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The cytoskeleton of an eukaryotic cell is a composite poly-
mer material with unique structural (mechanical) 
properties. To investigate the role of individual cyto-
skeletal polymers in the deformation response of a cell to 
an external force (stress), we created two structural 
models – a thick shell model for the actin cortex, and a 
three-layered model for the whole cell. These structural 
models for a cell are based on data obtained by deforming 
suspended cells, where each cell is stretched between 
two counter-propagating laser beams using an optical 
stretcher. Our models, with the data, suggest that the 
outer actin cortex is the main determinant of the struc-
tural response of the cell. 

 
WHILE a cell moving in the body is soft enough to squeeze 
through the tissue, it is also capable of withstanding high 
stresses such as osmotic pressure. Thus, an eukaryotic cell 
can respond to a large range of applied stresses, and displays a 
unique deformation response (structural response). How 
the cell achieves such a dynamic range in its structural or 
mechanical properties is a question that has challenged 
scientists from various disciplines. Elucidating the structural 
properties of this complex compound material requires 
understanding the individual contribution of the different 
structural components to the overall structural response of 
the cell. 
 In an eukaryotic cell, the main determinant of the structural 
response is the cytoskeleton – the in vivo polymer network 
that spans the interior of the cell. The cytoskeleton is com-
posed of three polymers – actin, microtubules and interme-
diate filaments. The short actin filaments in vivo assemble 
into the actin cortex – a mesh-like structure just beneath 
the cell membrane. The rod-like microtubules are arranged 
in the cell in a hub-and-spoke array that extends radially 
outward to the actin cortex from the centrosome, which is 
located near the nucleus1. Intermediate filaments are flexible 
coil-like polymers that form a fibrous network throughout 
the cell interior. Together, these polymers create a dynamic 
composite network that can change its architecture depending 
on the function and environment of the cell1. Thus, it is not 
surprising that studies have shown a clear inter-relationship 

between cell functioning and cell structural response2. 
Hence, understanding the structural response of the cell gives 
us valuable insight into its functioning also. 
 Thus, the main aim of our work and this theoretical article 
is to model and understand the structural response of an eu-
karyotic cell to an applied surface stress. To create structural 
models for a cell, we exploit the symmetric spherical geo-
metry of a suspended cell – a cell not attached to a sub-
strate – and the compartmentalization of its structural 
elements. Our models are based on observations from the 
optical stretcher experiment (Figure 1), which traps individual 
suspended cells using two divergent counter-propagating laser 
beams and deforms them by a radiation-induced surface 
stress. Using these models, we investigate how the structural 
response of the cell is related to the mechanical properties of 
the individual cytoskeletal polymers. On building a thick shell 
model for the actin cortex and a three-layered model for the 
entire cell (with the three layers being the actin cortex, the 
interior polymer network and the nucleus), we use them to 
analyse data obtained by deforming normal NIH-3T3 and 
BALB-3T3 fibroblasts (fibroblasts are connective tissue 
cells), and malignantly transformed SV-T2 fibroblasts in the 
optical stretcher. For a homogeneous global stress acting 
on a fibroblast, we find that while the interior polymer 
network of the cell and the nucleus influence its exact de-
formed shape, it is the outer actin cortex that is the main 
determinant of the structural response of the cell. 

