curve calculated from the compression test sim
ulation is in good agreement with the experimental curves in 
normalized form obtained from the compression tests of cul
tured endothelial cells [47,53] and also shows a similar strain 
stiffening (see Figure 6). This strain stiffening occurring with 
all the investigated shapes of the cell (see also Figures 7 and 8) 
is reached by mimicking the cytoskeleton with tensegrity 
structures; they show strain stiffening as their basic feature 
even if made of linear elastic materials. The cell diameter in 
the experiments differs from our model; thus, for compari
son, the experimental reaction force F was transformed into 
FN by normalization to the same diameter. 

FN = F 
D 

D. cxp 

(4) 

where D is the diameter of the model, and D e x p is the cell 
diameter in the experiment. 

The logic of normalization is based on proportionality 
between the cell cross-section area and the resulting force 
under the same stress. 

The MTs in the central region being perpendicular to the 
direction of loading are straightened and bear much higher 
tensile forces while the others remain bended (see 
Figure 9(c)). Also, the AFs reoriented perpendicularly to 
the loading direction resist high tensile stresses as shown in 
Figure 9(a), and their number increased with cell compres
sion. In contrast, the IFs reoriented perpendicularly to the 
direction of compression are only slightly uncoiled from their 
initial waviness, and exhibit very lower positive stresses pre
sented in Figure 9(b). 
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FIGURE 9: Simulation results of 50% cell compression: stresses in (a) AFs (isometric view), (b) IFs (top view), and (c) MTs (isometric view); (d) 
distribution of first principal (logarithmic) strain in the nucleus. 

The nucleus appears elongated in the transversal plane 
perpendicular to the loading direction, analogous to that 
observed in experiments [47]. The maximum first principal 
strain in the nucleus (see Figure 9(d)) was chosen as the 
quantitative characterization of nucleus deformation which 

is hypothesized to be decisive for transducing mechanical sig
nals into changes in gene expression [54, 55]. 

3.2. Results for Suspended Cell Tension. The force-elongation 
curve calculated from the tensile test simulation is in good 
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FIGURE 10: Simulation results of 50% elongation of a suspended cell: axial stress distribution in (a) AFs, (b) IFs, and (c) MTs; (d) distribution 
of first principal (logarithmic) strain in the nucleus. 

agreement with the experimental response, as illustrated in 
Figure 7 where the experimental results are also in their nor
malized form as described in Section 3.1. 

The stiffness of the hybrid model of a suspended cell in 
tension was evaluated as secant modulus ale of the resulting 
curve recalculated into conventional stress (a) and conven
tional strain (e). The conventional stress is given as: 

(5) 

where / = 0.0765 is the reaction force at maximum defor
mation of the cell, and a = 42.9866 fmi 2 is the (maximal 
undeformed) cross-sectional area of the cell. With reference 
to Figure 7, the modulus of 3.17kPa calculated for the FE 
model (D = 7.4 fmi) is in concordance with the modulus of 
2.6±0.7kPa calculated for the experiments [49]. The cell 
stiffness increases with load in accordance with [19, 56], 
and the proposed model can predict the contribution of spe

cific cytoskeletal components to the cell stiffness. The ran
domly oriented AFs tend to be aligned in the loading 
direction and to show high stresses as represented in 
Figure 10(a), which increases the overall reaction force of 
the cell. Also some MTs are merely straightened out while 
some others remain bended as shown in Figure 10(c). IFs 
aligned in the direction of the load are straightened and 
exhibit significant stresses while zero stress occurs in the 
others which remain wavy (see Figure 10(b)). The maximum 
first principal strain in the nucleus (see Figure 10(d)) is also 
presented as the quantitative characterization of nucleus 
deformation. 

3.3. Results for Adherent Cell Compression. The simulated 
force-deformation curve is in good agreement with the 
experimental responses obtained from the compression test 
of endothelial cells cultured on a rigid substrate [47], includ
ing their strain stiffening, as represented in Figure 8. The dis
tribution of the first and third principal strains in the nucleus 
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is represented in Figure 11. The reason for showing also the 
third principal strain is that in compression its absolute value 
is higher than that of the first principal strain, and thus it 
might be decisive for mechanotransduction under these 
conditions. 

3.4. Results for Compression of Flat Cell Model. The stiffness 
of the flat model (see Figure 8) is several times higher than 
that of the adherent model or of the spread cells obtained 
experimentally [47]. The reason is the different shape of the 
model (very short hexagonal prism) when the shape cannot 
change so much and the impact of volume incompressibility 
is much higher. Distribution of the first and third principal 
strains in the nucleus of the flat endothelial cell model under 
compression is shown in Figure 12. 

3.5. Results for Shear of Flat Cell Model. Total reaction force 
calculated as the sum of reactions in nodes of the top hexag
onal plane was Fs = 759 pN. As the area of the regular hexa
gon is AH = 405.95 pm 2 (with a side length of 12.5 f«n), the 
resultant shear stress is r = FS/AH = 1.87 Pa, which is within 
the physiological range of wall shear stress in arteries. The 
same results were obtained with the corresponding force-
controlled load of the model. The maximum first principal 
strain in the nucleus was about 0.039, and its distribution is 
presented in Figure 13(a). When the same forces were 
applied in the nodes of the top surface of the dome model, 
the maximum first principal strain in the nucleus was about 
0.029 (see Figure 13(b)), i.e., some 26% lower. This difference 

shows that the local differences in thickness [14,35] captured 
by the dome model may be significant, and the dome shape of 
the endothelial cell model should be preferred to its flat 
shape. 

The maximum shear strain (in xy plane in which the 
shear stress is acting) within the whole cell occurs in the cyto
plasm above the nucleus; it is 0.50 for the flat model and 0.40 
for the dome model (see Figure 14). In contrast, the nucleus 
undergoes much lower strains as it is 10 times stiffer than 
the cytoplasm and the shear deformation is concentrated in 
the cytoplasm above and below the nucleus. Evidently, the 
transmission of strain to the nucleus is much lower in shear 
than under the other loading conditions, probably due to a 
lower role of cytoplasm incompressibility in shear. 

3.6. Contribution of Cytoskeleton to Cell Stiffness. The role of 
each cytoskeletal component in cell stiffness was investigated 
via removal of this component from the hybrid model as 
illustrated in Figures 15 and 16 comparing the stiffness of 
the modified models, i.e., the total reaction force under the 
same (maximum) deformation. The results in Figure 15(a) 
show that the stiffness of the spherical model in compression 
decreases by some 32% when all the cytoskeleton compo
nents are removed; the contribution of AFs to the stiffness 
appears to be the highest: compared to the reaction force of 
the hybrid model, removal of AFs reduced the reaction force 
of the cell model by 20%. This rather contraintuitive result 
relates to volume incompressibility of the cytoplasm and a 
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FIGURE 12: Distribution of (a) the first and (b) third (maximal negative) principal (logarithmic) strains in the nucleus of the flat endothelial 
cell model under 50% compression (isometric view). 

consequent increase in lateral dimensions of the cell under 
compression. 

In simulations of the tensile test of the spherical model, 
the maximum reaction force of the cell model without a cyto-
skeleton was 66% lower than that for the hybrid model (see 
Figure 15(b)), and both AFs and MTs played a vital role in 
this decrease. 

Investigation done with adherent and flat cell models 
under compression brought results qualitatively similar to 
those with the spherical model under compression, as illus
trated in Figure 16. 

4. Discussion 

A new hybrid FE model of endothelial cells was exploited for 
simulations of mechanical responses of cells with different 
shapes and under different types of loads. It was validated 
by comparison of the calculated responses with experiments 
done with suspended endothelial cells in tension and com
pression, and with a compression test of an adherent cell. 
The same concept, topology, structure arrangement, and 
material properties were used in the flat and dome models 
of the hexagonal endothelial cell, which correspond more 
or less to its common shape within the vascular endothelium 
layer. These models were used to simulate the cell response 

under compression and shear, representing types of loads 
typical for "in vivo" endothelial cells. While shear load is 
induced directly by the blood flow as captured by the pre
sented models, compression (in radial direction) represents 
an approximate equivalent of biaxial tension. However, this 
holds accurately only for homogeneous, isotropic, and 
incompressible materials; thus, biaxial tension (in circumfer
ential and axial directions) should be preferred in the future, 
corresponding to the real load of the endothelial cells in the 
arterial wall. 

In addition to the realistic simulation of experiments, the 
proposed model can predict stress/strain distribution within 
the specific cell components under different types of loads, 
as well as the impact of individual cytoskeletal components 
on the cell response. Thus, it surpasses not only all contin
uum models of cells [18-23] but also the tensegrity models 
envisioning the AFs as tension supporting cables and MTs 
as compression supporting struts [8]. Although these models 
explain successfully several observations in cell mechanics 
[43], they neither take into account the influence of flexural 
behaviour of MTs nor predict the impact of individual cyto
skeletal components nor mimic the load transmission onto 
the nucleus. Moreover, the excessive compression stiffness 
of the struts introduces nonrealistic artefacts in mechanical 
responses, as shown in [27, 57]. The cell model based on 
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FIGURE 13: Distribution of first principal strain in the nucleus of flat- (a) and dome-shaped (b) endothelial cell models under 1.87 Pa shear 
stress. 

the bendotensegrity concept was proposed in [30] for smooth 
vascular cells, but to the best knowledge of the authors, such 
models have not been used for endothelial cells till now. The 
published models of endothelial cells are mostly much sim
pler [4], and the role of the cytoskeleton is seldom investi
gated in existing literature. The recent study in cell 
mechanics simulated the mechanical behaviour of a cell with 
an oversimplified tensegrity structure, and the role of indi
vidual filaments was not accessed [44, 58]. However, there 
are studies analysing the role of the cytoskeleton in cell 
mechanics [30, 59]. Moreover, some published FE models 
on cell mechanics deal with the degradation of the cytoskele
ton using more simplified cytoskeletal arrangements [60]. 

