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Mechanical cues are found to alter gene transcription, cellular 
differentiation in culture, and developmental programs in 
organisms, suggesting a strong link between cellular 
architecture and information control within living cells.

Spatial and temporal organization  is important 
for function 

Cell Crawling  

Nucleus  is held under tension

A. Mazumder and G. V. Shivashankar   
Biophys. J. 93, 2209 , 2007

Formation of actin-ADF/cofilin rods transiently retards decline 
of mitochondrial potential and ATP in stressed neurons. 
Bernstein B.W. et al Am J Physiol Cell Physiol 291: C828–C839, 2006.
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Cell stretching experiments
P. Fernadez, P. Pullarkat and A. Ott: Biophysical Journal , March 2006

3T3 Fibroblasts stuck to two micro plates coated with fiberonectin from bovine plasma
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Cell stretching experiments
P. Fernadez, P. Pullarkat and A. Ott: Biophysical Journal , March 2006

Wednesday 10 February 2010



03-February-2010 Indian Institute of Technology Kanpur 

4

Figure 1. A schematic representation of the rheometer set-up designed to

perform CMR. A monolayer of single cells is held between two glass discs

in a plate-plate geometry. A commercial rheometer performs shear rheological

measurements on the monolayer. The fluid outlet is used to change the cell

culture medium in order to treat the cells with biochemical agents which modify

the cytoskeleton.

2. CMR

The rheological measurements are performed using a Modular Compact Rheometer (MCR-500)

from Anton–Paar GmbH, which we modified to enable CMR as shown in figure 1 (European

patent application [17]). The measurements are performed in a coaxial plate-plate geometry,

where the cells are held between two parallel glass discs. The top plate (50mm diameter) is

attached to the measurement head of the rheometer and the bottom plate (70mm diameter)

to the base via metal mounts. An outlet drilled into the bottom plate is used to exchange the

medium between the plates without changing the gap or mechanically disturbing the cells.

A microscope which can scan along a radial direction allows optical observation of the cells

during measurements and also the estimation of cell density. Images can be recorded on to the

computer using a CCD camera at a maximum rate of 15 frames s−1. The gap between the plates
can be adjusted to within ±1µm. The temperature of the sample is maintained using a Peltier
unit at 25± 0.1◦C. A picture showing the modifications to the set-up is shown in figure 2.

Performing rheological investigations on a monolayer of isolated cells involved several

technical and procedural challenges. First of all, the gap between the plates has to be about the

same as the size of a single isolated cell, which is only about 10µm. Moreover, since cells are
very soft objects, the total measurement area of the plates must be of the order of 20 cm2 for the

rheometer to be able to resolve the torques. One of the major problems then is in achieving the

required parallelity between the two plates of the rheometer. The opposing faces must be parallel

New Journal of Physics 9 (2007) 0 (http://www.njp.org/)
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Figure 18. Large-amplitude stiffening after glutaraldehyde fixation. Top:

constant strain-rate experiments (10−2 s−1) are used to compare normal living
cells to cells made passive (permanently crosslinked) using the fixing agent

glutaraldehyde at a concentration 0.1%. Bottom: treated cells (open symbols)

show a marked stiffening response rather than the linear behaviour observed

for the cells before treatment (filled symbols). Fixed cells reach stresses about

an order of magnitude larger than non-treated ones. Inset: comparison between

data obtained from a fixed monolayer and that previously reported for fibroblasts

using a single cell stretching technique [8]. The numerical derivative dσ/dγ
as a function of stress σ for a fixed monolayer (black line) is compared with

the scaled master-relation data from single fibroblasts (grey circles, modified

from [8]).

3.5.3. Inhibition of myosin-II motors. The glutaraldehyde experiment described in the

previous section shows that the cell response is drastically altered when the cells are made

passive or dead with fixed crosslinks and filaments. However, it is not clear as to what extent the

dynamics of motor molecules are involved in controlling cell mechanical properties. A separate

experiment is required to explore this aspect.

In order to assess the role of myosin-II motors on cell mechanics, we inhibit them

using the specific drug blebbistatin [28, 29]. Ramp experiments, like the one discussed in the

previous section, do not reveal any qualitative differences compared to normal cells (data not

New Journal of Physics 9 (2007) 0 (http://www.njp.org/)

Shear rheology of a cell monolayer: P. Fernández,L. Heymann2 ,A. Ott,  N. Aksel and P. A. Pullarkat  
New Journal  of Physics 9 (2007)

Shearing a monolayer of  Swiss 3T3 fibroblast  cells 
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Cytoskeleton is a dense network of polymers !