Theory and modelling 

Surface stress on a cell deformed in the optical 
stretcher 

Before we consider the structural models we have created for 
a suspended cell, let us consider the surface stress acting 
on a cell in the optical stretcher. The surface stress σ on the 
cell can be calculated using ray optics and the principle of 
conservation of momentum. These numerical calculations, 
described in detail earlier3,4, show that the force on the cell 
is outward and normal at every surface point. This global axi-
symmetric surface stress σ deforming the cell is a com-
plicated function of the momentum transferred at the cell 
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surface and the Gaussian intensity profile of the laser beam, 
and hence is analytically intractable4. However, due to the 
symmetry of the problem, we are able to find an analytic 
function that approximates our numerical ray optics result 
for σ to within 2%; this closed form analytic approximation 
to the numerically calculated σ is obtained for each cell 
stretched, and is what is used in our further structural analysis. 
Now, the numerically obtained σ on the cell can be catego-
rized into one of three cases based on the ratio ω /ρ,  where ω 
is the half width of the laser beam at the cell and ρ is the ra-
dius of the cell: (i) ω /ρ  < 1, (ii) ω /ρ ~ 1 and (iii) ω/ρ > 1. 
For each of these cases, an example of the analytic approxi-
mation to the numerically obtained stress σ is shown in Figure 
2; the function is σ = σ0cos2φ for ω/ρ = 1.1; σ = σ0|cosφ|0.5 
for ω/ρ = 1.5 and σ = σ0cos24φ for ω/ρ < 1, where φ is the polar 
angle and σ0 is the peak stress on the cell. For ω/ρ < 1, the 
cosφ exponent (i.e. cosnφ) depends on how small the ratio ω/ρ 
is compared to 1. We have used a maximum exponent of 24 
for the optical stretcher data on fibroblasts. Thus, σ depends 
sensitively on ω/ρ. By an experimental control of this ratio, σ 
can range from a more localized stress for ω/ρ < 1, mathe-
matically described by high powers of cosφ, to a global or  
 
 

 
 
Figure 1. Schematic of a cell deforming in the optical stretcher set-up. 
The cell is trapped by two counter-propagating laser beams and stre-
tched along the laser axis and compressed perpendicular to it by radiation-
induced surface stress. 
 
 

 
 
Figure 2. Polar plot of mathematical functions that approximate ray 
optics calculations for the surface stress σ on a cell in the optical 
stretcher, for three different ratios of half width of the laser beam at the 
cell (ω) to the radius of the cell (ρ). These functions are σ = σ0cos2φ for 
ω/ρ = 1.1 (medium dashes), σ = σ0|cosφ|0.5 for ω/ρ = 1.5 (large dashes) 
and σ = σ0cos24φ for ω/ρ < 1 (small dashes), where φ is the polar angle. σ0, 
the peak stress on the cell at φ = 0, is 1 Pa here for all three cases. 

more uniform stress on the whole cell for ω/ρ > 1, mathe-
matically described by fractional powers of cosφ. 
 The peak stress σ0 on the cell is independent of cell size, 
but depends on the laser beam intensity and the relative 
refractive index as follows: 
 

 )),2)(1()1((
)0( 21

0 −−−+= RnnR
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nIσ  (1) 

 
where I(0) is the maximum laser intensity, c the velocity of 
light, R the coefficient of reflection of light at φ = 0 and n the 
relative refractive index of the cell. For a constant n, the 
peak stress on the cell depends mainly on the laser intensity 
and lies in the range of 1–15 Pa for laser powers between 
0.1 and 1.7 W. The normal fibroblasts show a corresponding 
stretching of 2–8% along the laser axis and a compression 
of 1–3% perpendicular to it. These small deformations enable 
us to perform structural analysis in the linear regime. 