Among the cell components, the nucleus plays a vital role in 
mechanotransduction; thus, its deformation, described locally 
by strain tensor, may be decisive in the initiation of the cell's 
biochemical response to mechanical load. Within the strain ten
sor, we hypothesize that the component with the highest abso
lute value (either first principal strain e1 or third principal strain 
e3 if its absolute value exceeds ex) is decisive. Therefore, these 
strain components are preferentially evaluated. Naturally, for 
confirmation of this hypothesis, challenging comprehensive 
mechanical-biological studies are needed 

In contrast to stress, more frequently used in mechanics, 
the advantage of our choice of strain as the decisive quantity 

is its much lower dependence on material properties. Consti
tutive models of materials represent an important limitation 
of any computational cell model due to lack and large disper
sion of experimental data concerning individual cell compo
nents, and the consequent simplification of their responses 
via Hookean (linear elastic) or neo-Hookean (simplest 
hyperelastic) models. 

Our model gave maximal e1 values of 0.18 and 0.22 under 
50% global deformation in compression and tension of a sus
pended cell, respectively, 0.19 in an adherent endothelial cell 
under 50% compression, 0.25 in a flat endothelial cell under 
50% compression, and 0.039 and 0.029 in flat and domed 
endothelial cells under a physiological magnitude shear load, 
respectively. A l l these values are logarithmic (natural) strains. 
It is well established that cells respond to mechanical stimuli 
in a variety of ways that range from changes in cell morphol
ogy to activation of biochemical responses [61], which may 
affect the cell phenotype. Based on the proposed model, the 
amount of nucleus deformation could enable the researcher 
to compare mechanobiological responses under different 
mechanical stimuli. 

The simulations realized with the created models give 
mechanical responses in accordance with experiments under 
different types of loads and enable a deeper analysis of the 
role of individual cytoskeletal components in cell stiffness. 
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FIGURE 15: Contribution of cytoskeletal components in a spherical cell model to its stiffness (a) in compression and (b) in tension. The 
reaction force is normalized to 1 with respect to that from the hybrid model. 



14 BioMed Research International 

0.9 

0.8 Z 
3. 
8 0.7 

c 0.6 

1 0.5 

'S 0.4 
N 

I 0.3 

I ° - 2 

0.1 

o 
B 

< 
3 
O 

3 
O 

•5 o 

z 

E 
o 
Z 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

o 
E 

< 
3 
O 

3 
O 

•s 

(a) (b) 

FIGURE 16: Contribution of cytoskeletal components in cell models to their stiffness in compression: (a) adherent model; (b) flat model. The 
reaction force is normalized to 1 with respect to that from hybrid model. 

It was shown that, in any shape of the cell and under any type 
of load, the prestressed AFs are most significant for the cell 
stiffness; for instance, simulations of tension and compres
sion tests with a spherical (suspended) cell model demon
strated that removal of AFs reduced the cell stiffness by 
approximately 23% and 20%, respectively. This modification 
of the model corresponds to cell treatment with cytochalasin 
D that results in disruption of not only the deep actin fibres 
but also of the actin meshwork beneath the C M [11]. The role 
of the other components is less pronounced; the initially 
wavy IFs contribute to cell stiffening with increasing load 
due to their reorientation and straightening, thus contribut
ing to the nonlinear cell response. A similar effect occurs with 
the bended MTs when some of them become straight under 
load. This is the case specifically under high tension (see 
Figure 15(b)). Although the proposed models have advan
tages over the previous models, they have more limitations 
than those mentioned above. The structural arrangement of 
cytoskeletal components does not capture their true com
plexity and dynamic behaviour as observed in living cells. 
These models also do not take into consideration the visco-
elastic nature of cells. Thus, they cannot predict very fast 
responses of the cell in which the viscoelastic nature of the 
cytoplasm (and possibly also of other components) becomes 
significant. Due to their passive nature, none of these models 
can capture active responses of the cell such as remodelling of 
AFs and MTs exhibited with respect to mechanical loading 
when the cytoskeletal fibres undergo polymerisation and 
depolymerisation. However, this remodelling occurs in time 
periods much longer than the duration of the considered 
experiments; thus, they cannot be captured either by the 
experimental responses. 

As concerns the cell shape, within the arterial wall the 
endothelial cells are elongated in the direction of blood flow 

while we have considered a regular hexagon for idealization. 
However, the differences cannot be pronounced and the 
shape can be easily changed if the presented flat and dome 
models are applied in the future for investigation of adhesion 
between the cells and of possible disruption of the endothelial 
monolayer. 

4.1. Limitations of the Model. Although our model considers 
the basic nonlinear feature of filaments, i.e., prestress in AFs 
and prestrain (waviness) of IFs, it cannot consider their strain 
stiffening [62] due to software limitations. However, within 
the range of some 10% strain occurring in the simulations, 
this nonlinearity is not significant, and the linear elastic 
models of the cytoskeletal components are fully acceptable. 
Neither a possible rearrangement of the cytoskeleton as a 
consequence of the load acting on the cell during its testing 
was considered because the time needed for it is longer than 
the typical time of an experiment (e.g., 5 up to 10 minutes for 
rearrangement of microtubules); therefore, these processes 
cannot manifest during this time. Also, the nonlinear behav
iour of integrin in focal adhesions [63] is not considered 
because focal adhesions are represented only by the nodes 
of the bendotensegrity structure in our model. Although the 
number of cytoskeletal elements is significantly lower than 
in a real cell, it was shown that this number is not decisive 
for the quality of the model [27, 30, 43, 57], and the authors 
do not know of any discrete model having the number of ele
ments comparable with reality. 

5. Conclusion 

The FE bendotensegrity models of endothelial cells with dif
ferent shapes were used for simulations of different mechan
ical loading conditions. Some of them were validated using 
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experimental results in the literature. The model with the 
shape corresponding to real cell geometry within an arterial 
wall was loaded by loads corresponding to those induced by 
a physiological blood flow. In the investigated models, the 
impact of different loads on individual cell components was 
evaluated and the role of individual cytoskeleton components 
was assessed. It was shown that in cell stiffness, the AFs play 
the dominating role, with a significant contribution of MTs 
under high tensile loads. Principal strains in the nucleus are 
hypothesized as quantities decisive for mechanotransduc-
tion, and the presented models enable comparing them 
under different loading conditions. In the future, the model 
can be expanded to a cell population in the endothelium layer 
and combined with corresponding biological experiments 
quantifying the biological response of the cells. Thus, we 
could investigate the impact of different loading conditions 
in the arterial wall on remodelling or disruption of the endo
thelium layer which is decisive in the initial phase of 
atherosclerosis. 
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A R T I C L E I N F O A B S T R A C T 

Keywords: Introduction: Computational modeling can enhance the understanding of cell mechanics. To achieve this, finite 
Cell mechanics element models of endothelial cells were proposed with shapes mimicking their natural state inside the endo-
Biaxial load thelium within the cardiovascular system. Implementing the recently proposed bendo-tensegrity concept, these 

models consider flexural (buckling) as well as tensional/compressional behavior of microtubules and also 
Bendo-tensegrity . , . „. ... 
Shear load incorporate the waviness of intermediate filaments. 

Materials and methods: Four different models were created (flat and domed hexagons, both regular and elongated 
in the direction of blood flow) and loaded by biaxial deformation, blood pressure, and shear load from blood flow 
- natural physiological conditions of the arterial endothelium - aiming to investigate the "in situ" mechanical 
response of the cell. 
Results: The impact of individual components of loads on the nucleus deformation (more specifically on the first 
principal strain) potentially influencing mechanotransduction was investigated and the role of the cytoskeleton 
and its constituents in the mechanical response of the endothelial cell was assessed. The results show (i) the 
impact of pulsating blood pressure on cyclic deformations of the nucleus, which increase substantially with 
decreasing axial pre-stretch of the cell, (ii) the importance of relatively low shear stresses in the cell response and 
nucleus deformation. 
Conclusion: Not only the pulsatile blood pressure but also the wall shear stress may induce significant defor
mation of the nucleus and thus trigger remodelation processes in endothelial cells. 

1. Introduction 

Atherosclerosis-related clinical events are the leading cause of 
morbidity and mortality worldwide [1]. The inner surface of arteries is 
covered with a monolayer of flat endothelial cells that play a decisive 
role in early atherogenesis [2]. It separates the wall tissue from the 
blood, enabling an exchange of some substances between the two. 
Infiltration of low-density lipoproteins and inflammatory cells into the 
wall, which occurs as such substance exchange, is one of the decisive 
effects in the inception of atheroma, also known as an intimal thick
ening, and consequent reduction of the blood flow [3]. Mechanical 
damage of the endothelium is considered to accelerate this infiltration 
significantly due to pulsating shear stresses induced by the blood flow 

and due to stress increase in the arterial wall [4]. At the individual cell 
level, the biochemical processes related to mechanotransduction are 
controlled by the cell nucleus which is the reason for studying the me
chanical response of endothelial cells with respect to their structural 
arrangement. 