Typical mesh size of the cytoskeletal network is about 100 nm   
Medalia et.al Science 298 1209 (2002)

 Actin is a polymer having a persistence length of the order of 
15 µm and thickness of about 7 nm.

The major constituent is the Actin filaments
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Building model systems :   Actin networks
A state diagram for actin networks has been constructed by varying  the density of cross 
links and the actin concentration, and showing  how their changes affect the elastic 
modulus G0 of the system.        Gardel et.al. Science, 304, 1301, (2004)

Cs - concentration of cross linker 

CA - concentration of actin 

networks (4–6, 9–11). A quantitative under-
standing of this behavior is essential to control
and exploit biomimetic materials based on actin
or other semiflexible polymer networks. It is
also an essential first step in understanding the
elasticity of cytoskeletal networks and the piv-
otal role of ABPs in the mechanical behavior of
the cell. However, very little is known about the
microscopic mechanisms underlying the elas-
ticity of semiflexible polymer networks and, in
particular, the quantitative behavior of cross-
linked and bundled F-actin networks.

We study the elasticity of a model compos-
ite network of bundled and cross-linked F-actin.
We use an ABP that simultaneously bundles
and cross-links actin filaments while being suf-
ficiently rigid so as not to contribute to the
network compliance. The elastic behavior of
such in vitro networks exhibits marked varia-
tion as the F-actin and cross-link densities are
varied. For example, by changing the cross-link
concentration alone, the network elastic modu-
lus can be reliably and precisely tuned over
more than three decades (Fig. 1A); this is in
marked contrast to conventional flexible poly-
mer materials, where the elasticity is rather
insensitive to chemical cross-links (8). In addi-
tion, the network can exhibit considerable stiff-
ening with applied stress, with the effective
elasticity increasing by more than a decade with
virtually no change in strain; thus, the compli-
ance nearly vanishes. By contrast, at lower con-
centrations of either F-actin or cross-links, the
nonlinear strain stiffening completely disap-

pears, and the network elasticity can remain
linear for strains as large as unity. Thus, there
are two qualitatively distinct regimes of elastic-
ity, highlighted by the different-colored regions
of the state diagram in Fig. 1A. A robust model
elucidates the fundamental mechanisms of the
network elasticity in each regime and rationalizes
both the linear and nonlinear behavior of the elas-
ticity captured by the state diagram (12–14).

The actin cytoskeleton is a highly dynamic
and complex network, in which ABPs play a
myriad of roles (2, 7). Most ABPs implicated in
cross-linking or bundling the network are them-
selves highly dynamic and compliant, making it
extremely difficult to isolate the origins of elas-
ticity of the F-actin network itself (5, 9, 10, 15).
To overcome these difficulties, and define a
benchmark for the elasticity of cross-linked ac-
tin networks, we use scruin, which is found in
the sperm cell of the horseshoe crab (16).
Scruin-calmodulin dimers decorate individual
F-actin filaments, and nonspecific scruin-scruin
interactions cross-link and bundle neighboring
filaments (17). In vivo, scruin mediates the
formation of a single, crystalline bundle of 80
actin filaments; this functions as a mechano-
chemical spring in the acrosomal process (16,
18). In vitro, actin filaments polymerized in the
presence of scruin are cross-linked and bundled
by scruin-scruin contacts and form an isotropic,
disordered three-dimensional network that is
macroscopically homogeneous over a large
range of cross-linking concentrations (19).
Scruin bonds are irreversible, and scruin itself is

not compliant; thus, the elasticity of our networks
appears to be due entirely to the F-actin filaments.

In the absence of scruin, an F-actin solution
forms an isotropic and homogeneous mesh; at a
concentration of 11.9 !M, the mean separation
between filaments is "300 nm (Fig. 1B). (20).
We tune the degree of filament cross-linking
and bundling by varying the scruin concentra-
tion, cS, for a fixed actin concentration,cA, such
that the density of cross-links, R, is cS/cA and
varies from 0 to 1; a pelleting assay confirms
that the degree of polymerized actin remains
constant for a given cA as R is varied (19). The
morphology of actin-scruin networks remains
similar to that of an entangled F-actin solution
with values of R up to 0.03. For R # 0.03, we
observe the formation of compact bundles (Fig.
1C); the bundle thickness increases even further
as R is increased, as shown for R $ 0.5 in Fig.
1D. Using electron microscopy, we measure the
average bundle diameter, DB, as a function of
R; for R # 0.03, DB varies approximately as
DB % Rx, where x ! 0.3 (19). For R $ 1, the
average bundle thickness isDB % 50 nm, which
leads to a significant increase in the rigidity of
the actin bundles. Thebending rigidity of any rod
increases rapidly with its width, varying as D4

