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Numerous in-vitro studies have established that cells react to their physical environment

and to applied mechanical loading. However, the mechanisms underlying such phenom-

ena are poorly understood. Previous modelling of cell compression considered the cell as a

passive homogenous material, requiring an artificial increase in the stiffness of spread

cells to replicate experimentally measured forces. In this study, we implement a fully 3D

active constitutive formulation that predicts the distribution, remodelling, and contractile

behaviour of the cytoskeleton. Simulations reveal that polarised and axisymmetric spread

cells contain stress fibres which form dominant bundles that are stretched during

compression. These dominant fibres exert tension; causing an increase in computed

compression forces compared to round cells. In contrast, fewer stress fibres are computed

for round cells and a lower resistance to compression is predicted. The effect of different

levels of cellular contractility associated with different cell phenotypes is also investigated.

Highly contractile cells form more dominant circumferential stress fibres and hence

provide greater resistance to compression. Computed predictions correlate strongly with

published experimentally observed trends of compression resistance as a function of

cellular contractility and offer an insight into the link between cell geometry, stress fibre

distribution and contractility, and cell deformability. Importantly, it is possible to capture

the behaviour of both round and spread cells using a given, unchanged set of material

parameters for each cell type. Finally, it is demonstrated that stress distributions in the cell

cytoplasm and nucleus computed using the active formulation differ significantly from

those computed using passive material models.
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1. Introduction

Previous in-vitro studies have established that cells react to

their physical environment and to applied mechanical load-

ing. Cells can sense and actively respond to the stiffness of an

underlying substrate, with substrate stiffness affecting cytos-

keletal remodelling (Byfield et al., 2009). Furthermore, it has

been demonstrated that changes in cell shape or substrate

stiffness can cause an increase in apparent cell stiffness

(Janmey et al., 2011). However, the mechanisms underlying

this active response of cells to the mechanical environment

are poorly understood.

Cell compression has been used to quantify differences in

the mechanical response of different cell types and shapes.

Previous studies have used finite element models in tandem

with experimentally measured geometries and compression

forces to show that spread cells have a higher apparent

stiffness than round cells for a range of different cell types

(Caille et al., 2002; Darling et al., 2008). However, these models

only consider the cell as a passive entity and assume either

elastic, viscoelastic, or biphasic material behaviour. For such

passive cell models, a given, unchanged set of material

parameters cannot be used to replicate experimentally

observed compression forces for round and spread cells.

The apparent stiffness of spread cells must be artificially

increased to account for the significant cytoskeletal remodel-

ling that the cell undergoes as it changes from a round to a

spread configuration (McGarry, 2009; McGarry and McHugh,

2008). In order to gain insight into the mechanisms under-

lying cellular cell stiffening, it is necessary to employ an

active material model that predicts the distribution and

contractility of the actin cytoskeleton.

The cytoskeleton has previously been modelled using pre-

positioned passive filaments and contractility has been

included as a prescribed thermal strain (Mohrdieck et al.,

2005; Storm et al., 2005). However, these attempts have not

considered the cellular processes that drive cytoskeletal

remodelling and contractility. A recent study has proposed

a novel computational model of contractile stress fibre (SF)

behaviour based on the biochemistry of SF formation

(Deshpande et al., 2007). This model is entirely predictive;

i.e., the SF distributions and contractility are dynamically

governed by cellular signalling and tension dependent dis-

sociation. Models predicting SF formation and contractility

have also been proposed by Kaunas and Hsu (2009), and

Vernerey and Farsad (2011). All such models have been

confined to 1D or 2D formulations; restricting SF formation

to a single plane and restricting the ability to simulate in vitro

experiments. The models of Kaunas et al. and Vernerey and

Farsad differ from that of Deshpande et al. (2007): Vernerey

and Farsad assume that the rate of SF formation is increased

by fibre tension; Kaunas et al. assume that fibre dissociation

occurs when a fibre has been stretched past a critical length.

The Deshpande formulation has been used successfully to

simulate SF distributions in cells on patterned substrates

(Pathak et al., 2008). In a study by McGarry et al. (2009) this

formulation is shown to accurately predict the scaling of

active cell tractions with cellular contractility and with

substrate stiffness for cells adhered to arrays of microposts.
In the current study, this formulation is expanded into a

fully 3D framework that allows for the simulation of realistic

round and spread cell geometries. This 3D implementation is

used to investigate differences in SF evolution in a range of

cell types with varying contractility. Simulations are per-

formed for axisymmetric round and spread cells, and for a

fully 3D elongated or polarised cell. The effect of cell shape

and contractility on the compression response of cells is

examined. The results of this study are compared to previous

experimental data to illustrate the predictive capabilities of

the model. Our findings highlight the importance of SF

distribution and contractility in the mechanical response of

a cell to applied compression.
2. Methods

2.1. Stress fibre contractility

Stress fibre (SF) formation consists of three coupled phenom-

ena: an activation signal which triggers the formation of the

SFs, dissociation of fibres due to a reduction in tension, and a

Hill type law relating the contractility of a SF to strain rate.

The role of cellular signalling has been closely linked to

cytoskeletal remodelling and mechanotransduction. In this

study, the complete signalling pathway which triggers the SF

formation is phenomenologically represented as an exponen-

tially decaying signal (Roberts et al., 2001):

C¼ eð�t1=yÞ ð1Þ

where y is a constant that controls the decay rate of the

signal and t1 is the time since the most recent signal.

Cytoskeletal tension is essential for sustaining SF bundles

and a reduction below a defined isometric level leads to fibre

dissociation (Franke et al., 1984; Kolega, 1986). The contractile

behaviour of assembled SF bundles is similar to that of

skeletal muscle. The tension in the SF bundle, which is

generated by cross-bridge cycling of actin–myosin pairs

(Warshaw et al., 1990), is related to the bundle contraction

rate using the following Hill-like equation:

sf

s0
¼

0 _e
_e0
r� Z

kv

1þ kv
Z
_e
_e0
�

Z
kv
r _e

_e0
r0

1 _e
_e0
40

8>>>><
>>>>:

ð2Þ

where sf is the stress in the SF bundle, s0 is the isometric

tension, and kv is the reduction in stress upon increasing the

shortening strain rate _e, by _e0. The dimensionless activation

level of a SF bundle, Z, at any orientation, also defines the

isometric tension, s0, where s0¼Zsmax. smax is the maximum

tension in a fully activated bundle. Fig. 1 shows the variation

in tension with strain rate for each part of Eq. (2).