In addition to experimental approaches, recent microstructural 
computational models help us to evaluate the mechanical response of 
individual cells, especially the quantities which cannot be measured 
directly. They enable us to evaluate stresses and strains in individual cell 
components such as the nucleus or cytoskeletal fibers and can be used to 
deduce the mechanisms underlying cell responses to various mechanical 
stimuli [5-13]. To reflect the cell structural arrangement (organelles), 
multiscale approaches combining the continuum models with 

Abbreviations: AFs, actin filaments; IFs, intermediate filaments; MTs, microtubules; Bi, biaxial; BiP, biaxial with blood pressure; BiPS, biaxial with blood pressure 
and shear load; AA, abdominal aorta. 
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microstructural models of cells are needed instead of purely continuum 
approaches [14]. 

In microstructural approaches, the cytoskeleton is identified to be a 
vital component of cell dynamics. The cellular tensegrity model, which 
mimics the physiological arrangement of the cytoskeleton by an inter
connected network of cables in tension representing actin filaments 
(AFs) and struts in compression representing microtubules (MTs) [15], is 
one of the most frequently used models in this class. This model has 
successfully predicted the time-dependent response [16-18] as wel l as 
some experimentally observed cell mechanical features l ike strain 
hardening [19] or "action at a distance" effect [20]. 

In contrast to the tensegrity models, which cannot include contin
uous cell components, the hybrid modeling approach [10] combines 
discrete and continuous elements in the finite element analysis for a 
more reliable description of cell mechanical behavior. A cell model 
including the nucleus, cytoplasm, and cell membrane in its continuous 
part together wi th a 210-membered tensegrity structure predicted suc-
cesfully the cell behavior during tensile and indentation tests [21,22]. 
However, to reduce the excessive stiffness of straight MTs in the ten
segrity model, the model was modified using the bendo-tensegrity 
concept to capture the curved shape of MTs and their flexural 
behavior [23]. Addit ional cables were also included to represent wavy 
intermediate filaments (IFs) and their role in the stabilization of the 
nucleus position. 

Recently, this hybrid bendo-tensegrity model was used in simula
tions of endothelial cell response to different loads; the spherical and 
paraboloidal shapes used for simulations of mechanical " in vitro" tests of 
individual cells have been validated by experimental results [24]. 
Referring to the physiological shape of endothelial cells wi th in the 
arterial endothelium [25,26], structurally and topologically analogical 
computational models were created as hexagonal prisms wi th the 
thickness being either constant (flat model) or higher in the central re
gion (domed model). These models were used in Ref. [2 /l] to simulate 
the mechanical response of endothelial cells in compression and shear 
and to investigate the impact of individual components on the overall 
cell stiffness. In this paper, we use a multilevel approach to simulate the 

mechanical response of an endothelial cell that undergoes physiological 
conditions wi th in the arterial wa l l and the impact of its individual 
components on the deformation of the nucleus. 

2. Materials and Methods 

Two types of computational models were created in commercial 
ANSYS software based on the finite element method. Models of different 
human arteries wi th a two-layer wa l l were created to evaluate biaxial 
physiological deformations of the endothelium; displacements calcu
lated for a carotid artery were then applied to the hybrid model of a 
single endothelial cell [2 /l] to simulate its physiological loading condi
tions. A l l the simulations are quasi-static, i.e. without any inertial or 
transient effects, because they are negligible due to the relatively low 
strain rates in endothelial cells. Also, no remodelation processes 
commonly observed in cells were considered because they take much 
more time than the duration of experiments. 

2.1. Endothelial cell model 

Two different geometries of endothelial cell models wi thin an arte
rial wa l l were introduced in Ref. [24 ] based on a flat (with constant cell 
thickness equal to 0.5 urn [27]) and domed (with non-constant thick
ness, tapered from the center to the edges) regular hexagons. However, 
while the ratio of longitudinal to circumferential dimension of a regular 
hexagonal cell [27] (see Fig. 2(b)) is 0.87, the " in situ" endothelial cells 
are irregular, elongated i n the direction of blood flow [25]. Therefore, 
we modified the model geometry to capture the natural shape of 
endothelial cells in arteries and used the ratio 0.96 in our simulations 
[28,29]. 

The model is created by finite elements wi th quadratic base func
tions. For all the solved models, the meshes counted between 5 and 18 k 
elements. When the number of elements increased by a factor of 8, the 
calculated results changed by 0-4% only. The mesh is kept consistent 
across all of the four created geometry variants. A n automatic load 
increment estimation minimizes the computation time while ensuring 

(a) 

(b) 

Fig. 1. Finite element hybrid model of endothelial cell representing (a) the continuum mesh and the cytoskeletal components of the elongated flat model with AFs 
(red), IFs (green), and MTs (blue) and (b) the front view of the domed cell model with supports and varying thickness. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web version of this article.) 
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X: Circumferential 

Fig. 2. (a) Finite element mesh (in axial view) of the arterial wall model with media (orange) and adventitia (pink) layers, (b) Arrangement of hexagonal endothelial 
cells on the inner surface of the artery used for transmission of deformation between the artery and cell model. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 

sufficient accuracy of the results. The structure is composed of a con
tinuum part comprising solid elements (nucleus and cytoplasm) and 
shell elements (cell membrane including actin cortex), and a discrete 
cytoskeletal part consisting of l ink elements representing AFs and IFs 
and beam elements (with additional bending) representing MTs, as 
shown in Fig. 1. The continuum part is connected to the bendo-
tensegrity structure by coupled displacements (rotations are not con
strained) of each end node of the AFs representing focal adhesions wi th 
the closest node of the shell elements (representing the cell membrane). 
IFs are tangent connections of focal adhesions to the nucleus surface, 
while the inner ends of all MTs are oriented to a single point in the 
proximity of the nucleus representing the centrosome (see Fig. 1), which 
is not fixed to the solid elements of the cytosol. This arrangement mimics 
the non-affine deformation between cytoskeletal fibers and the cytosol, 
which corresponds to the rather l iquid character of cytosol. We used a 
neo-Hookean hyper-elastic incompressible constitutive model for the 
continuum parts, whi le the discrete elements were linear elastic. A l l 
specifications of the discrete and continuous components of the endo
thelial cell model are summarized in Table 1 and Table 2, respectively. 

2.2. Finite element model of the arterial wall 

The " in situ" physiological load of an arterial endothelial cell 

Tab le 1 

Finite elements used for discrete components of the cell models and their elastic 
parameters. 

Cell Parameter 
component Elastic Poisson's Diameter Finite Nature 

modulus, ratio, ü (nm) element 
E(Pa) specification 

Microtubules 1.2 x 10 9 0.3 25/17 BEAM188 Curved 
(MTs) [30] (outer/ Beams 

inner) 
Actin 2.2 x 10 9 0.3 4.5 LINK180 Tension 

filaments only 
(AFs) [31] trusses 

Intermediate 2.0 x 10 9 0.3 10 LINK180 Tension 
filaments only 
(IFs) [31] trusses 

Tab le 2 
Finite elements used for continuous components of the cell models and their 
hyper-elastic parameters recalculated from literature. 

Cell component Parameter Cell component 

Shear 
Modulus 
G(Pa) 

Bulk Modulus K 
(Pa) 

Finite element 
specification 

Cytoplasm [32] 0.17 x 10 3 2.77 x 10 3 SOLID 185 
Nucleus [32] 1.7 x 10 3 27.77 x 10 3 SOLID 185 
Cell membrane 

[33] 
0.33 x 10 6 Infinity SHELL 181 

comprises blood pressure and the corresponding circumferential strain, 
axial pre-stretch intrinsic for arteries, and shear load from the blood flow 
[14]. Whi le a l l the other physiological conditions can be found in 
literature, the circumferential strain depends, apart from the blood 
pressure magnitude, on the dimensions and material properties of the 
arterial wa l l and its layers. As intima is very thin and mechanically 
irrelevant in healthy arteries [34], we used only two layers representing 
media and adventitia of different arteries to calculate circumferential 
deformations of the endothelium. 

The dimensions of media and adventitia (inner Ri, interface R2 and 
outer R3 radiuses, see Fig. 2(a)) of the chosen arteries are specified in 
Table 4. 

The arterial wa l l was modeled as axisymmetric wi th material prop
erties described by a 3rd order (N = 3) hyper-elastic incompressible 
Yeoh model wi th strain energy potential given as: 

W=J2Co{h-3)i 

Tab le 3 
Hyper-elastic material properties of arterial layers [34]. 

Tissue Material Constants [kP i] 

C]o C20 

Media 122.3 0 337.7 

Adventitia 88.7 0 45301.4 
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Tab le 4 
Dimensions of different arteries and circumferential strains on their inner sur
face (endothelium) under zero axial pre-strain and blood pressure of 20 kPa - a 
condition typical for older individuals. 

Dimension Artery (location) 

Middle of the Distal Renal Iliac- Carotid 
thoracic aorta AA artery artery artery 

Inner radius 11.20 8.25 2.3 4.8 2.83 
[mm] 

Wall thickness 2.05 2.3 1.05 2.00 1.17 
[mm] 

Strains [%] 11.9 11.3 7.5 10.28 9.2 

where It is the 1st invariant of right Cauchy-Green deformation tensor 
and Qo are stress-like material parameters. Note that the neo-Hookean 
model used for continuous cell components is a specific case of a Yeoh 
model for N = 1. The material parameters of media and adventitia 
(according to Ref. [34]) are specified in Table 3. 

Boundary conditions in the following simulations are given by blood 
pressures of 10, 16, 20 kPa corresponding to the diastolic, systolic, and 
hypertensive values, respectively. Ax ia l pre-strains equal to 0, 0.05, 0.1, 
0.2, 0.3 are applied as boundary conditions since they are the typical 
values for the aorta and are reportedly decreasing wi th age [35]. In this 
model, no shear load is applied because its mechanical impact on the 
rather stiff arterial layers is negligible. 