(21), and for scruin-mediated actin bundles,&B !
&o(DB/D)4, consistent with theory (17). Thus, the
average bundle stiffness increases to "600&o,
greatly increasing the persistence length. We can
also directly control the average distance between
filaments, ', by varying both R and cA (22),

' " DB /#cA"Rx/#cA (1)

Thus, we can finely tune the net-
work morphology.

To measure the elasticity of these networks,
we apply a force and measure the resultant
deformation; the elastic modulus,G(, is defined
as the ratio of the stress, ), or force per unit
area, to the strain, *; thus, G( $ )/*. The
networks can also have a viscous or dissipative
response, and the resultant stress depends on the
strain rate, *̇, defining the loss modulus, G+ $
)/*̇. More generally, G((,) and G+(,) depend
on the frequency and are measured by applying
a small oscillatory stress at a frequency, ,. In
these cross-linked networks, the elastic modu-
lus dominates the mechanical response, reach-
ing a frequency-independent plateau, Go, at
frequencies less than 1 Hz (fig. S1). The mag-
nitude of Go is highly dependent on the mor-
phology of the network; for a small amount of
cross-linking, the composite network is a soft
elastic gel, and Go decreases weakly as R de-
creases below 0.03 (Fig. 2A). However, for
R # 0.03, Go increases dramatically with R.
Thus, the elasticity is strongly dependent on the
scruin-mediated interactions that cross-link and
bundle actin filaments, even at the same cA.

The magnitude of Go is also highly depen-
dent on actin concentration for a fixed value of
R. For R $ 0.12, we measure Go " cA

-, where
- % 2.5 as shown by the open triangles in Fig.

Fig. 1. (A) Schematic rep-
resentation of the state
diagram of cross-linked
and bundled F-actin net-
works, showing the varia-
tions in the elasticity of
the networks with chang-
es in actin concentration,
cA, or density of cross-
linking R $ cS/cA, where
cS is the scruin concentra-
tion. By varying either cA
or R, the elastic modulus,
Go, can be varied by more
than three orders of mag-
nitude, from less than 0.1
Pa to 300 Pa. For large
values of cA or R (indicat-
ed by the red plane), the
network elasticity be-
comes nonlinear at very
small deformations, and
the elasticity becomes
strain dependent and in-
creases markedly upon in-
creased strain. By contrast, at very low values of cA or R (indicated by the blue plane), the network
mechanical response remains linear up to large strains, and no strain stiffening is observed.
Transitions between these two regimes of elasticity can be made by changing either R or cA, as
indicated by the dashed lines. (B to D) Confocal microscope images of actin networks, cA $ 11.9
!M, labeled with Texas Red–phalloidin as a function of R. (B) R $ 0, (C) R $ 0.07, (D) R $ 0.5. As
R is increased for a fixed cA, actin filaments are cross-linked into tight bundles. The average bundle
thickness is weakly proportional to R between R $ 0.03 and R $ 1. Because the total filament
concentration remains constant, the average mesh size also increases. Bar (B), 3 !m. The bright
circles in (B) to (D) are 1-!m-diameter colloidal particles.
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networks (4–6, 9–11). A quantitative under-
standing of this behavior is essential to control
and exploit biomimetic materials based on actin
or other semiflexible polymer networks. It is
also an essential first step in understanding the
elasticity of cytoskeletal networks and the piv-
otal role of ABPs in the mechanical behavior of
the cell. However, very little is known about the
microscopic mechanisms underlying the elas-
ticity of semiflexible polymer networks and, in
particular, the quantitative behavior of cross-
linked and bundled F-actin networks.