Modelling fibroblasts in the stretcher 

Analytic thick shell elastic model for actin cortex: Ample 
experimental evidence, albeit more indirect and qualita-
tive, shows that out of the three cytoskeletal polymers, 
actin dominates the cell’s structural response5–8. Hence, 
in our first approach to model a suspended, spherical fibro-
blast in the optical stretcher and quantify the individual 
structural role of the various cytoskeletal polymers, we 
assume the actin cortex to be its main structural component 
and neglect the other interior components. In a suspended 
cell, the actin cortex is a thick shell-like structure beneath 
the cell membrane9; so we model the cortex as an isotropic 
elastic thick shell with a hollow interior. The radial deforma-
tion of a thick shell to an axi-symmetric stress depends on the 
geometry of the shell and inversely on its shear modulus10. 
When the radial deformation of the cell and the cortex 
thickness are known from the experiment, as in our case, 
we can use this analytic result for the radial deformation of 
a thick shell to obtain the elasticity – shear modulus G – of 
the actin cortex. 
 To test our modelling approach, we have observed the 
radial extension along the laser axis (Z) and compression 
perpendicular to the laser axis (X) of 30 cells each of normal 
NIH-3T3 and BALB-3T3, and malignantly transformed 
SV-T2 fibroblasts in the optical stretcher. Their structural 
response is viscoelastic for timescales of 1 s or more, but is 
purely elastic when the cells are stretched for only 0.2 s. The 
elastic deformation data are what we model. The cortex 
thickness – estimated from our fluorescence images9 – of 
a suspended NIH-3T3 or BALB-3T3 fibroblast is 17–23% of 
the cell radius, while that of the SV-T2 fibroblast is 12–15%. 
 The radial deformation w of a linearly elastic shell of any 
thickness h = r0 – r1 (where r0 is the outer radius and r1 is the 
inner radius) due to an arbitrary axi-symmetric surface 
stress can be found using thick shell elasticity theory, and is 
given as follows10: 
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where r is the radial distance of any point inside the shell, v 
the Poisson ratio of the material, φ the polar angle, Pn are 
Legendre polynomials of order n, and An, Bn, Cn, Dn are 
constants. At the outer radius r0, where the relative radial 
deformation w/r0 is measured in the optical stretcher experi-
ment, w/r0 can be written in the form: 
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where σ0 is the peak stress on the cell, G the shear modulus 
of the shell (actin cortex) and FG the geometric factor of the 
thick shell, which depends on the spherical shape of the object 
and the applied stress distribution σ. 
 Equations (2) and (3) give the general form of shell defor-
mation for an arbitrary axi-symmetric stress. The exact defor-
mation to a certain stress (e.g. σ0cos2φ) is obtained by 
evaluating boundary conditions, namely the radial stress 
σr (eq. (4))10 and meridional (shear) stress σrφ (eq. (5))10 at 
both the outer surface r0 and inner surface r1 of the shell. In 
the optical stretcher, an external radial stress (e.g. σ = 
σ0cos2φ) is applied at r0, and there is no internal radial stress 
at r1; the applied shear stress at r0 and r1 is zero from our 
ray optics calculations. These boundary conditions yield four 
equations to determine An, Bn, Cn and Dn for every n. Note 
that the radial stress σr applied at r0 is written using Pns as 
the basis, and n is the order of Pn in the nonzero coefficients 
of the radial stress expansion (e.g. for σ = σ0 coskφ, only the 
terms n = 0, 2, 4 … k are present). The shell’s total radial 
deformation is a summation over n. 
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Using the thick shell model, we obtain quantitatively 
meaningful values for the elasticity of the actin cortex of 
fibroblasts (given later in the article). Although the model 
accurately describes cell shape for a localized surface 

stress as on the NIH-3T3 and BALB-3T3 cells, it does not 
satisfactorily describe the observed cell shape for a global sur-
face stress, as on SV-T2 cells (shown later in the article). We 
thus create a structural model for the whole cell with a 
focus on the SV-T2 data. 
 
Three-layered sphere model – Coupling between different 
structural elements: Experiments done in another group 
on deforming fibroblasts with glass needles show that these 
cells respond to the needles according to a three-layered 
model, with the three layers being the actin cortex, the in-
terior assembly of polymers including microtubules, interme-
diate filaments and actin, and finally the nucleus11. Thus, 
these results suggest that such a three-layered solid is one 
possible structural model for the whole cell, similar to that 
used for neutrophils12. In our three-layered model cell (Figure 
3), we define each homogeneous, isotropic continuum layer 
to have a different shear modulus G and Poisson ratio ν. 
The analytical equations used to obtain the deformation 
of this composite elastic sphere to an axi-symmetric stress 
are similar to those of the thick hollow shell. Here, each layer 
can be treated individually as a thick shell (the cortex and the 
interior network layers) or as a sphere (nucleus) (Cns and 
Dns in equations (2), (4), (5) are 0 for a sphere) with appropri-
ate boundary conditions at the interface of the layers. 
 The boundary conditions used to solve the problem can be 
either rigid (no slip between layers) or slip boundary conditions 
(the surfaces can slip or move past each other) everywhere on 
the two interfaces. We use mixed boundary conditions (eq. 
(6)), a combination of no slip and slip conditions, which 
permit points on the two surfaces to both inter-penetrate 
in the radial direction and slip in the meridional direction. 
This non-rigid coupling between the layers (Figure 3) enables 
us to approximate the structural interaction between the actin 
cortex and the interior polymer network, and also the in-
teraction between this polymer network and the nucleus. 
However, the complexity of these interactions in vivo 
makes it difficult to determine the exact boundary condi-
tions at the actin–interior network interface and the nu-
clear interface. Hence, we use the three-layered model 
with the mixed boundary conditions and vary the αs and 
βs in them (eq. (6)) to fit our elastic experimental data 
and gain insight into these cytoskeletal interactions: 
 