The resulting circumferential strains present at the arterial inner 
surface (endothelium) for different dimensions of arteries under the 
combination of loads typical for older individuals (0% axial pre-strain, 
20 kPa blood pressure) are presented in Table 4. For an application at 
the cell level, typical dimensions of common or internal carotid arteries 
were selected wi th their values of 2.83 mm, 3.53 m m and 4 m m [36]. 
The solved combinations of boundary conditions and the resulting 
circumferential strains present at the inner surface after deformation 
revealing the whole range of physiological biaxial loads of the endo
thelial cell are summarized in Table 5. 

2.3. Boundary conditions of the cell model 

The biaxial strains in the endothelium obtained using the artery 
model (combination of the chosen axial pre-strain and the circumfer
ential strains calculated for the specific blood pressure, see Table 5) were 
recalculated into axial and circumferential displacements and pre
scribed in the corners of a l l the cell models; these boundary conditions 
are denoted as a variant Bi below. In most of the analyses, where only 
the final state was investigated, these two strain components were 

Tab le 5 
Axial and circumferential strains of endothelium used in the formulation of 
boundary conditions for the individual cell model in the circumferential 
direction. 

Axial pre-strain (%)/Pressure Circumferential strain (%) at a given pressure and 
(kPa) axial pre-strain 

0/10 4.6 
0/16 7.5 
0/20 9.2 
5/10 2 
5/16 5 
5/20 6.6 
10/10 -0.1 
10/16 1.1 
10/20 2.49 
20/10 - 8 
20/16 -7.4 
20/20 -6.8 
30/10 -13 
30/16 -12.6 
30/20 -12.5 

introduced simultaneously. On the contrary, whi le investigating the 
dependence of reaction force on the pulsating blood pressure (shown in 
Fig. 5), the model was ini t ial ly loaded by axial pre-strain and subse
quently by an increasing circumferential strain corresponding to blood 
pressure between 0 and 20 kPa. The models were gradually loaded on 
the luminal cell surface wi th the blood pressure (variant BiP), and wi th 
shear load (variant BiPS) corresponding to the physiological shear stress 
of 1.87 Pa [24,37-39] to be in better accordance wi th the physiological 
conditions. The opposite surface was fixed to mimic the " in situ" con
ditions of the cell attachment to the artery wa l l by means of the basal 
membrane (see Fig. 1(b)). This fixation is enabled by a much higher 
stiffness of the other arterial layers in comparison wi th the endothelium. 

A comprehensive mesh sensitivity analysis was performed in 
Ref. [2 /l] wi th the same model geometry and the resulting mesh density 
was maintained through all the investigated variants. 

3. Results 

A l l of the four model geometries (flat and domed, regular and 
elongated hexagons) were analyzed under a variety of biaxial de
formations, i.e., wi th fifteen different combinations of axial and 
circumferential strains, and in three consecutive load steps: under 
biaxial extension (Bi), biaxial extension wi th the addition of blood 
pressure (BiP), and biaxial extension wi th blood pressure and shear load 
(BiPS) acting on the luminal surface thus obtaining 180 solutions in total 
(for more details refer to Table 6). It is worth mentioning, that the 
biaxial extension is an application of the circumferential strain calcu
lated using the carotid artery model under the selected blood pressure, 
thus the addition of the blood pressure on the inner surface itself rep
resents a minor modification only. 

Illustrative examples of deformed shapes of the regular flat model in 
the variant Bi under min imum and maximum distortion are shown in 
Fig. 3. 

Since the nucleus deformation is considered to be the decisive 
quantity for mechanotransduction [23,40-42], the first principal strain 
distributions of the nucleus are presented as examples in Fig. 4 and their 
maximum values for a l l the solved cell models are summarized in Ta
bles 6 and 7. 

The entire force-displacement curves for models loaded wi th the 
highest and lowest axial pre-strain (cases 30 /20 and 0/20) are shown in 
Fig. 5. As the circumferential strain calculated based on blood pressure 
in the artery is applied, the curves represent dependences of reaction 
forces on blood pressure from 0 up to 20 kPa at a constant axial pre-
strain. Therefore, they enable us to evaluate the force pulsations in the 
endothelial layer. 

As there are no experimental measurements for biaxial loading 
conditions available in the literature for validation of the results, we 
compared our results for approximately equibiaxial loading conditions 
with our compression test simulations for flat and adherent endothelial 
cells published in Ref. [24] and wi th experimental results for cell 
compression published in Ref. [32]. It is known that for incompressible 
materials (product of all the three stretches equals 1), the deformations 
under equibiaxial tension and uniaxial compression are the same. The 
out-of-plane engineering strain of the 5/20 model (5% axial and 6.6% 
circumferential strains, which is nearly equibiaxial deformation) is 
approximately 11%. This way it was possible to recalculate the simu
lated curves and plot them as functions of strain in radial (out-of-plane) 
direction (as shown i n Fig. 6). The stiffness in equibiaxial tension is 
similar to that in uniaxial compression but the behavior is noticeably 
more non-linear due to higher cell distortion (curved edges occur, see 
Fig. 3(b)). 

Stresses generated in the cytoskeletal components of the most dis
torted model 30 /10 are presented i n Fig. 7. It proves that all the stresses 
in AFs are positive, i.e., the AFs have sufficient pre-strain to keep their 
loadbearing capacity. In contrast, only a few IFs reach their strain l imit 
to become straight and show non-zero stresses (see Fig. 7(b)), whi le the 
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X: Circumferential 

Fig. 3. Examples of the deformed shapes of regular flat endothelial cell model variant Bi under extreme biaxial strains according to Table 5: (a) 0/20 case and (b) 30/ 
10 case. 
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Fig. 4. Examples of the first principal strain distribution in the nucleus of a regular flat endothelial cell model variant Bi under minimum and maximum 
distortion: (a) 0/20 case and (b) 30/10 case. 

most elongated MTs become straight (see Fig. 7(c)), which enhances 
their stiffness and consequently stress by order and they may contribute 
significantly to the non-linear cell response. 

3.1. Impact of individual cytoskeletal components 

The role of cytoskeletal components is analyzed for the 30/10 (most 
distorted) and 0/20 loading cases. The normalized axial reaction force 
under 30/10 and the circumferential reaction force under 0/20 loading 
conditions (for the full hybrid model and its modifications with some 

cytoskeletal components being removed) are displayed in Figs. 8 and 9 
respectively. 

4. Discussion 

The bendo-tensegrity-based hybrid model of an endothelial cell 
proposed and validated in Ref. [24 ] has been used to simulate the me
chanical behavior of an endothelial cell under physiological loading 
conditions in an artery. The model provides new insights into the 
cellular mechanical responses, the role of the cytoskeletal components in 
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0.8 I 1 0.8 

Circumferential Strain {%) Circumferential Strain [%) 

Fig. 5. Simulated dependences of biaxial tension forces (variant Bi) on the increasing blood pressure (between 0 and 20 kPa) recalculated into the circumferential 
strain of the cell: (a) 30/20 case and (b) 0/20 case. 

Tab le 6 
The first principal strains of the nucleus in the calculated cases for regular hexagonal endothelial cell. Pulsations represent the cyclic increase of the first principal strain 
of the nucleus while the cell undergoes pulsating blood pressure between 10 and 20 kPa. 

Model variant Axial pre-strain [%] Pressure [kPa] First principal strain of the nucleus for the regular model variant 

Flat model Domed model 

Bi BiP BiPS Bi BiP BiPS 

0/10 0 10 0.055 0.060 0.160 0.052 0.048 0.138 
0/16 0 16 0.088 0.090 0.175 0.083 0.071 0.148 
0/20 0 20 0.107 0.110 0.193 0.101 0.083 0.155 

Pulsations +0.052 +0.050 +0.033 +0.049 +0.035 +0.017 
5/10 5 10 0.067 0.070 0.140 0.064 0.058 0.119 
5/16 5 16 0.071 0.070 0.155 0.067 0.057 0.129 
5/20 5 20 0.075 0.080 0.167 0.070 0.057 0.129 

Pulsations +0.008 +0.010 +0.027 +0.006 -0.001 +0.010 
10/10 10 10 0.122 0.112 0.136 0.119 0.107 0.130 
10/16 10 16 0.121 0.120 0.140 0.121 0.111 0.133 
10/20 10 20 0.119 0.124 0.144 0.118 0.111 0.137 

Pulsations -0.003 +0.012 +0.008 -0.001 +0.004 +0.007 
20/10 20 10 0.220 0.197 0.231 0.218 0.187 0.225 
20/16 20 16 0.220 0.204 0.230 0.218 0.188 0.225 
20/20 20 20 0.221 0.201 0.230 0.218 0.191 0.225 

Pulsations +0.001 +0.004 -0.001 +0.000 +0.004 +0.000 
30/10 30 10 0.31 0.277 0.326 0.308 0.263 0.317 
30/16 30 16 0.31 0.279 0.326 0.308 0.264 0.317 
30/20 30 20 0.31 0.280 0.326 0.308 0.264 0.317 

Pulsations +0.000 +0.003 +0.000 +0.000 +0.001 +0.000 

cell stiffness, and the nucleus deformation under different loading 
conditions. 

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. The nucleus plays a central role in governing 
cell responses and it was hypothesized in Refs. [24,40-42] that 
mechanotransduction might be controlled through the first principal 
strain (ei) of the nucleus. Therefore, this quantity was observed in all the 
180 investigated cases based on four different geometries of the cell 
model under different loading configurations (biaxial deformation, 
biaxial deformation with pressure, and biaxial deformation with pres
sure and shear load). 