We study the elasticity of a model compos-
ite network of bundled and cross-linked F-actin.
We use an ABP that simultaneously bundles
and cross-links actin filaments while being suf-
ficiently rigid so as not to contribute to the
network compliance. The elastic behavior of
such in vitro networks exhibits marked varia-
tion as the F-actin and cross-link densities are
varied. For example, by changing the cross-link
concentration alone, the network elastic modu-
lus can be reliably and precisely tuned over
more than three decades (Fig. 1A); this is in
marked contrast to conventional flexible poly-
mer materials, where the elasticity is rather
insensitive to chemical cross-links (8). In addi-
tion, the network can exhibit considerable stiff-
ening with applied stress, with the effective
elasticity increasing by more than a decade with
virtually no change in strain; thus, the compli-
ance nearly vanishes. By contrast, at lower con-
centrations of either F-actin or cross-links, the
nonlinear strain stiffening completely disap-

pears, and the network elasticity can remain
linear for strains as large as unity. Thus, there
are two qualitatively distinct regimes of elastic-
ity, highlighted by the different-colored regions
of the state diagram in Fig. 1A. A robust model
elucidates the fundamental mechanisms of the
network elasticity in each regime and rationalizes
both the linear and nonlinear behavior of the elas-
ticity captured by the state diagram (12–14).

The actin cytoskeleton is a highly dynamic
and complex network, in which ABPs play a
myriad of roles (2, 7). Most ABPs implicated in
cross-linking or bundling the network are them-
selves highly dynamic and compliant, making it
extremely difficult to isolate the origins of elas-
ticity of the F-actin network itself (5, 9, 10, 15).
To overcome these difficulties, and define a
benchmark for the elasticity of cross-linked ac-
tin networks, we use scruin, which is found in
the sperm cell of the horseshoe crab (16).
Scruin-calmodulin dimers decorate individual
F-actin filaments, and nonspecific scruin-scruin
interactions cross-link and bundle neighboring
filaments (17). In vivo, scruin mediates the
formation of a single, crystalline bundle of 80
actin filaments; this functions as a mechano-
chemical spring in the acrosomal process (16,
18). In vitro, actin filaments polymerized in the
presence of scruin are cross-linked and bundled
by scruin-scruin contacts and form an isotropic,
disordered three-dimensional network that is
macroscopically homogeneous over a large
range of cross-linking concentrations (19).
Scruin bonds are irreversible, and scruin itself is

not compliant; thus, the elasticity of our networks
appears to be due entirely to the F-actin filaments.

In the absence of scruin, an F-actin solution
forms an isotropic and homogeneous mesh; at a
concentration of 11.9 !M, the mean separation
between filaments is "300 nm (Fig. 1B). (20).
We tune the degree of filament cross-linking
and bundling by varying the scruin concentra-
tion, cS, for a fixed actin concentration,cA, such
that the density of cross-links, R, is cS/cA and
varies from 0 to 1; a pelleting assay confirms
that the degree of polymerized actin remains
constant for a given cA as R is varied (19). The
morphology of actin-scruin networks remains
similar to that of an entangled F-actin solution
with values of R up to 0.03. For R # 0.03, we
observe the formation of compact bundles (Fig.
1C); the bundle thickness increases even further
as R is increased, as shown for R $ 0.5 in Fig.
1D. Using electron microscopy, we measure the
average bundle diameter, DB, as a function of
R; for R # 0.03, DB varies approximately as
DB % Rx, where x ! 0.3 (19). For R $ 1, the
average bundle thickness isDB % 50 nm, which
leads to a significant increase in the rigidity of
the actin bundles. Thebending rigidity of any rod
increases rapidly with its width, varying as D4

(21), and for scruin-mediated actin bundles,&B !
&o(DB/D)4, consistent with theory (17). Thus, the
average bundle stiffness increases to "600&o,
greatly increasing the persistence length. We can
also directly control the average distance between
filaments, ', by varying both R and cA (22),

' " DB /#cA"Rx/#cA (1)

Thus, we can finely tune the net-
work morphology.

To measure the elasticity of these networks,
we apply a force and measure the resultant
deformation; the elastic modulus,G(, is defined
as the ratio of the stress, ), or force per unit
area, to the strain, *; thus, G( $ )/*. The
networks can also have a viscous or dissipative
response, and the resultant stress depends on the
strain rate, *̇, defining the loss modulus, G+ $
)/*̇. More generally, G((,) and G+(,) depend
on the frequency and are measured by applying
a small oscillatory stress at a frequency, ,. In
these cross-linked networks, the elastic modu-
lus dominates the mechanical response, reach-
ing a frequency-independent plateau, Go, at
frequencies less than 1 Hz (fig. S1). The mag-
nitude of Go is highly dependent on the mor-
phology of the network; for a small amount of
cross-linking, the composite network is a soft
elastic gel, and Go decreases weakly as R de-
creases below 0.03 (Fig. 2A). However, for
R # 0.03, Go increases dramatically with R.
Thus, the elasticity is strongly dependent on the
scruin-mediated interactions that cross-link and
bundle actin filaments, even at the same cA.