SFs are described by defining the dimensionless activation

level Z:Z(0rZr1), where Z¼1 corresponds to the maximum

possible SF activation level allowed by the biochemistry. The

signal induced formation and tension dependent dissociation

of the actin cytoskeleton is captured using a first order kinetic

equation (Deshpande et al., 2007):
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_Z ¼ 1�Z½ �
Ckf

y
� 1�

sf

s0

� �
Z

kb

y
ð3Þ

the overdot denotes change with respect to time. The first

term on the RHS governs the rate of formation of the SFs and

is controlled by the dimensionless constant kf , the signal C,

and decay constant y. The latter part of the equation gives the

rate of dissociation and is governed by the dimensionless

constant kb, the stress level sf, and the isometric tension s0.
Fig. 2 – Schematic diagram of a 3D cell showing detail of the radi

red and the nucleus shown in blue. Inset shows 240 fibre orienta

m and angles (x,/) used to define its orientation are shown top

figure legend, the reader is referred to the web version of this a

Fig. 1 – Actin–myosin stress fibre (SF) behaviour for each

part of Eq. (2). A—Fibres with a large shortening rate have

no tension and will dissociate quickly. B—Fibres with a

shortening rate greater than �g/kv display a Hill like

behaviour where tension is proportional to strain rate.

C—Fibres with a positive strain rate are at isometric tension

(r0¼grmax) and do not dissociate.
2.2. Numerical implementation

In order to reduce computational cost, an axisymmetric cell

geometry is assumed. However, as shown in Fig. 2, it is

necessary to consider fibre orientations in 3D, as fibres are

not confined to the radial plane. A representative volume

element (RVE) is defined as a sphere with radius r containing

SFs that are equally distributed in 3D space such that the

distance between each fibre and its neighbour is minimised,

as shown inset in Fig. 2. The orientation of an arbitrary

fibre within the RVE is defined using the unit vector

m¼ sinðoÞcosðjÞx1 þ sinðoÞsinðjÞx2 þ cosðoÞx3. where xi are

the unit base vectors for a Cartesian basis in the current

configuration. The strain rate _ef in an arbitrary direction m

can be determined from the strain state in the RVE using the

following equation:

_ef ¼ _e ijmimj ¼ _e11sin2ocos2fþ _e22sin2osin2fþ _e33cos2o

þ2_e12cos fsin fsin2o�2_e23sin ocos osin f
�2_e13sin ocos ocos f ð4Þ

The contribution of all fibres to the stress state in the RVE

can be calculated by integrating over the volume:

sij ¼
1
V

Z
V
sf ðojÞmimjdV ð5Þ

This integral can be approximated numerically by consid-

ering a finite number of fibres that extend from the centre of

the RVE to equidistant points on the sphere surface. The

stress tensor in the Cartesian basis generated by the active SF

contractility is given as

sA
ij ¼

Xn

k ¼ 1

sf okfk

� �
n

m okfk

� �
im okfk

� �
j ð6Þ

where n is the number of fibre orientations. A sensitivity

analysis of the number of fibre directions n revealed that

convergence is achieved for n¼240.

In parallel to the active SF behaviour described above, the

passive material surrounding the SFs in the cell cytoplasm is

modelled using a compressible neo-hookian hyperelastic
al plane with circumferential (hoop) and radial SFs shown in

tions within the representative volume element. Unit vector

right. (For interpretation of the references to color in this

rticle.)
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formulation, whereby the passive stress tensor is given as

sP
ij ¼

2
J

C10 Bij�
1
3

Bkkdij

� �
þ

2
D1

J�1ð Þ ð7Þ

where the deviatoric left Cauchy–Green tensor B is deter-

mined from the deformation gradient F:

Bij ¼
Bij

J2=3
¼

FikFjk

ElmnF1lF2mF3nð Þ
2=3

ð8Þ

The elasticity constants are given in terms of Young’s

modulus, E, and Poisson’s ratio, n, as:

C10 ¼
E

4 1þ nð Þ
; D1 ¼

6 1�2nð Þ

E
ð9Þ

The complete stress state at any point in the cell cytoplasm

is then given as

sij ¼ sA
ij þ sP

ij ð10Þ

This active constitutive formulation is implemented as a

user defined material subroutine in the commercial software

Abaqus (Dassault Systemes, RI). The cell nucleus is modelled

as a passive hyperelastic material using the same formula-

tion given in Eq. (7). The subscript ‘‘nuc’’ is used to denote

material properties for the nucleus.
Fig. 3 – Dimensioned diagram of spread (A), round (B), and

polarised (C) cell geometries. The nucleus is shown in blue

and the cytoplasm is shown in green. Due to axial

symmetry it is only necessary to consider the half cell plane

shown here for (A) and (B). The polarised cell contains two

vertical symmetry planes and the cell is simulated using

the quarter cell geometry shown. (For interpretation of the

references to color in this figure legend, the reader is

referred to the web version of this article.)
2.3. Finite element models

Finite element meshes of round and spread cells were

generated based on previously reported cell geometries of

such cells (Caille et al., 2002; Thoumine et al., 1999) as shown

in Fig. 3. The initial dimensions of the cell used for each

model are shown in Fig. 3. Axisymmetry is assumed for the

round and spread cells shown in Fig. 3A and B. An elongated

or polarised cell with an elliptical surface area is shown in

Fig. 3C; however, it is sufficient to model one quarter of the

polarised cell as it contains two symmetry planes. Thus a

spread geometry is assumed for the cells in Fig. 3(A) and (C)

prior to introduction of cellular contractility. The finite ele-

ment model of each cell consists of two regions with different

materials. The green regions in Fig. 3 represent the cytoplasm

and material consists of the active formulation in parallel

with a passive hyperelastic material as described above. The

blue regions represent the nucleus and the material is

simulated using a hyperelastic material. The two regions

are continuous and no slip is permitted between the nucleus

and cytoplasm. A nominal element size of 0.075 mm was

chosen for all meshes. A mesh sensitivity study was per-

formed and no changes to the results were observed for

smaller element sizes. The cells are attached to a rigid

substrate using a previously published cohesive zone model

that captures the tension dependent formation of focal

adhesions (Deshpande et al., 2008). An overview of this model

is given in Appendix A. The cohesive zone model is imple-

mented as a user defined interface subroutine in Abaqus.