Not surprisingly, only small changes in the first principal strain of the 
nucleus were observed when the model was loaded, apart from the 
biaxial deformation, with blood pressure on the luminal surface of the 
endothelial cell. This low impact of blood pressure can be explained by 
the very thin shape of the endothelial cell due to which the blood 
pressure acts on one of the cell faces (with both the axial and 

circumferential displacements being fixed) and thus induces a nearly 
hydrostatic stress state, which cannot contribute significantly to the 
deformation due to the incompressibility of the cytoplasm. Also, the 
differences in nucleus strains for different loading conditions are rather 
small for axially pre-strained cells, but a significant increase (up to three 
times the original value) occurs with the addition of the shear load for 
low axial pre-strains. 

As the deviations across different cell model geometries are minor 
(below 20%), it appears reasonable to analyze the most realistic elon
gated domed shape in detail. While the shear load (corresponding to 
shear stress of <2 Pa) is capable to double or even triple (as in the 0/10 
case) the first principal strains of the nucleus under low axial pre-strains, 
these changes did not exceed 10% under higher axial pre-strains and 
become negligible under axial pre-strain equal to 30%. Also, the impact 
of cell shape on deformation under shear load decreases with increasing 
axial pre-strain from 20% to only a few percent difference between the 
elongated and regular domed endothelial cell model. These results 
anticipate a significant impact of axial pre-strain on nucleus deformation 
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Tab le 7 
The first principal strains of the nucleus in the calculated cases for elongated hexagonal endothelial cell. Pulsations represent the cyclic increase of the first principal 
strain of the nucleus while the cell undergoes pulsating blood pressure between 10 and 20 kPa. 

Model variant Axial pre-strain [%] Pressure [kPa] First principal strain of the nucleus for the elongated model variant 

Flat model Domed model 

Bi BiP BiPS Bi BiP BiPS 

0/10 0 10 0.052 0.055 0.115 0.052 0.049 0.164 
0/16 0 16 0.085 0.085 0.123 0.085 0.073 0.172 
0/20 0 20 0.104 0.092 0.144 0.104 0.087 0.178 

Pulsations +0.052 +0.037 +0.039 +0.052 +0.038 +0.014 
5/10 5 10 0.066 0.066 0.095 0.066 0.062 0.145 
5/16 5 16 0.071 0.072 0.112 0.069 0.067 0.154 
5/20 5 20 0.075 0.075 0.120 0.072 0.067 0.160 

Pulsations +0.009 +0.009 +0.025 +0.006 +0.005 +0.015 
10/10 10 10 0.122 0.113 0.126 0.122 0.107 0.141 
10/16 10 16 0.124 0.12 0.128 0.124 0.113 0.145 
10/20 10 20 0.126 0.119 0.130 0.125 0.111 0.150 

Pulsations +0.004 +0.006 +0.004 +0.003 +0.004 +0.009 
20/10 20 10 0.220 0.202 0.237 0.224 0.194 0.228 
20/16 20 16 0.22 0.203 0.237 0.224 0.193 0.229 
20/20 20 20 0.22 0.204 0.238 0.224 0.193 0.229 

Pulsations +0.000 +0.001 +0.001 +0.000 -0.001 +0.001 
30/10 30 10 0.312 0.279 0.338 0.316 0.272 0.322 
30/16 30 16 0.313 0.28 0.337 0.316 0.275 0.322 
30/20 30 20 0.313 0.282 0.337 0.316 0.276 0.322 

Pulsations +0.001 +0.003 -0.001 0.000 +0.004 0.000 

0.25 

0.2 

a. 0.15 

!S 0.1 

0.05 

Axial force with cytoskeleton 
Axial force without cytoskeleton 

-Circumferential force with cytoskeleton 
Circumferential force without cytoskeleton 
FE simulation (Adherent model in compression) 
FE simulation (Flat model in compression) 

- Experimental results for adherent model in compression 

6 
Strain (%) 

Fig. 6. Comparison of simulated force-deformation curves for regular flat models under equibiaxial strain (5/20) (with and without cytoskeleton) with simulated and 
experimental results in compression [24,32]. 

as discussed below in detail. 
We assume a decisive impact of the first principal strains of the nu

cleus on the cell biological response, but the question is about the role of 
their steady and pulsatile components. It is well known that pulsatile 
load contributes significantly to the remodelation and healing of tissues 
[43]. The magnitude of the pulsatile component of the strain (difference 
between its values under systolic and diastolic pressure) also increases 
significantly with decreasing axial pre-strain in the artery. 

The role of the cytoskeleton in the mechanical response of the cell 
was investigated in the cases with maximum axial (30/10) and 
maximum circumferential (0/20) elongation. As expected, no contri
bution of IFs was found in the latter case under circumferential stretch 
being lower than the limit stretch of the IFs. In agreement with similar 
analyses performed in Refs. [23,24,44], AFs and MTs have a vital role in 
cell stiffness. The MTs seem to dominate the cell stiffness under shear 
loads in contrast to AFs prevailing in the stiffness of the flat model in 
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Fig. 7. Examples of stresses in the cytoskeletal components of a regular flat endothelial cell in the 30/10 model in (a) actin filaments, (b) intermediate filaments, and 
(c) microtubules. 
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Fig. 8. Contribution of cytoskeletal components of the regular hexagonal cell model to its stiffness under 30/10 loading condition for (a) the flat model and (b) the 
domed model. The axial reaction force is normalized to 1 with respect to the force from the corresponding hybrid model. 

compression [24]. 
Although the realized simulations of the cell mechanical behavior 

are static, the results are obtained for various levels of loads which en
ables us to assess the cyclic deformations of the cell caused by the 

pulsatile nature of blood pressure in arteries as well. The first principal 
strains of the nucleus (see Tables 6 and 7) under systolic and diastolic 
pressure show that highest pulsations occur in the cases with the lowest 
axial pre-strain as typical for arterial conditions in older individuals 

s 
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(a) 

Fig. 9. 
domed 

Contribution of cytoskeletal components of the regular hexagonal cell model to its stiffness under 0/20 loading condition for (a) the flat model and (b) the 
model. The reaction force is normalized to 1 with respect to the force from the corresponding hybrid model. 

[35]. 
All the recent research in the field of cell mechanics as well as the 

limitations they bear are summarized in Table 8. Priority of the pre
sented model consists generally in considering the physiological loading 
conditions of the cell and several different shapes which mimic the 
realistic cell geometry in the endothelium. 

Aside from the aforementioned advantages, the proposed models 
have certain limitations. First, they do not consider the dynamic and 
time-dependent behavior of living cells because we have no applicable 
viscoelastic experimental data for the cytoskeletal components as 
available for whole cells, e.g. in Ref. [47]. If available, they could be 
introduced in the model together with a non-linear elastic behavior of 

Tab le 8 
Comparison of the published results with recent works in the field. 

References Content of the article Limitations 

[6,45] 

[ ] 

[ ] 

[ ] 

A 3D FE model of a single cell 
with a cytoskeletal network was 
created for simulations of the 
indentation tests. 

A 3D finite element model of a 
cell is constructed and includes 
discrete cytoskeletal 
architecture and continuum 
parts (nucleus, cell membrane, 
cytoplasm) 

A hybrid model of 3D 
endothelial monolayers with a 
regular hexagonal pattern was 
proposed for an investigation of 
a crack generated in an 
endothelial monolayer. 

An investigation of the time-
dependent behavior of the actin 
cytoskeleton was performed. A 
3D FE model was created and the 
model was validated with 
compression test simulations for 
this purpose. 

These studies simulated the 
mechanical behavior of a cell 
with an oversimplified tensegrity 
structure without considering the 
flexural behavior of MTs. 
Also, the role of individual 
cytoskeletal filaments was not 
investigated. 
The role of individual cytoskeletal 
filaments was investigated 
including the degradation of the 
cytoskeleton but the study used 
simpler cytoskeletal 
arrangements without 
considering the flexural behavior 
of MTs. Only an indentation test 
was simulated. 
The study addressed the 
structural integrity of endothelial 
monolayer without a detailed 
description of the cytoskeletal 
arrangement and thus missing an 
investigation of the role of 
individual components. The cell 
model geometry is a flat regular 
hexagon only. 

Only the suspended (spherical) 
endothelial cell was simulated 
instead of realistic physiological 
shapes. 

the cytoskeletal fibers. 
Also, active responses of the cell (cell lifetime and cytoskeletal 

remodeling related to the rearrangement of AFs and MTs under per
sisting mechanical load) are not considered. Although the remodeling 
occurs after longer time scales than typical for cell mechanical testing, it 
may have a significant influence on our results. 

In our biaxial loading conditions, axial deformation is steady and 
represents axial pre-stretch of the artery, however, it is disputable 
whether the high values generally valid for the aortic wall are realistic in 
this case. First, atherosclerosis as a basic motivation of these simulations 
is typical for older people showing low axial pre-stretch [35]. Second, 
the lifetime of endothelial cells does not exceed one year [48]; in be
tween, they remodel themselves [4 9] and grow on a pre-stretched basal 
membrane within the arterial wall, but without being necessarily 
pre-stretched. Consequently, the high axial pre-stretch of the endothe
lium may be also questionable for young individuals and these models 
might be out of reality. Therefore we consider the models with low or 
even zero axial pre-stretch to be more clinically relevant. However, this 
issue is worth researching further, preferably combining suitably 
tailored experiments with corresponding modifications of the compu
tational modeling introduced herein. The presented model could also be 
used advantageously in simulations of mechanical behavior of cell 
population (endothelial monolayer) and detachment of the individual 
cells from each other and from the basal membrane, which might bring 
new insight into the inception of atherosclerosis. 