 α(σr)2 = β(w2 – w1), α1(σrφ)2 = β1(v2 – v1),  (6) 
 
 (σr)1 = (σr)2, (σrφ)1 = (σrφ)2, 
 
where σr and σrφ are the radial and shear stresses, w and v are 
the radial and meridional displacements, and 1 and 2 denote 
two surfaces with an interface, α, β, α1 and β1 are the in-
teraction parameters that can be adjusted anywhere between 
0 and 1 to obtain a boundary condition that varies from no-
slip to slip. 
 Data analysis with the three-layered model yields the 
surprising result that the optical stretcher predominantly 
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Figure 3. A possible three-layered structural model for the entire fibroblast (mainly the SV-T2 cells), consisting of 
actin cortex, interior polymer network of microtubules, intermediate filaments and actin, and nucleus. 

 
 
deforms the actin cortex in spite of stronger structural 
elements in the interior, such as the microtubules and nucleus 
(shown later in the article). One simple explanation is that, 
since these elements are not rigidly coupled to the cortex 
in the model, their impact on the deformation of the model 
is seen only in the direction perpendicular to the laser axis. 
To further investigate the role of coupling on the structural 
effect of the interior network, we consider the extreme case 
of rigid coupling and perform a numerical finite element 
simulation that focuses on the microtubules and incorpo-
rates their cellular architecture and rod-like structure. Inter-
mediate filaments are excluded since they play a role only at 
large deformations13. 
 

Finite element simulation – Further investigation on the 
role of coupling: Our finite element simulation (Figure 4), 
created with the package ABAQUS, involves specifying the 
geometry of the components, the structural properties of the 
model’s materials, such as the Young’s modulus E and 
Poisson ratio ν, boundary conditions and applied load. In our 
simulation the actin cortex is an isotropic elastic shell, the 
microtubules are hollow elastic rods with a radius of 12 nm 
and a wall thickness of 5 nm and the nucleus is a solid elastic 
sphere. The microtubules are rigidly attached to both the nu-
cleus and the cortex. Accuracy of the finite element code can 
be tested by first performing a simulation with a thick 
shell alone (no microtubules or nucleus) and comparing 
its deformation with that of the analytic thick shell model. 
The relative difference between the two deformations is 
found to be ~ 10–5. This accuracy enables us to further in-

vestigate the microtubule–actin coupling, and the effect of 
the position of the nucleus on the structural response of 
the cell. 

Results: Insights from models and experiment 

Determination of actin cortex elasticity from the 
thick shell model 

The radial deformation of a thick shell (eq. (3)) is used to 
obtain the shear modulus G of the actin cortex from the 
optical stretcher deformation data. In eq. (3), G is the only 
unknown quantity since the experimental cell deformation 
along the laser axis (φ = 0 in eq. (3)) and the cortex thick-
ness are known, and the peak stress and stress distribution for 
each cell can be calculated using ray optics as discussed ear-
lier. We then obtain, using eq. (3), G for each cell from 
data using a shell thickness (from fluorescence images) of 
20% for the normal NIH-3T3, BALB-3T3 fibroblasts and 
15% for the malignantly transformed SV-T2 fibroblasts. We 
then obtain the following average G for the actin cortex of 
each cell type: 221 ± 14 Pa for NIH-3T3, 191 ± 25 Pa for 
BALB-3T3 and 212 ± 15 Pa for SV-T2 fibroblasts for a Pois-
son ratio ν of 0.5. This is a reasonable assumption for ν since 
we study the initial elastic response of a transiently cross-
linked polymer network. Although SV-T2 cells have a 
similar shear modulus to that of the NIH-3T3 and BALB-
3T3 cells, their thinner actin shell gives rise to a weaker 
and more easily deformable structure. 
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Thick shell model describes deformed cell shape  
for a localized stress 