In the first step of the simulation, fibre growth is driven by

an exponentially decaying signal. The cell contracts on the

rigid substrate due to the formation and remodelling of

contractile SFs. Remodelling of the cytoskeleton continues

until it reaches a steady state reached. Changes in cell height

and nucleus shape also reach equilibrium during this step.
Following from this, in the second step of the simulation,

the cell is compressed to 30% of its steady state height, which

was computed in step 1. A flat rigid indenter is brought into

contact with the cell and moved downwards at a constant

velocity of 0.02 mm/s. The effect of friction between the

indenter and the cell was investigated for smooth frictionless

contact, contact with different friction coefficients, and for

rough contact. Friction was found to have a negligible effect

(o1%), therefore hard, frictionless contact is used to describe

the interaction between the cell and the rigid indenter.

2.4. Model parameters and interpretation of results

Different levels of contractility are investigated in this study

in order to represent different cell phenotypes. Specifically,

smax values of 25 kPa, 8 kPa, and 3.5 kPa are used to represent

smooth muscle cells (SMCs), mesenchymal stem cells (MSCs),

and fibroblasts (FBs) respectively, based on previous calibra-

tions for 2D simulations of cells on microposts (McGarry

et al., 2009). A passive cytoplasm stiffness of Ecell¼0.4 kPa is

chosen for all cell types, and completely passive cells are

represented by bare cytoplasm (i.e. smax¼0). For all cell types,

the additional active parameters are set to y¼70s, kv¼7,

kb ¼ 1, _e ¼ 0:003 s�1. Previous experimental studies of isolated
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nuclei have estimated that the nucleus may be over 10 times

stiffer than the cytoplasm (Thoumine et al., 1999). Therefore

a passive nucleus stiffness of Enuc¼4.0 kPa is assumed.

In order to visualise the resulting 3D SF Enuc¼4.0 kPa Z at

each integration point, given as

Z¼
Xn

k ¼ 1

Zk

n
ð11Þ

where n is the total number (240) of discrete fibre orientations

at each point. Secondly, in order to identify regions of the cell

cytoplasm in which SFs are aligned in a dominant direction, a

variance is defined to quantify the difference between the

most highly activated fibre, Zmax, and the average fibre

activation, Z, at each integration point. The variance P is

defined as

P¼ Zmax�Z ð12Þ

Finally, vector plots are presented to illustrate the 3D

orientation of dominant SFs throughout the cytoplasm.
3. Results

3.1. Stress fibre orientation and distribution

The distribution of the average SF activation level, Z, is

presented in Fig. 4 for round and spread SMCs. In both cases,

a steady state distribution has been achieved following signal

driven SF evolution. For both the round and spread cell, SFs

are seen around the nucleus and along the base, where the

cell is attached to a rigid substrate. It is important to note

that the spread cell shows significantly higher levels of SF

formation than the round cell, with a distinctive band of SFs

leading from the cell periphery over the top of the nucleus. In

contrast, large areas of the round cell cytoplasm contain no
Fig. 4 – Average stress fibre (SF) level g for round (A) and

spread (B) smooth muscle cells. Note the bands of SFs in the

spread cell leading from the top of the nucleus to the cell

periphery. In contrast, much of the round cell contains low

levels of SFs. The dashed lines depict the original cell size

prior to the introduction of cellular contractility.
SF formation and there are no bands extending from the

nucleus to the cell periphery. The stiff nucleus and the

attachment to the rigid substrate support tension in the SFs

and, in accordance with Eqs. (2) and (3), these fibres do not

dissociate. The spread cell, which has a significantly larger

adhesion area, provides more support to the SFs, preventing

fibres from dissociating. In the round cell there is a smaller

adhesion area and the cell radius is larger than the adhesion

radius. Consequently, there is not enough support for fibre

tension, leading to shortening of fibres and fibre dissociation.

In Fig. 5, vectors indicating the direction and activation

level of the most highly activated SF at each integration point

are plotted, with the results corresponding to the state of the

SMCs in Fig. 4. The colour of the background and of the

vectors corresponds to the variance (P) at each integration

point. Long, red fibres indicate that the SFs have formed

dominant bundles in a particular direction. Blue areas with

very short or no fibres have very low SF formation in all

directions. Magnified views of the round cell in Fig. 5(C, D)

reveal that dominant SF bundles around the nucleus are

oriented in the radial plane. These fibres have formed in a

narrow band all around the nucleus. SFs at the base of the

round cell are oriented at approximately 451 to the radial

plane (Fig. 5(E)). In contrast, Fig. 5(B, G, H) show that large

areas of the spread cell contain dominant bundles of SFs that

are oriented circumferentially.

The angle of a fibre to the radial plane (p/2�o) is shown in

Fig. 6 (inset). The distribution of this angle for each integra-

tion point in SMCs corresponding to the condition depicted in

Figs. 4 and 5 is presented in a histogram for both round and

spread cells. For the spread cell, dominant fibres are oriented

at 601–901 to the radial plane, i.e., circumferential (hoop)

fibres. In contrast, the dominant fibres in the round cell are

mostly radial ones that form an angle of 01–151 to the radial

plane. Additionally, it should be noted that there is a higher

level of fibre activation in the spread cell.