Even though there is no indication in the literature on other 
mechanically-relevant cell organelles and the model is believed to 
comprehend all of them, the structural arrangement of cytoskeletal 
components does not capture their true complexity. The number of 
cytoskeletal elements is significantly lower than in a real cell but it was 
shown that this number is not decisive for the quality of the model [10, 
22-24], and the authors do not know any discrete model having the 
number of elements comparable with reality. 

However, when we created a more complex tensegrity model with 
862 members [50], it brought no advantages against the previous ten
segrity models with lower numbers of elements [10,21,22] while the 
basic disadvantages were preserved: the stiffness of MTs being too high, 
the absence of centrosome in the model, and, consequently, the 
non-realistic transmission of loads by the individual cytoskeletal 
elements. 

Finally, endothelial cell dysfunction has been linked to atheroscle
rosis through its response to hemodynamic forces [39]. The model 
points towards a significant role of wall shear stress in the deformation 
of arterial endothelium cells and their nuclei. However, further studies 

9 
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are needed to investigate the perception of these loads by a cell 

monolayer. 

5. Conclusion 

The 3D hybrid finite element model of a single endothelial cell wi th 

its realistic geometry is applied in simulations of cell mechanical 

response wi thin the vascular endothelium layer. The simulations are 

performed wi th four different cell geometries under different loading 

conditions (combinations of biaxial deformation, blood pressure, and 

shear load from the blood flow). As a decisive parameter for mechano-

transduction, the first principal strain of the nucleus is evaluated and 

compared throughout a l l the investigated cases wi th different geomet

rical configurations and loading conditions. The results indicate that the 

pulsatile blood pressure may induce significant cyclic deformation on 

the nucleus and thus trigger the remodelation processes in the endo

thelium as wel l as in the whole int ima layer. Also, the wa l l shear stress, 

however small in absolute values, can significantly change the nucleus 

deformation and thus contribute to the remodeling of the endothelial 

cells. Both effects are pronounced specifically for low axial pre-stretch i n 

arteries which is a typical condition in older people. In the future, the 

model should be expanded to investigate the perception of loads by a 

monolayer of cells wi thin the vascular endothelium. 
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Abstract: A hybrid model of suspended animal cell proposed earlier, with a bendo-tensegrity structure 
mimicking cytoskeleton, is applied to simulate the global response of the cell under compression and to 
describe mechanical behaviour of its components. The Finite Element model incorporates Microtubules, 
Actin Filaments, Intermediate Filaments, nucleus, cytoplasm, and Cell Membrane, all of them with realistic 
geometrical and material parameters. The unique features of this structural model keep fundamental 
principles governing cell behaviour, such as interaction between the cytoskeletal components redistributing 
the prestress of actin filaments throughout all the structure. The force-deformation curve from the simulated 
compression test with microplates is validated by comparison with the experimental response from literature. 
The model enables us to investigate the mechanical role of individual celular and cytoskeletal components in 
intracellular force propagation by means of changing their numbers or parameters. As quantitative 
characterization of nucleus deformation may be hypothetically decisive for mechanotransduction, the model 
aims at better understanding of how cellular processes are mechanically controlled. 

Key words: cell mechanics, cytoskeleton, bendo-tensegrity model, compression test simulation 

1. Introduction 

Mechanical testing of individual cells represents an important source of input data for modelling of their 
mechanical behaviour. Simulations of these tests enable identification of the models and aim at 
explaining cellular processes such as mechanotransduction. They represent also a step needed in 
multilevel modelling of tissues. Different types of cell models have been created using continuum and 
discrete approaches, or combination of both in hybrid models. Tensegrity models represent one of the 
most promissing concepts, showing however some limitations (see Bursa et a l , 2012) which have been 
overcome using bendotensegrity concept. Such hybride model was created in (Bansod, 2016) using finite 
element program system A N S Y S (ANSYS Inc. PA, US); it encompasses the cell nucleus and cytoplasm 
surrounded by the Cell Membrane (CM), as well as cytoskeletal components like Actin Filaments (AFs), 
Micro Tubules (MTs), and Intermediate Filaments (IFs). Microscopic observations of the 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. In constrast to the tensegrity 
models published earlier, MTs are modelled here more realistically as bended (buckled) beams reducing 
thus their stiffness under compression and making their response under tension more non-linear 
(Mehrbod et a l , 2011). This paper presents results of simulations of compression test with microplates of 
an isolated suspended cell using this hybrid model. 

2. Methodology 

The proposed model implemented the hybrid modelling approach, i.e. the continuum parts (nucleus, 
cytoplasm) were modelled using continuous (volume) finite elements circumscribed by a thin layer of 
shell elements representing C M , while the cytoskeletal components were modelled using discrete (beam 
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or truss) elements. The shape of the suspended cell model was defined as spherical with diameter (D) of 
32.2 urn, taken from one of the experimental measurements in (Nagayama et al., 2006). The nucleus was 
also modelled as spherical and positioned at the center of the cell. Similarly to a real cell , its position was 
stabilized by a network of IFs. Both cytoplasm and nucleus were modelled with eight-node hexahedral 
isoparametric elements; the flexible C M on the outer surface of cytoplasm was modelled by shell 
elements, with the thickness of 0.01 um (Rand, 1964) and no bending stiffness. The wavy IFs were 
modelled with negligible stiffness until being sufficiently (by 20% in the presented model) extended, 
while A F s created a network beneath the C M prestressed by means of their -24% prestrain; both of them 
were modelled as tension-only truss elements. In contrast, M T s were modelled as bended beam 
structures, all of them originating from one point near the nucleus representing the centrosome. 
Geometrical as wel l as material parameters of all these components were set according to literature 
sources (see Bansod (2016) for more details). The contact between the cell and the rigid microplates was 
set as frictionless. 

During the simulation, the cell model was compressed against the fixed (bottom) microplate by applying 
vertical displacements to the nodes of the movable (top) microplate to achieve 50% deformation of the 
cell. The reaction force was evaluated as the sum of forces at nodes of the contact surface between the 
cell and the movable microplate. 

Fig. 1: 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 under compression in the 
corresponding phases of the experiment (Ujihara et al, 2012). 

3.Results and discussion 

The undeformed model and sectional views of some deformed shapes are presented in Fig . 1 in 
comparison with the snapshots from experiments. A s depicted in Fig . 2, the force-deformation curve 
calculated from simulation is in good agreement with the non-linear response of the experimental results 
and validates thus partially the proposed bendo-tensegrity model. The slope of the simulated force-
deformation curve increases with increase in cell compression, similar to the effect observed in the 
experiments (Nguyen et a l , 2009; Ujihara et a l , 2012). 

Experimental results 

S imul ati on re suits 

o . i -

20 3 0 
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Fig. 2: Comparison of simulated force-deformation curve with the experimental dependence taken from a 
study by (Nguyen et al, 2009), investigating the biomechanical properties of a single chondrocyte using a 

micromanipulation technique. 
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The compression stiffness of the model was calculated as the ratio of conventional stress to conventional 
strain. Here the reaction force of the cell at the compressed edge was 0.454 uN and its (maximal 
undeformed) cross-sectional area 817 um 2 . The undeformed and deformed lengths of the cell 
corresponded to its full and half diameter, respectively, resulting thus in 50% compression and the 
respective stiffness of the model of 1.11 kPa. 

3.1. Response of individual cell components 

In addition to the global deformation presented in the above figures, the model enables to analyze also 
responses of the individual cell components under compression. Fig . 3(a) shows the deformed shape of 
the cell and nucleus; although they seem to be rather similar at the first glance, their aspect ratio 
(transversal to longitudinal dimension of the originally spherical shape) is very different: 2.1 for the cell 
against 1.3 for its nucleus. For the IFs the axial strain is chosen instead of stress as representative quantity 
because stress is zero up to the strain value set in the model to represent the waviness of IFs. The 
approximately ellipsoidal deformed shape of the nucleus appears analogous to that observed in 
experiments (Ujihara et a l , 2012; Caille et a l , 2002). During cell compression, the randomly oriented 
A F s and IFs were likely to be oriented perpendicularly to the loading direction; the filaments aligned in 
the loading direction were compressed whereas the perpendicular ones were stretched. The first principle 
strain in the nucleus is hypothesized to be the decisive quantity of mechanotransduction (Bursa et al., 
2012). 

The M T s localized in the central region perpendicularly to the direction of loading were straightened and 
became thus much stiffer than the bended ones. This effect, together with the A F s reoriented 
perpendicularly to the loading direction and resisting high tensile forces, contributes to the gradually 
increasing cell stiffness which corresponds to experimental observations (Ujihara et a l , 2012). L o w 
contribution of IFs to the cell response was detected because their negative as wel l as positive strains 
remained below their applied prestrain keeping thus their waviness and consecutively zero stresses. 

3.2. Analysis of mechanical contribution of the cell components 

The role of each cytoskeletal component in resisting cell compression (to 50 % length) was investigated 
in greater detail v ia removal of each cytoskeletal component (individually as wel l as in all mutual 
combinations) from the above model which is denoted as control model in Fig . 4 and below. The 
maximum reaction force decreased by 26% without cytoskeleton with 20 % attributed to A F s being thus 
the mechanically most significant cytoskeletal component. 