Approximately 95% of the NIH-3T3 and 70% of the BALB-
3T3 fibroblasts have been subjected to a more localized 
stress of cosnφ with 14 ≤ n ≤ 24, while ~ 90% of the SV-
T2 fibroblasts have been subjected to a more global stress 
of cosnφ with 4 ≤ n ≤ 14 that deforms the whole cell. We 
find that the Z/X ratio, defined as the ratio of the deforma-
tion along the laser axis to that perpendicular to the laser 
axis, predicted by the thick shell model agrees well with the 
experimental Z/X ratio for all the NIH-3T3 and BALB-3T3 
cells subjected to a localized stress distribution ((Z/Xthick–shell)/ 
(Z/Xexpt) ~ 1) (Figure 5). However, the predicted Z/X ratio 
is much higher than that from experiment for the SV-T2  
 

 
 
Figure 4. Finite element model for a suspended spherical cell in the 
stretcher: the shell-like actin cortex (red), rod-like microtubules (blue) 
and spherical nucleus at the centre (black). An estimate for the number 
of microtubules in vivo is ~ 1500, but only ~ 60 microtubules are shown 
here for clarity. Also only a ‘half-cell model’ is required due to the 
symmetry of the problem. 

 

 
 

Figure 5. Comparison of Z/X ratio (defined as the ratio of cell defor-
mation along the laser axis to that perpendicular to it) from the optical 
stretcher data to that predicted by thick shell theory.  

cells, which have been subjected to a more global stress 
distribution (Figure 5). 

Three-layered model – structural effect of  
actin–interior network coupling and role of  
interior elements 

Using the three-layered model with the mixed boundary con-
ditions of eq. (6) to fit the SV-T2 data, we observe that when 
αi = βi = 1, for i = 1, 2 in eq. (6), the Z/X ratio of the model 
can better explain the SV-T2 data. The mixed boundary 
conditions with αi = βi = 1, for i = 1, 2, imply that there is 
some, but not total penetration and slipping of the layers due 
to cytoskeletal interactions. This result is reasonable because 
with rigid boundary conditions at the two interfaces (αi = 0, 
i = 1, 2), the structure behaves like a solid sphere, whose 
predicted deformation is much smaller than the experi-
mentally observed deformation (Figure 6 a). On the other 
hand, slip conditions (βi = 0, i = 1, 2) imply that there is 
no coupling between the layers, while the different layers are 
actually connected by various crosslinking proteins. This 
coupling, however, is not rigid but is governed by the associa-
tion and dissociation rates of these proteins with the cy-
toskeletal polymers. 
 With these mixed boundary conditions at the actin–interior 
network interface, the deformation of this model along 
the laser axis (Z) to a σ0cosnφ stress is close to that of the 
thick shell model, while the deformation perpendicular to 
the laser axis (X) is affected by the interior network. This 
causes a decrease in the Z/X ratio from that of the thick-shell 
model, as seen in Figure 6 a, which compares the deformation 
predicted by the thick shell and the three-layered model 
under the same stress of 10cos4φ. The Z/X ratio decreases 
from the calculated value of 3.17 for the thick shell with 
ν = 0.5 and independent of the modulus of the shell, to 2.78 
for the three-layered sphere with mixed boundary condi-
tions (αi = βi = 1, i = 1, 2), depending on the modulus and 
sizes of the layers. This general trend in the decrease of 
the Z/X ratio with the three-layered model leads to a better fit 
for the SV-T2 cells. As seen in Figure 6 b, the predicted de-
formation of the three-layered model is a closer fit to the 
observed deformation of a representative SV-T2 fibroblast 
than that of the thick-shell model. While producing a fit with 
the three-layered model, it is hard to determine an effective 
value that can be used for the modulus of the interior network 
of microtubules, intermediate filaments and actin. So, we 
change this value from 100 Pa on the order of the modulus of 
the actin cortex, to 50,000 Pa, two magnitudes higher, on 
the order of the modulus of the microtubules. Since their 
persistence length (a measure of filament rigidity) is ~ 300 
times that of actin, we assume their modulus to be two 
orders of magnitude higher. We find that this change in 
modulus causes a change in deformation of only ~ 0.4% 
along the laser axis, which clearly shows that the deformation 
of the model is insensitive to the strength of the interior 
network. Finally, we quantify, in Figure 6 c, the difference in 
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the Z/X prediction of the three-layered model and that of the 
thick shell model (|Z/Xthree-layered – Z/Xthick shell|) for all SV-
T2, NIH-3T3 and BALB-3T3 fibroblasts. This quantitative 
comparison shows that the three-layered model is a consistent 
improvement over the thick shell model in describing the 
shape of all but two of the 24 SV-T2 fibroblasts analysed, 
but is not required for ~ 40% of the NIH-3T3 and ~ 30% of 
the BALB-3T3 fibroblasts. Based on the above result (Fig-
ure 6 c), we calculate the modulus values for the actin 
cortex from the three-layered model for all the SV-T2 fibro-
blasts, except for the two cells that do not show an im-
provement with the three-layered model. We also obtain 
the modulus for only those NIH-3T3 and BALB-3T3 cells 
 