3.2. Cells under compression

Following the simulation of SF evolution to a steady state in

response to an exponentially decaying signal, parallel plate

compression of cells to 30% of the steady state cell height is

then simulated. Compression forces are presented in Fig. 7

for round and spread SMCs. The round cell generates a peak

force of �350 nN at 70% compression strain (i.e. the cell

height is 30% of the original value). However, significantly

larger reaction forces are computed for the spread cell, with a

peak force of �1317 nN. As the cell is compressed, the

dominant fibres identified in Fig. 5 undergo stretching. The

majority of these dominant fibres are oriented in the circum-

ferential direction and it should be noted that circumferential

strain is higher at the cell periphery.

During compression of spread cells, these dominant con-

tractile fibres are stretched and thus remain at a tension

equal to the isometric level s0, providing resistance to cell

compression. In these dominant fibres, the activation level is

predicted to be close to its maximum value ZE1, therefore

the computed isometric tension level is equal to the max-

imum possible value s0Esmax. In contrast, fibres in the round

cell which are stretched during compression are found to



Fig. 6 – Distribution of angle (p/2�x) between radial plane

and gmax orientation for all fibres for round (top) and spread

(bottom) smooth muscle cells. An angle of 90 degrees

means that fibres are in the hoop direction, and 0 degrees

means the fibres are in the radial plane.

Fig. 5 – Orientation of the most highly activated fibre is shown for round (A) and spread (B) smooth muscle cells. Vector

length and orientation describe the most highly activated fibre, where length is proportional to the activation level.

The colour corresponds to the variance at each point. Long red fibres indicate that the stress fibres (SFs) have formed

dominant bundles in a single orientation. Blue areas with short or no fibres have very low SF formation in all directions.

Fibre orientation is shown in detail in for each cell: above the nucleus (C, F), in the cytoplasm (D, G), and at the base of the cell

(E, H). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

Fig. 7 – Compression reaction forces for round and spread

smooth muscle cells when strained to as little as 30% of the

original cell height. Note that the peak reaction force for the

spread cell (1439 nN) is �2.2 times larger than for the round

cell (635 nN).
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have a very low activation level Z51. Furthermore, the

majority of dominant fibres in the round cell do not undergo

stretching during compression. The tension in these fibres



Fig. 9 – Peak reaction forces at 70% compression strain for

round and spread cells. The peak force ratio for spread to

round is 2.3, 1.8, 1.6, and 1.25 for smooth muscle cells

(SMCs), mesenchymal stem cells (MSCs), fibroblasts (FBs)

and passive cells respectively.
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drops (as prescribed in Eq. (2)) and consequently, fibres are

predicted to provide little resistance to compression.

3.3. Effect of cellular contractility

In addition to the previous simulations, where material proper-

ties were based on SMCs, the response of MSCs and FBs was

also investigated by varying smax as outlined in Section 2.4.

Fig. 8 shows the SF variance P for cells following initial signal

driven SF growth. FBs, which are the least contractile cells, have

the lowest variance. The lower variance is due to a combination

of higher average SF formation and a reduction in the activation

level of the most highly activated fibre. The lower smax causes

less contraction of the cell, which in turn leads to less fibre

shortening in all directions and therefore less dissociation of

SFs. Consequently, highly aligned contractile bundles do not

readily form.

The peak reaction forces are shown in Fig. 9 for each cell

type at 70% compression strain. Reaction forces for fully

passive or non-contractile cells are also included for compar-

ison. The peak force for both round and spread cells

decreases with decreasing contractility. The peak force for

the spread cell is reduced from 1736 nN for SMCs to 659 nN

and 335 nN for MSCs and FBs respectively. This reduction is

due to lower isometric tension in the dominant fibres in less

contractile cells. The predicted isometric tension s0¼Zsmax is

lower in contractile cells for two reasons: (i) the computed

activation level Z in the dominant direction is found to be

lower, as shown in Fig. 8; (ii) the prescribed maximum fibre

stress smax is lower (8 kPa and 3.5 kPa for MSCs and FBs,

respectively). As is also evident in Fig. 9, the ratio of compres-

sion forces between spread and round cells increases with

increasing cell contractility. A ratio of 2.9 is computed for

SMCs compared to a ratio of 1.2 for passive non-contractile

cells (smax¼0). Therefore, changes in the cell geometry do not

cause the stiffer response predicted for spread cells; the

computed increase in force is due to the presence and

orientation of dominant fibres which are stretched during

compression of highly contractile spread cells.

3.4. Stresses in cells

Fig. 10 shows the tensile equivalent stress (also known as the

von Mises stress) in axisymmetric cells before and

after compression. The cytoplasm stress tensor is defined

according to Eq. (10) and the tensile equivalent stress is
Fig. 8 – Stress fibre variance [P] for round (top) and spread (botto

(B, E), and smooth muscle cells (C, F). Note that the variance is

dashed lines depict the original cell geometry prior to the intro
defined by

svm ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3
2

SijSij

r
; Sij ¼ sij�

skk

3
dij ð13Þ

Compression of round and spread SMCs causes a �2 fold

increase in stress throughout the cytoplasm and more than a

�10 fold increase in the nucleus (Fig. 10(A–D)). In the spread

FB, the stress in the cytoplasm before compression is �5

times lower than the spread SMC. Fig. 10(G) shows that the

stress in the nucleus is significantly lower in FBs than in

SMCs (Fig. 10(C)) before compression. After compression, FB

cytoplasm stress increase by a factor of �2 (Fig. 10(F)). How-

ever, nucleus stresses increase by a factor of �30. Finally,

Fig. 10(H) shows the stress distribution in passive cells

following compression. Stresses are highly localised above

and below the nucleus. This distribution differs significantly

from the predicted stress distributions for SMCs (Fig. 10(B, D)).

3.5. Stress fibre formation in polarised cells

Fig. 11 shows SF orientation and distribution in a polarised

SMC after SF formation has reached steady state in response

to an exponentially decaying signal. A quarter cell showing

fibre orientations on 3 orthogonal planes is shown in

Fig. 11(A), i.e., the two vertical planes of symmetry and a
m) cells for fibroblasts (FBs) (A, D), mesenchymal stem cells

lowest for the FBs, which are the least contractile cells. The

duction of cellular contractility.