Fig . 5 shows the influence of changes in the number of individual cytoskeletal components and in the C M 
thickness on the cell response under compression. Again , additional A F s created in the cell interior 
(together with additional nodes on the cell surface representing focal adhesions) increased the global cell 
reaction force, whereas increase in the density of either M T s or IFs did not show much variation. The 

(a) Deformed shape (b) Microtubules (MTs) 
i . is 

(c) Nucleus 

(d) Intermediate filaments (//s) (e) Aclin filaments (AKs) 

-0.35 

Fig. 3: Simulation results at 50% cell compression: (a) deformed shape of the cell, cytoskeletal 
components and nucleus; distribution of axial stress in the (b) MTs (c) distribution offirst principal strain 
in the nucleus; (d) distribution of axial strain in the discrete elements representing IFs; and (e) AFs; 
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Fig. 4: Contribution of the cytoskeletal components individually and in mutual combinations to the cell 
stiffness at 50% compression. The reaction force is normalized with respect to that of the control model 
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Fig. 5: Effect of increase in the density of cytoskeletal components (a) AFs, (b) MTs, and (c) IFs on the 
cell reaction force under 50% compression; (d) similar effect of variation of CM thickness. 

variations of C M thickness affected the overall cell reaction force most substantially. For the cytoskeletal 
components a similar effect could be achieved by a proportional increase of their elastic modulus or cross 
section area. 

4. Conclusion 

The proposed bendo-tensegrity model of a cell is capable to identify the influence of individual 
components on its global mechanical response, as well as the nucleus deformation, offering thus new 
insights into the interdependence of cellular mechanical properties and the mechanical role of cytoskeletal 
components. The compression test simulations revealed that although being tension-bearing components, 
actin filaments and cell membrane contributed most significantly to the cell response under compression. 
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Abstract: Recently hybrid models of the endothelial cell were created by using the bendo-tensegrity concept 
to complete the continuum parts of the cell with an adequate cytoskeleton model. The proposed model 
of endothelial cell includes a network of actin filaments (AFsj as tension supporting cables and microtubules 
(MTs) as bended beams supporting primarily compression. It is created by adopting the geometrical shape of 
a short hexagonal prism with its 12 vertices that results in a nearly isotropic behaviour of the model without a 
preferred orientation. To achieve the synergistic effect of cytoskeletal components, the elements representing 
AFs, MTs, and Intermediate filaments (IFs) are sharing the same end nodes (representing focal adhesions) 
with the cell membrane (CM). The AFs are prestressed (i.e. stressed without application of external load), 
which is essential for the cell shape stability, while the IFs are wavy, thus not bearing load until straightened. 
The objective is to create different FE models of endothelial cells which will be used to simulate mechanical 
responses of the cell under different loading conditions. Endothelial cell dysfunction has been linked to 
atherosclerosis through their response to mechanical loads, especially hemodynamic forces. 

Keywords: Endothelial cell, Finite element model, Cytoskeleton, Tensegrity, Mechanical behavior. 

1. Introduction 

Endothelium is a continuous, single cell-thick layer l ining blood vessels and forming part of their tunica 
intima. Its cells rest on a connective tissue basement membrane that connects them to the tunica media 
(mainly composed of elastin, collagen, and smooth muscle cells). The outermost layer of the vessel wall , 
the tunica adventitia, is largely composed of connective tissue strengthened by collagen fibres. 

Continuous lining of endothelial cells protects the luminal surface of mammalian vessels. In vivo, blood 
flow pulsations in the arteries produce periodic oscillations in vessel diameter, resulting in a cyclic increase 
and decrease of stretch of the vessel wall . Additionally, the blood flow causes also oscillating fluid shear 
stresses upon the endothelial lining. Endothelial cells in arteries are elongated and oriented in the direction 
of the blood flow (Langille et al., 1981) (Levesque et al., 1986) whereas endothelial cells of large veins are 
polygonally shaped. 

Atherosclerosis can cause narrowing of lumen of blood vessels, commonly known as stenosis, creating pro-
thrombotic regions. The shear stress in stenotic regions can stimulate vascular cells as wel l as blood 
components. Cellular interactions play a key role in diverse biological processes within the cardiovascular 
system (Konstantinos et al., 1998) such as development of atheroma or thrombosis. They are highly specific 
and regulated by different factors, such as hemodynamic forces. The attachment of blood components to 
the vessel wal l depends on the balance between dynamic forces (forces acting on the cells) and adhesive 
forces (interactions of receptors and ligands from one cell to another). Understanding the interactions 
between hemodynamic forces and vascular cell biology is crucial to understanding cardiovascular diseases. 
The created models enable us to investigate the impact of mechanical stimuli on the endothelial cells; such 
stimuli, to which the vessel wall is exposed in healthy and stenotic arteries, may be circumferential and 
axial stretch, blood pressure, or shear stress from the blood flow. 
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2. Methodology of the model proposal and discussion 

The concept o f "bendo-tensegrity" was proposed by (Mehrbod et al., 2011) suggesting a modification of 
contemporary cytoskeletal tensegrity models to consider the flexural response of M T s . This concept was 
applied recently, in combination with continuum model of cytoplasm, nucleus and cell membrane, for 
modelling of mechanical behaviour of smooth muscle cells (Bansod et al., 2018); as the first finite element 
model it enabled one to mimic the transmission of external mechanical stimuli onto the nucleus, where they 
may stimulate a biochemical response of the cell. 

In this paper, three created bendo-tensegrity models of endothelial cell are presented, i.e. flat, spherical, 
(suspended) and adherent cell models. The endothelial cell model encompasses the nucleus and cytoplasm 
surrounded by the C M and cytoskeletal components like A F s , M T s , and IFs (see F ig . 1). For the proposed 
model implementing hybrid modelling approach, the continuum parts (nucleus, cytoplasm) are modelled 
using continuous (volume) elements circumscribed by a thin layer of shell elements (representing C M ) 
while the cytoskeletal components are modelled using discrete (beam or truss) elements 

2.1. FE model of flat endothelial cell 

The physiological dimensions o f endothelial cells are 0.5 urn thick, 15 urn wide and upto 50 urn long and 
have a centrally located oval or round nucleus slightly raised compared to the rest of the cell. Endothelial 
cells are usually flat and elongated in the direction of blood flow (Sumpio et al., 2002). Based on the 
physiological dimensions and shape, the cell was modelled as a very short (0.5 urn) regular hexagonal prism 
with the edge length o f 12.5 Lim as shown in F ig . Id. Both cytoplasm and nucleus (Fig. le) were modelled 
with eight-node hexahedral isoparametric elements. A thin flexible layer circumscribing the cytoplasm 
referred to as C M was modelled with four-node quadrilateral shell elements on the outer surface of the 
cytoplasm, with thickness of 0.01 Lim (Rand, 1964) and no bending stiffness. The cytoskeleton is inscribed 
inside this continuous part as follows: A F s are modelled as truss elements connecting all the corners of the 
prism representing focal adhesions (FAs) as shown in F ig . l c . The resist only tensile loads and are internally 
prestressed (i.e. stressed even without application of an external load); to achieve this in the proposed 
models, the experimentally measured prestrain of 24 % (equal throughout all the model) (Deguchi et al., 
2005) (Kojima et al., 1994) was assigned to them, generating thus an initial force (prestress) essential for 
the cell shape stability. The elements representing A F s , M T s , and IFs were connected by sharing the same 
end nodes at the C M representing F A s . 

Fig. 1: Computational model of aflat endothelial cell comprising: (a) Microtubules; (b) Intermediate 
filaments; (c) Actin filaments; (d) Cytoplasm surrounded by cell membrane (CM); (e) Nucleus (pink) in 

the cytoplasm (sectional view). 

In a real cell , M T s (see F ig . la) originate from the centrosome located near the nucleus and emanate outward 
through the cytoplasm t i l l the cortex where they interact with other cytoskeletal filaments at focal adhesions 
(FAs). It is now evident that M T s do not have compression-only behaviour but they appear highly curved 
(buckled) in l iving cells under no external load. This shape reduces highly their stiffness under compressive 
load, therefore previous tensegrity models gave non-realistic results (see Bursa et al., 2012). 

IFs are scattered throughout the intracellular space and circumscribe the nucleus to stabilize its position 
within the cell. The proposed model omits their parts adherent to the nucleus and introduces the IFs only 
as straight fibres being tangential to the nucleus surface and connecting it with the F A s . When stretched, 
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 (their 
arrangement is shown in F ig . l b were modelled as truss elements resisting only tensile loads under 
elongations higher than 20 %, with this limit strain value being equal for all of them. 

2.2. FE model of spherical endothelial cell 

The experiments (Caille et al., 2002) show a spherical shape of cells suspended in a l iquid medium as used 
in most mechanical tests. In order to enable us validation of some mechanical responses of our endothelial 
cell model, we rearranged the shape of fiat endothelial cell model into the spherical cell model as shown in 
Fig . 2. 

• Actin Filaments (AFs) 
Intermediate Filaments (IFs) 
Microtubules (MTs) 

Fig. 2: Spherical model of suspended endothelial cell: (a) sectional view of cytoplasm (blue) with CM 
(light green) and nucleus (pink); (b) cytoskeleton. 

We assumed the same volume of the cell , thus the dimensions are recalculated by equating the volume of 
regular hexagonal prism to the volume o f a sphere. From this, the diameter o f cytoplasm is 7.4 urn and 
diameter o f nucleus is 3.0 urn. The topology and arrangement of cytoskeletal elements remains the same as 
in the fiat model (see F ig . 2b). 