 
 
Figure 6. Analysis of fibroblasts using three-layered model. a, Dif-
ference in Z/X ratio of the thick shell and three-layered model under a 
stress σ0cos4φ for both rigid and mixed boundary conditions (deforma-
tion shown is magnified by 5). b, Fit of thick shell model and three-
layered model to SV-T2 fibroblast. Scale bar is 10 µm. (Inset) Three-
layered model (blue line) can explain the observed deformation per-
pendicular to the laser axis, more closely than the thick shell model 
(red line). We use a 15% thick shell of modulus 173 Pa, while the pa-
rameters used for the three-layered model to match its deformation 
along the laser axis to that of the thick shell model are: A 15% thick 
actin cortex of modulus 145 Pa, an interior network of shell thickness 
55% and a modulus of 100 Pa, a nucleus of thickness 30% and a 
modulus16 of 1000 Pa. c, Difference in prediction of Z/X ratio of thick 
shell model and three-layered model for SV-T2, NIH-3T3 and BALB-
3T3 fibroblasts deformed in the optical stretcher. 

whose observed shape can be explained better by the 
three-layered model. The modulus of the actin shell in the 
three-layered model has to be lowered from the 212 ± 
15 Pa obtained from the thick shell model for SV-T2 cells 
to 186 ± 17 Pa, to fit the data. 
 With the three-layered model, we also analyse the effect 
of nuclear stiffness and size on the structural response of the 
cell. This study demonstrates that for the mixed boundary 
conditions with all α, β = 1, the change in deformation 
along the laser axis is ~ 0.2% due to a change in nuclear 
size from 3 to 6 µm in a 10 µm cell, and that due to a change 
in nuclear stiffness from 100 to 10,000 Pa is insignificant 
for ν = 0.5. However, the nucleus is important in controlling 
the deformation of the cell in the direction perpendicular 
to the laser axis and in decreasing the Z/X ratio from that 
of the thick shell model. 
 The three-layered model, thus, better explains both the 
deformation and cell shape of the elastic part of the optical 
stretcher data for the SV-T2 cells and clearly shows that the 
optical stretcher predominantly probes the structural strength 
of the actin cortex. 