Fig. 10 – Tensile equivelent stress (also known as the von Mises stress) before and after compression for round smooth

muscle cells (SMCs) (A, B), spread SMCs (C, D), and spread fibroblasts (FBs) (E, F). Von Mises stress is shown for the nucleus

only for SMCs and FBs before compression (G). Stresses are also shown for passive cells after compression.

j o u r n a l o f t h e m e c h a n i c a l b e h a v i o r o f b i o m e d i c a l m a t e r i a l s 1 4 ( 2 0 1 2 ) 1 4 3 – 1 5 7150
horizontal plane at the cell base. SFs are further illustrated in

the horizontal basal plane in Fig. 11(B) and in additional

vertical planes in Fig. 11(C). In order to further visualise the

3D SF distribution throughout the entire cytoplasm a 3D

animation is presented in two videos in the online supple-

mentary material (Movie S1, S2). Dominant fibre bundles are

predicted to form parallel to the long axis of the cell. Due to

the polarised shape of the cell, the cell is more deformable in

the direction of the minor axis, which leads to fibre short-

ening and dissociation in this direction. In contrast, the cell is

less deformable in the direction of the major axis, supporting

fibre tension and preventing dissociation. Similar to axisym-

metric cells, SF activation levels are highest at the base of the

cell near the adhesion to the rigid substrate where fibre

tension is supported, preventing fibres from dissociating.

Supplementary material related to this article can be found

online at http://dx.doi.org/10.1016/j.jmbbm.2012.05.016.

3.6. Compression and release of polarised cells

As implemented for axisymmetric cells, polarised cells were

compressed to 30% of the steady state height following the

signal driven growth described above. The simulated com-

pression forces are presented in Fig. 12(A) for SMCs, MSCs,

FBs, and a passive cell with no contractility. Similar to

axisymmetric cells, larger compression forces predicted for

highly contractile cells; a peak reaction force (after compres-

sion to 30%) of 2340 nN is computed for SMCs, 1270 nN for
MSCs, 945 nN for FBs, and 700 nN for passive cells. The

increased compression resistance computed for highly con-

tractile polarised cells is due to the stretching of dominant SF

bundles. Fig. 12(C) shows dominant fibre bundles that are

stretched during compression for a cell that has been com-

pressed to 50% of its steady state height, i.e., dominant fibres

that are not undergoing stretch are not shown. These SFs

have a high activation level and have a positive strain rate;

therefore they exert an isometric tension close to the max-

imum possible value in accordance with Eq. (2), s0¼ZsmaxE
smax. Although the prediction of long parallel SFs for polarised

cells differs from the circumferential SFs computed for

axisymmetric cells, the dominant fibre bundles in both

geometries are stretched during compression, and SF tension

causes an increase in compression resistance. Compression

and release of a polarised cell is shown in an animation in the

online supplementary material (Movie S3). Increasing the

Poisson’s ratio of the cell from 0.3 to 0.4 resulted in an

�18% increase in compression reaction forces for both

passive and active cells (data not shown).

Following compression to 30% of the steady state height, the

indenter is immediately withdrawn and the cell is allowed to

return to an equilibrium configuration. The recovery of the cell

height is shown in Fig. 12(B) for each contractile cell type. In the

1200s following the release both the MSC and FB recover to a

steady state value, with the least contractile FB recovering

fastest. As the cell relaxes, fibres which were stretched during

compression are now shortening. The tension in these



Fig. 11 – Stress fibre (SF) orientation is shown for an smooth muscle cells (SMC) with a polarised cell geometry. Vector length

and orientation describe the most highly activated fibre, where length is proportional to the activation level and the colour

corresponds to the variance at each point. SFs are plotted on 3 orthogonal planes (A), with 2 vertical symmetry planes and a

horizontal plane near the base of the cell. SFs are further illustrated on the horizontal plane (B) and on two additional vertical

planes (C). Note: SF distribution is computed throughout the cytoplasm and is further illustrated in Movie S1 in the online

supplementary material.
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shortening fibres drops, which leads to fibre dissociation. The

time-dependent response computed for contractile cells in

Fig. 12(B) is entirely due to SF dynamics described in Eqs. (2)

and (3), as no viscoelasticity has been included in the material

formulation. It should be noted that all cells have recovered to a

cell height greater than the steady state value prior to compres-

sion. Although the SMC has not yet reached a steady state by

1200 s, it has relaxed to a height greater than that prior to

compression. The steady state heights of MSCs and FBs have

increased by 20% and 30%. SF dissociation during release leads

to an overall drop in tension throughout the cell and conse-

quently to an increase in the steady state height.
4. Discussion

The simulations presented here demonstrate that a compu-

tational model based on the active remodelling and
contractility of stress fibres (SFs) captures the compression

response of adherent cells. By implementing this predictive

bio-chemo-mechanical formulation (Deshpande et al., 2007)

in a fully 3D framework, it is shown that the orientation of

dominant fibre bundles significantly influences the mechan-

ical response of cells to compression. Specifically, if the

dominant fibre bundles in the cell are stretched during

compression, they significantly increase the computed com-

pression force. In round cells, low SF formation is computed,

with fibres occurring predominantly in the radial plane;

hence, these fibres shorten during compression and therefore

provide little resistance to compression. In contrast, high SF

formation is computed for both axisymmetric and polarised

spread cell geometries and, generally, the dominant fibres are

stretched during compression. The resultant isometric fibre

tension causes a significant increase in compression resis-

tance. Simulated SF formation is significantly affected by cell

shape, by the contractility level of the cell phenotype, and the



Fig. 12 – Compression reaction forces for smooth muscle cells (SMC), mesenchymal stem cells (MSC), fibroblasts (FB), and a

passive cell with no stress fibres for cell compressed by 70% of their steady state height (A). Creep recovery curves for SMCs,

MSCs and FBs following release after compression (B). Cell height was 30% of the original steady state height before release.

Vector plot of dominant stress fibre bundles that undergo stretch during compression (C), i.e. dominant SF bundles that

shorten during compression are not shown. The highlighted region represents a SF bundle running the length of the cell.