2.3. FE model of adherent endothelial cell 

To enable us simulations of mechanical tests done experimentally with cells adhered to a substrate, such as 
e.g. indentation test or magnetic tweezer test, the F E model of adherent cell was created (see F ig . 3c) on 
the basis of the model used in (Bansod, et al., 2018) and applying the rules described by (McGarry et al., 
2004). Again it was modified from the suspended cell model by creating an axisymmetric cell model with 
the shape of a truncated sphere. On the basis of experimental observations in (Jean et al., 2004) and (Caille 
et al., 2002), we used the cell model with a maximum diameter of 20 microns and a maximum height of 
8 microns; the nucleus was modelled as a flat ellipsoid with maximum diameter of 8 microns and height of 
4 microns. In contrast to the above endothelial cell models, the adherent cell possesses a thin layer of actin-
gel at the cell surface referred to as actin cortex ( A C ) . We used an analogous approach as presented by 
(Barreto et al., 2013) and modelled the A C (i.e. the C M together with the dense acting network below it) 
with four-node quadrilateral shell elements having no bending stiffness. The experimentally measured 
thickness o f this cortical layer is 0.2 urn, i.e. 20 times thicker than the cell membrane itself (Unnikrishnan 
et al., 2007), (Jean et al., 2005); this value is consistent with another study on endothelial cells. Another 
difference within a cell adhered to a rigid substrate is in arrangement of actin, which is, in contrast to the 
other cell shapes, arranged in a form of thicker Act in Bundles (ABs) localized at the cell periphery and 
aligned in the longitudinal direction. These bundles, requiring a different topology and geometry of the 
model (see F ig . 3a), were modelled using truss elements that resist only tensile loads and are arranged along 
the A C with both ends anchored to it at F A s together with the elements representing M T s and IFs. A s like 
A F s , the A B s were also internally prestressed by introducing the 24 % prestrain (Deguchi et al., 2005), 
(Barreto et al., 2013). The topological distribution of both M T s and IFs was retained analogous to that of 
the suspended cell model. Due to the geometric complexity of cell configuration, both cytoplasm and 
nucleus were meshed with four-node tetrahedral solid elements. 

Fig. 3: (a) Computational model ofAbs; (b) Microscopic image ofAbs (cytoskeleton, Inc); 
(c) Computational model of adherent cell. 



3. Conclusion 

The presented work aims at realistic computational modelling of mechanical behaviour of cytoskeleton and 
the endothelial cell as a whole. The F E hybrid model of smooth muscle cell created in (Bansod et al., 2018) 
and exploiting bendo-tensegrity principle was modified to mimic specific shapes, properties and 
cytoskeletal arrangement of endothelium cells. It focuses on cytoskeletal mechanics of the endothelial cell 
in its suspended, flat and adherent shapes to study its passive behaviour. The proposed F E models of the 
endothelial cell are intended to be used for simulations of mechanical tests of endothelial cells under 
different loading conditions to validate the model and to enable us to transform different mechanical stimuli 
into a chosen unique quantity representing the cell mechanical response under different loading conditions. 
Endothelial cell dysfunction has been linked to atherosclerosis through their response to mechanical loads, 
especially hemodynamic forces, and these simulations should contribute to understanding this process. 
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Recently a hybrid model of smooth muscle cell was created by using the tensegrity concept to complete the 
continuum parts of the cell with cytoskeleton [1]. The model includes a framework of actin filaments (AFs) 
as tension supporting cables and microtubules (MTs) as compression-supporting struts. It is created by 
employing the geometrical shape of icosidodecahedron with its 30 vertices representing focal adhesions 
(FAs) which results in a nearly isotropic behavior of the model without any preferred orientation. To 
achieve the synergistic effect of cytoskeletal components, the elements representing AFs , M T s , and 
Intermediate filaments (IFs) are connected by sharing the same end nodes at the cell membrane (CM) 
representing F A s . The A F s are prestressed (i.e. stressed without application of external load) which is 
essential for the cell shape stability, while the IFs are wavy, thus they do not bear any load until straightened. 
The objective is to modify the existing model for modeling endothelium cells and to validate it with 
appropriate mechanical responses. The investigation process is going on the mechanical properties of 
cytoskeletal and continuum components of endothelial cells and also on the cytoskeletal arrangement in 
endothelial cells. Endothelial cell dysfunction has been linked to atherosclerosis through their response to 
hemodynamic forces. The modified model is intended to be used for assessment of impact of wall shear 
stress in arteries on endothelium cells. Endothelial cells are composed in a monolayer, in this manner further 
advances are needed to investigate the perception of loads by a population of cells. 
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COMPUTATIONAL MODELLING OF CELL RESPONSE TO VARIOUS 
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Introduction 
Endothelial cells in the arterial wall may play a decisive 
role in the etiology of atherosclerosis. To improve the 
understanding of the cell mechanical response, the 
bendo-tensegrity concept was recently used to describe 
the characteristic behavior of the cytoskeleton. This 
helped to overcome the excessive stiffness of 
microtubules from the previous tensegrity-based cell 
models. In the presented hybrid model, actin filaments 
(AFs) serve as tension-supporting cables, while 
microtubules serve as compression-supporting bended 
beams. The AFs are prestressed which is essential for 
the cell shape stability, while the intermediate filaments 
(IFs) are wavy, thus not bearing any load until 
straightened. 

Methods 
A hybrid FE model was created by combining the 
cytoskeleton model with continuum parts of the cell 
(nucleus, cytoplasm and cell membrane) taking into 
consideration different physiological shapes of 
endothelial cells. Additionally, four different variants of 
the model were created (regular flat and domed, 
elongated flat and domed) being even closer to its 
physiological shape [1]. To validate the described model 
with experimental results, the model was transformed 
(by keeping the same volume) into different shapes 
observed in vitro which were then used in Finite 
Element (FE) simulations of tension and 
compression [2]. 

Results 
The objective of this work is to investigate the 
mechanical response of endothelial cells to different 
loading conditions (compression, uniaxial and biaxial 
tension, and shear). The cell model was used for 
assessment of the impact of wall shear stress acting on 
the endothelium cells in arteries under their biaxial 
tensional load corresponding to the physiological 
conditions in the arterial wall (axial pre-stretch and 
mean arterial blood pressure causing circumferential 
stresses and strains). Finally, the model is intended to be 
used in FE simulations of the cell populations and their 
debonding from the substrate (basal lamina) under 
cyclic load corresponding to pulsatile blood pressure. 
Considerations on the role of the mitochondrial network 
in cell mechanical responses are also scheduled. 

Discussion 
The significant contribution of the cytoskeleton and its 
individual components to overall cell stiffness was 
assessed and nucleus deformation has been established 
as a decisive quantity for mechanotransduction. 

Figure: Suspended cell model for simulation of 
compression test: (a) unloaded cytoskeleton in front 
view (b) unloaded model in wireframe and under 50% 
compression [2]. 
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Modeling C A D , F E M modeling, choice of electro-mechanical 
components available on the market, mechanical design and 
verification of the stresses 

Academic Projects & Co-Curricular Activities 

1 Practical view of Feasibility Study, Politecnico di Milano, Lecco. 
2 Design and Analysis of thick-walled Pressure vessel. 
3 Fabrication of Compressed air Automotive, J N T U Kakinada, India. 
4 Participated in robotics workshop in S A M Y A K (2K12) Conducted by K L University, 

Vijayawada, India. 
5 Participated in Radio Control Aircraft workshop by Anna University Chennai, India. 

Publications 

1 Bansod Y . D . , Jakka Veera V.S.V.P., and Bursa J. "Bendo-tensegrity model 
simulates compression test of animal cell". 24th International Conference on 
Engineering Mechanics, Svratka, Czech Republic, May 14 -17, 2018, pp. 45-48, doi: 
10.21495/91-8-45. 

2 Veera Venkata Satya Varaprasad Jakka, Jiří Bursa. Computational Modeling of 
Mechanical Behaviour of Endothelial Cells". 26th Cytoskeletal Club, Vranovská 
Ves, May 19-21,2019. 

3 Veera Venkata Satya Varaprasad Jakka, Jiří Bursa.. Finite element models of 
mechanical behaviour of endothelial cells. Engineering Mechanics 2020. 2020. p. 
222-225. ISBN: 978-80-214-5896-3. 

4 Veera Venkata Satya Varaprasad Jakka, Jiri Bursa, "Finite Element Simulations of 
Mechanical Behaviour of Endothelial Cells", BioMed Research International, vol. 
2021, ArticlelD 8847372,17 pages, 2021. https://doi.org/10.1155/2021/8847372 

https://doi.org/10.1155/2021/8847372


5 Veera Venkata Satya Varaprasad Jakka, Jiri Bursa, "Impact of physiological 
loads of arterial wall on nucleus deformation in endothelial cells: A computational 
study", Computers in Biology and Medicine, Volume 143, 2022, 105266, ISSN 
0010-4825, https://doi.org/10.1016/i.compbiomed.2022.105266. 

6 Veera Venkata Satya Varaprasad Jakka, Lucie Orlova and Jifi Bursa. (2022). 
"Computational modelling of cell response to various mechanical stimuli". 27th 
Congress of the European Society of Biomechanics, June 26-29, Porto, Portugal. 
(Submitted). 

Technical Skills and Competences  

Skills 

Software's 

• Sound knowledge on Ansys (APDL + workbench) 

• Sound knowledge on Solid works, AutoCAD, Pro-E, GD&T 

• Familiar with Catia V5 
Programming Languages 
M A T L A B and C 
Tools 
M S Office (Excel, Word, PowerPoint) 
Operate Systems 
Windows 10/8/7, Mac 

Personal Skills and Competences  

Proficiency 

Excellent 
Excellent 
Excellent 

Good 

Excellent 

Excellent 

Mother Tongue 

Other Languages 

Social Skills 

Telugu 

English Czech Italian 
Excellent Basic level Basic level 

• Months of experience working in multi-cultural environments, 
often collaborating with a team from different countries and region. 

https://doi.org/