Finite element simulation: Further investigations of 
coupling, and the nucleus 

The effect of microtubules: The deformation from our 
finite element code incorporating the cortex and micro-
tubules is used to study whether the low structural contri-
bution of the interior network arises from the coupling 
conditions alone. This was done by taking the ratio of the 
deformation along the laser axis from this code to that from a 
thick shell cortex model with no microtubules (this ratio is 
a measure of the contribution of microtubules to cell strength). 
The deformation along the laser axis in both the thick shell 
model and the thick shell with microtubules code is observed 
for the global surface stress σ0cos2φ, which we use as a 
representative global stress for the SV-T2 cells in this 
study. To use the finite element code with the cortex and 
microtubules, we need a reasonable estimate of the number 
 

 
Figure 7. Parameter study to investigate the role of coupling on the 
structural effect of the interior network, focusing on microtubules. 

a 

b 

c 
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of microtubules in vivo. This is obtained with a knowledge 
of the α-tubulin content, Cα-tubulin, in vivo (e.g. Cα-tubulin = 1.64 pg 
in neutrophils14), and the structure of a single microtubule. 
Each microtubule is composed of 13 protofilaments with 
alternating α-tubulin and β-tubulin subunits, each of ~ 50 kDa 
weight and 4 nm diameter. With this information, the amount 
of α-tubulin in a single microtubule, Csingle microtubule, can be 
calculated if the length of the microtuble is known. We 
assume a microtubule length of 8 µm for a 2 µm thick actin 
cortex since the cell radius is taken to be 10 µm. Similarly, 
we assume corresponding microtubule lengths for other 
cortex thicknesses. Using Cα-tubulin in neutrophils as a rep-
resentative value and a microtubule length of 8 µm, we esti-
mate the number of microtubules in vivo as Cα-tubulin/ 
Csingle microtubule, which yields a value of 1500. With this 
estimate, we can now use our finite element model with 
the cortex and microtubules to investigate the effect of 
microtubules on cell strength (Figure 7). In our parameter 
study analysing the structural contribution of the microtubules 
(Figure 7), we assume the microtubules to have a Young’s 
modulus E of 50,000 Pa. Since their persistence length is 
~ 300 times that of actin, we assume their E to be two orders 
of magnitude higher. 
 Using the results from the thick shell model for the cortical 
Young’s modulus E of NIH-3T3, BALB-3T3 and SV-T2 
fibroblasts (E ~ 3*G for ν = 0.5), and their shell thickness, 
the contribution of microtubules to cell strength relative to 
the actin cortex from Figure 7 is 18.5, 20 and 23% for the 
NIH-3T3, BALB-3T3 and SV-T2 fibroblasts respectively. 
These values can vary due to the dispersity in the Young’s 
modulus of microtubules reported in the literature15. Also, 
the above values overestimate the contribution from the 
microtubules since we consider rigid coupling between 
the microtubules and the actin cortex. In general, our results 
demonstrate that as the thickness and modulus of the actin 
shell increase, contribution from the microtubules to cell 
strength diminishes exponentially. This suggests that 
even in the case of rigid coupling of the rods to the cortex, 
it is the outer shell that is the main determinant of the struc-
tural response of the cell. Hence, we conclude that coupling 
alone is not responsible for the subordinate structural role 
of the cell interior. 
 
Structural impact of asymmetry in the position of the cell 
nucleus: The nucleus of the cell is an approximately 
spherical object of Young’s modulus16 ~ 1000 Pa. Our fibro-
blast images show that the nucleus is not situated at the 
centre of the cell, but is displaced 1–2 µm from the centre 
in any direction. Our finite element simulation of the cell 
(Figure 4) allows us to place the nucleus anywhere in the 
XY plane, a feature that cannot be easily incorporated in 
our analytical three-layered model. In a 10 µm cell, when 
the nucleus is displaced 1–2 µm, the deformation at the cell 
surface does not change measurably. This suggests that 
the effect of the asymmetry of the nucleus on the structural re-
sponse of the cell is not significant. 

Summary 

We have created two structural models for a suspended cell 
being deformed in the optical stretcher. Although a thick shell 
cortex model accurately explains the observed cell shape for a 
localized stress on the cell (NIH-3T3 and BALB-3T3 cells), a 
three-layered model that considers the interior structural 
elements is required to explain cell shape for a global sur-
face stress (SV-T2 cells). The three-layered model along 
with our finite element simulations reveals that the cell 
deformation is insensitive to the strength of the interior 
network or nucleus. Although these interior elements influence 
the exact shape of the deformed cell, it is the outer actin 
shell that mainly determines the structural response of the cell. 
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