These fibres remain at isometric tension, providing resistance to compression.
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presence of the nucleus. In axisymmetric spread cells the

dominant fibres are predicted to align in the circumferential

direction and in polarised cells they are predicted to align

parallel to the long axis of the cell. In comparison to SMCs,

decreased levels of cellular contractility associated with MSCs

and FBs alter SF distributions and cause a reduction in the

computed reaction forces. SF distributions and compression

forces for both round and spread cells are simulated using a

given, unchanged set of material parameters for each of three

cell phenotypes.

In the present study, SF distributions and compression

forces for both round and spread cells are simulated using

a given, unchanged set of material parameters for each of

three cell phenotypes. Simulations predict that spread cells

have significantly more dominant SF bundles than round

cells. In axisymmetric spread cells, these are oriented in the

circumferential direction and in polarised cells these are

parallel to the major cell axis. In both axisymmetric and

polarised spread cells, our model is in strong agreement with

experimentally observed distributions. The following experi-

mental observations are reported for cells displaying an

approximately axisymmetric geometry: Potter et al. (1998)

show axisymmetric fibroblasts with clearly defined actin SFs

oriented circumferentially near the cell periphery; Goffin

et al. (2006) show that myofibroblasts on micropatterned

substrates and on istropic substrates fibroblasts acquire an
axisymmetric shape with actin SFs throughout the cyto-

plasm; Schober et al. (2007) also show distinct bands of

circumferential fibres for keratinocytes. Cells with polarised

geometries are reported to have long parallel fibres: Peeters

et al. (2004) show elongated myoblasts with distinctive long

SFs parallel to the long edge of the cell; Goffin et al. (2006) also

show elongated myofibroblasts with long parallel fibres

oriented with the long axis of the cell; finally Engler et al.

(2006) show polarised cells with long parallel fibres for MSCs

seeded on glass substrates. In contrast, experimental images

of rounded cells, such as unspread chondrocytes, show no

distinct alignment of fibres, with actin staining having a

smeared appearance throughout the cytoplasm (Ofek et al.,

2009a). This is captured by our simulations of round cells,

where low SF activation levels are predicted Z(51), with no

dominant bundling direction P(51) in most of the cytoplasm.

The present study also demonstrates that the nucleus plays a

significant role in SF formation by providing a stiff structure

around which a thin band of SFs form. As a stiff structure in

the centre of the cell, the nucleus provides support for the

tension that is essential for the persistence of SFs. Houben

et al. (2007) give a comprehensive review of the importance of

structural interactions between the nucleus and the cytoske-

leton. Broers et al. (2004) also report a significant decrease in

compression resistance for cells in which nuclear lamins

have been removed. Broers et al. further show that the
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removal of nuclear lamins also causes disruption of the actin

cytoskeleton and a decrease in cell stiffness. Khatau et al.

(2009) also highlight the structural relationship between the

nucleus and the actin cytoskeleton in spread cells.

Circumferential SFs have been described by Naumanen

et al. (2008) as transverse arcs. Such transverse arcs are

generated from a-actinin-decorated actin filaments which

assemble endwise with myosin bundles to form contractile

transverse arcs. The contractile nature of these transverse

arcs is confirmed by Hotulainen and Lappalainen (2006)

where myosin ATPase activity is inhibited by treating cells

with blebbistatin. This cell treatment resulted in complete

dissociation of transverse arcs in the cell, and after 30 min

focal adhesions disappeared. Furthermore, Oakes et al. (2012)

report that transverse arcs generate large amounts of tension

that is relayed to focal adhesions.

The current study predicts a stiffer response for spread

cells compared to round cells. This result is supported by the

experimental data of Darling et al. (2008) which reports

significant differences in apparent cell stiffness between

round and spread osteocytes (7.5 fold increase) and MSCs

(4.5 fold increase). The experimental findings of Caille et al.

(2002) suggest that the force required to compress endothelial

cells is six times higher for spread cells compared to round

cells. Previous finite element simulations of cell compression

have used passive material models, requiring an artificial

increase in the passive stiffness of the cell material in order

to capture the increased compression forces for spread cells

(Caille et al., 2002; Thoumine et al., 1999). It is important to

note that the active framework implemented in this study

captures this trend while using a given, unchanged set of

model parameters for each cell phenotype. The increased

resistance of spread cells to compression results from the

stretching of dominant contractile SF bundles. This mechan-

ism is supported by the experimental observations of Peeters

et al. (2004) for polarised cell geometries, where it is reported

that long actin fibres restrict deformation of the cell and

nucleus in the direction perpendicular to the dominant fibre

orientation. This observation underlines the fully predictive

nature of our modelling framework which provides an

insightful link between cell geometry, SF distribution and

response to mechanical stimuli. In the current study, for both

axisymmetric and polarised spread cells, we predict a similar

mechanism of increased compression resistance. In both

cases the dominant fibre directions are oriented such that

cell compression results in stretching of these fibres at

isometric tension, leading to an increase in resistance to

compression. In the case of axisymmetric cells, these domi-

nant fibres occur in a circumferential direction whereas in a

polarised cell these dominant fibres occur along the length of

the cell.

The link between cell contractility and resistance to com-

pression is further underlined by our prediction that

increased cell contractility leads to an increase in compres-

sion force. In spread cells, the dominant fibre bundle is

stretched during compression and these bundles exhibit

tension equal to the isometric level s0¼Zsmax. Therefore,

higher levels of cellular contractility smax, which are asso-

ciated with different cell phenotypes, result in higher tension

in the dominant bundles and consequently a greater
resistance to compression. The active modelling framework

predicts that spread SMCs provide most resistance to com-

pression (1400 nN), followed by MSCs (600 nN) and fibroblasts

(400 nN). These predictions are strongly supported by pre-

vious experimental studies: peak reaction forces of 2500 nN

have been reported for compression of highly spread myo-

blasts (Peeters et al., 2005). However, less contractile cells

such as endothelial cells generate peak forces in the region of

500 nN (Caille et al., 2002) and spread fibroblasts generate a

reaction force of �360 nN (Lulevich et al., 2006). Lower forces

have been observed experimentally for round cells, with

�100 nN being measured for round endothelial cells and

�80 nN for round chondrocytes (Ofek et al., 2009b). Further-

more, in the study of Darling et al. (2008), spread osteoblasts

and MSCs were shown to be 4.5 and 2.3 times stiffer than

spread chondrocytes, respectively. In contrast, round osteo-

blasts and MSCs were shown to be only 1.3 and 1.15 times

stiffer than round chondrocytes.

The present study also suggests a link between contractility

and creep recovery of a cell following compression. Upon

removal of the indenter, the current study predicts a time-

dependent recovery of the cell geometry to a steady state.

The apparent relaxation time for FBs is similar to that

reported by Thoumine and Ott (1997). Similarly shaped creep

recovery curves have been reported by Ofek et al. (2009c) for

chondrocytes, with a lower relaxation time of �5 s, suggest-

ing a faster recovery time for less contractile phenotypes. Our

simulations suggest that this characteristic time-dependent

response is primarily due to the remodelling and shortening

of the dominant SF bundles as SFs are observed to dissociate

both fibres when the cell is released (the converse of the

lengthening of these fibres during the compression phase

and the recovery phase). As fibres shorten, they obey a Hill-

type tension-strain rate behaviour, with the fibre tension

reducing from the isometric value. This tension reduction

during release leads to partial fibre dissociation, further

adding to the time dependent release behaviour. It is impor-

tant to note that in the current study, unlike previous studies

using simple standard viscoelastic material behaviour (Sato

et al., 2006; Thoumine and Ott, 1997), no phenomenological

viscoelasticity was used to capture this time-dependent

behaviour, suggesting that SF dynamics contribute to the

creep recovery of cells. This highlights the capability of our

model to provide mechanistic insight in addition to quanti-

tative prediction.

The mechanical cellular environment is closely linked to

cell differentiation (Engler et al., 2006) and, in particular, the

cytoskeleton provides a mechanical link from the nucleus to

the extracellular matrix (Buxboim et al., 2010). Nucleus

stresses play an important role in stem cell differentiation

and significant differences have been reported between stem

cells and differentiated cells in terms of nucleus stiffness and

nucleus stresses (Pajerowski et al., 2007). The accurate pre-

diction of cell and nucleus stresses would represent a

significant step in understanding and controlling cell

mechanotransduction. In the current study, we demonstrate

that the stress distribution following compression in the cell

and nucleus computed using a passive hyperelastic cyto-

plasm differs significantly to that computed using the active

SF formulation. The passive formulation predicts highly
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localised stress concentrations at the centre of the cell and

very little stress in the peripheral regions of the cytoplasm, in

contrast to the active formulations, where significant stresses

are computed throughout the cytoplasm for highly contrac-

tile cells. In the experimental study of Pajerowski et al. (2007),

the differences in nuclues stiffness between stem cells and

differentiated cell were determined using the micropipette

technique in tandem with a simple passive analytical solu-

tion for the deformation of the aspirated cell. Therefore the

change in apparent stiffness of the nuclei during aspiration

may be due to the increased contractility of differentiated

cells, rather than a change in the stiffness of the nuclues

material. Furthermore, the active formulation offers a pre-

diction of cell and nucleus stresses in the absence of external

stimuli.

In line with previous implementations of the material

formulation (McGarry et al., 2009; Pathak et al., 2008) and

experimental observations of chondrocytes and endothelial

cells (Ferko et al., 2007; Shieh et al., 2006), a Poisson’s ratio of

0.3 is assumed for the majority of simulations in the current

study. Other experimental studies have observed a Poisson’s

ration of 0.4 (Freeman et al., 1994; Jones et al., 1999; Trickey

et al., 2006); however, Darling et al. (2008) found that varying

the Poisson’s ratio between 0.3 and 0.5 only caused a 720%

change in the apparent elastic modulus of the cell. In the

current study, increasing the Poisson’s ratio from 0.3 to 0.4

results in an �18% increase in compression reaction forces

for both passive and contractile cells; suggesting that the

ratio of active to passive compression force is independent of

the Poisson’s ratio. A previous investigation of the role of

compressibility and Poisson’s ratio for passive cells (McGarry,

2009) determined that assuming a fully incompressible cell

(n¼0.5) leads to significant bulging of the cell during com-

pression. Such bulging is not consistent with the experimen-

tal images of compressed endothelial cells reported by Caille

et al. (2002).

The model geometries in the current study are based on

previous experimental observations of round and spread cells

(Caille et al., 2002; Thoumine et al., 1999). However, these

studies only investigated the mechanical response of actively

contractile cells and did not isolate the role of the cytoskeleton

through the use of SF inhibitors. The different levels of

contractility associated with each cell type cause a reduction

in cell height to a steady state value that is different for each

cell type simulated. In order to overcome this limitation, all

compression forces are presented as a function of change in cell

height normalised by the steady state height. In a follow on

experimental study, the effect of contractility on cell and

nucleus height, presenting a framework to accurately parse

the nucleus stiffness, cell contractility, and passive cytoplasm

stiffnes in spread cells (Weafer et al., submitted for publication).

Additionally, all cell types were simulated in the current study

using the same passive material properties. Previous investiga-

tions have calculated stiffness values by assuming the cyto-

plasm and cytoskeleton form a passive homogenous material.

In contrast, the passive stiffness used in the current study is

separated from the active contribution of the SFs. In the current

study, non-contractile elements such as microtubules and

intermediate filaments have been represented using a non-

linear hyperelastic continuum. However, previous experimental
studies have shown that microtubules undergo more complex

deformation; for example, Brangwynne et al. (2006) show that

in unloaded cells the microtubule network can buckle under

cellular contractility. A follow on experimental study will

examine the role of both actin SFs and microtubules in the

shear response of cells.

In the current study, each phenotype has been modelled by

changing the cellular contractility, based on the calibration of

cells on arrays of microposts and on patterned substrates

(McGarry et al., 2009; Pathak et al., 2008). These previous

implementations of the active SF formulation have been

limited to 2D simplifications. In the current study, this frame-

work has been extended so that SF evolution is predicted in a

fully 3D environment. The alignment of dominant SF bundles

which cause the increased resistance to compression in

spread cells are not considered in a 2D formulation. There-

fore, in order to accurately simulate experiments in which

the cell deformation occurs in more than one plane, it is

essential to consider SF formation in all directions. A 3D

formulation also allows for the simulation of realistic

polarised cell geometries and the inclusion of a cell nucleus.

Cell compression has been used in a range of in vitro studies

to quantify the mechanical properties of different cell types,

including endothelial cells (Caille et al., 2002), fibroblasts

(Thoumine and Ott, 1997, JCS), myoblasts, (Peeters et al.,

2005), adipocytes (Or-Tzadikario and Gefen, 2011) and MSCs,

osteoblasts, chondrocytes, adipocytes (Darling et al., 2008).

Previous computational investigations have assumed axi-

symmetric geometries for compression (Caille et al., 2002;

Nguyen et al., 2010; Ofek et al., 2009b) and micropipette

aspiration (Haider and Guilak, 2002; Rowat et al., 2005) with-

out investigating the effect of polarised cell geometries. The

implementation of a fully 3D framework provides insight into

the link between the contractility and alignment of dominant

SFs and cellular resistance to compression. It should also be

noted that the model parameters calibrated for the pseudo-

2D environments of cells attached to micro-posts (McGarry

et al., 2009) and cells on fibronectin patches (Pathak et al.,

2008) are shown to provide reasonable predictions of com-

pression forces compared to published experimental values.

This illustrates the robustness and applicability of the active

SF formulation to a wide range of single cell experiments.

In the current study, the contractile cytoskeleton has been

considered in a 3D, predictive framework with no predefined

SF arrangement. This implementation elucidates the role of

the cytoskeleton in the response of different cell types and

shapes to compression between two rigid plates. The orien-

tation and distribution of fibres significantly affects the forces

generated by the cells. In both axisymmetric and polarised

cell geometries dominant bundles of highly aligned SFs are

computed: in the case of axisymmetric cells such dominant

bundles occur in the circumferential direction whereas for

polarised cells dominant bundles occur parallel to the long

axis of the cell. In both cases the dominant SF bundles are

stretched at isometric tension during the compression event,

leading to an increased resistance to cell compression. This

effect is most pronounced for highly contractile cells. In

contrast, round cells provide a low resistance to compression

as lower levels of SF formation are predicted, and SF tension

does not significantly contribute to compression resistance.
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The framework presented here provides a powerful platform

to consider the role of the cytoskeleton in different loading

modes. In a follow-on study, this 3D framework will be used

to investigate the mutual dependence of SF formation and

focal adhesion assembly during cell spreading and for cells in

3D loading environments.
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Appendix A1. Cohesive zone model

The adhesion of cells to a substrate is simulated using a

recent thermodynamically motivated model (Deshpande

et al., 2008). This model considers the formation of focal

adhesions via the bonding of integrins on the cell surface to

suitable ligands on the ECM. A brief overview is provided

here; however, the reader is referred to the original publica-

tion for a detailed motivation and discussion.

A.1.1. Thermodynamics of bond formation

Binding integrins on the cell surface exist in two conforma-

tional states: high affinity, or ‘‘straight’’, integrins with a high

reference chemical potential, wH , and low affinity, or ‘‘bent’’,

integrins with lower reference chemical potential wL. Only the

high affinity integrins form bonds and low affinity integrins

remain unbound. Low affinity integrins with a concentration

xL have a chemical potential:

wL ¼ mL þ kTln
xL

x0

� �
ðA:1Þ

where mL is the internal energy and the last term accounts for

the configurational entropy. x0 is the total concentration of

integrins, and k and T are the Boltzmann constant and the

absolute temperature.

High affinity integrins form bonds and undergo stretching,

therefore the potential energy stored in the bond and the

mechanical work done are accounted for in the chemical

potential as

wH ¼ mH þ kTln
xH

x0

� �
þ F Dið Þ�FiDi ðA:2Þ

where F is the stretch energy and FiDi is the mechanical work

due to the stretch Di of the bond by the force Fi. The force Fi is

related to the stretch by

Fi ¼
@F
@Di

ðA:3Þ

The kinetics of bond formation and diffusion of low affinity

integrins along the cell membrane are considered fast com-

pared with other time scales involved. Therefore diffusive

fluxes are neglected and the concentrations of the integrins
are given by thermodynamic equilibrium: wH¼wL. Therefore

the concentrations of high and low affinity integrins are

determined as

xH ¼
x0

expððmH�mL þ F�FiDiÞ=ðkTÞÞ þ 1
ðA:4aÞ

xL ¼
x0

expð�ðmH�mL þ F�FiDiÞ=ðkTÞÞ þ 1
ðA:4bÞ

The stretch energy phi is expressed as a piecewise quad-

ratic potential:

F¼

ksD
2
e DerDn

�ksD
2
n þ 2ksDnDe�ðksD

2
e DnoDer2Dn

ksD
2
n De42Dn

8>><
>>: ðA:5Þ

where ks is the stiffness of the bond; De is the effective stretch

and Dn is the peak bond length. The bond stretch Di is related

to the displacement of the membrane relative to the ECM as

Di ¼
ui DerDn or @F

@De
Deo0

h i
0 otherwise

:

(
ðA:6Þ

A.1.2. Finite element implementation

The tractions on the cell surface depend on the force Fi on

each bond and the concentration of bound high affinity

integrins xH such that:

Ti ¼�xHFi ðA:7Þ

These tractions are balance by stresses in the cell caused by

cellular contractility such that:

Ti ¼ sijnj ¼�xHFi ðA:8Þ

where sij is the Cauchy stress in the cell, and nj is the surface

normal. In the current study, detachment of the cell from the

substrate is not considered. Therefore the cell is constrained

so that points that are in contact on the cell surface remain in

contact, i.e. only tangential displacements are allowed.

The focal adhesion parameters are chosen based on pre-

vious calibrations of this model (Deshpande et al., 2008;

Pathak et al., 2008) as: (mH�mL)¼2.14�10�20 J; x0¼5000 mm�2;

ks¼0.015 nN mm�1; Dn¼0.013 mm. A rigorous investigation of

the interdependence of focal adhesions and cellular contrac-

tility will be presented in a follow up paper.
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