The magnitude of Go is also highly depen-
dent on actin concentration for a fixed value of
R. For R $ 0.12, we measure Go " cA

-, where
- % 2.5 as shown by the open triangles in Fig.

Fig. 1. (A) Schematic rep-
resentation of the state
diagram of cross-linked
and bundled F-actin net-
works, showing the varia-
tions in the elasticity of
the networks with chang-
es in actin concentration,
cA, or density of cross-
linking R $ cS/cA, where
cS is the scruin concentra-
tion. By varying either cA
or R, the elastic modulus,
Go, can be varied by more
than three orders of mag-
nitude, from less than 0.1
Pa to 300 Pa. For large
values of cA or R (indicat-
ed by the red plane), the
network elasticity be-
comes nonlinear at very
small deformations, and
the elasticity becomes
strain dependent and in-
creases markedly upon in-
creased strain. By contrast, at very low values of cA or R (indicated by the blue plane), the network
mechanical response remains linear up to large strains, and no strain stiffening is observed.
Transitions between these two regimes of elasticity can be made by changing either R or cA, as
indicated by the dashed lines. (B to D) Confocal microscope images of actin networks, cA $ 11.9
!M, labeled with Texas Red–phalloidin as a function of R. (B) R $ 0, (C) R $ 0.07, (D) R $ 0.5. As
R is increased for a fixed cA, actin filaments are cross-linked into tight bundles. The average bundle
thickness is weakly proportional to R between R $ 0.03 and R $ 1. Because the total filament
concentration remains constant, the average mesh size also increases. Bar (B), 3 !m. The bright
circles in (B) to (D) are 1-!m-diameter colloidal particles.
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(A) R=0.0, (B) 0.07, (C) 0.5, CA =11.9 µM 

aments. Thus, the elastic stiffening of the network
results from the nonlinear force-extension behav-
ior of individual filaments; this further supports
our hypothesis that the elasticity of cross-linked
actin networks is entropic in origin.

The origin of the network elasticity appears
to remains entropic, even as ! increases as a
result of bundling, or as !c decreases as a result
of increased cross-linking. We demonstrate this
by tuning these two parameters simultaneously,
by varying R while keeping cA fixed. The re-
sultant networks exhibit variations in both Go

and "max with R that are consistent with our
model (fig. S3). They also exhibit similar strain
stiffening, and the qualitative form of the diver-
gence of the incremental modulus remains un-
changed. For a given cA, the modulus increases as
Go # R2, and the critical strain simultaneously
decreases as "max # R$0.6 (Fig. 2). Interestingly,
two networks can have the same Go for different
actin concentrations, provided thatR varies; how-
ever, the onset of nonlinear behavior occurs at a
different %crit, as shown by the open circles in Fig.
4. Thus, changes in the network morphology
caused by variation in the filament cross-linking
and bundle thickness dramatically affect both the
linear and nonlinear elastic behavior.

At very low values of cA or R, the qualita-
tive features of the elastic response change dra-
matically. This is most pronounced at very low
values of R, where Go exhibits virtually no
dependence on R (Fig. 2A). Furthermore, these
networks do not exhibit any strain stiffening but
instead deform easily upon increased applied
stress, and the elastic response remains linear
for strains as large as " # 1. This suggests that
there is a second regime of elasticity with a
qualitatively different origin. To capture the full
variety of elastic behavior, we summarize all
the data in the cA-R state diagram (Fig. 5). The
elastic modulus varies continuously over four
orders of magnitude as both cA and R are
varied. We delineate the two distinct regimes
with different symbols. In the first regime, for
sufficiently large cA or R, Go is highly sensitive
to both cA and R and exhibits pronounced strain
stiffening (denoted by the plus signs in Fig. 5).
The origin of the mechanical response is quan-
titatively explained by our model of entropic
elasticity, which reflects the stretching and
compression of individual filaments. This mod-
el implicitly assumes that the deformations of
the network are affine, or distributed uniformly
throughout the sample, and thus the strain is
homogeneous at all length scales (Fig. 3). There
is a sharp transition, denoted by the dashed line
in Fig. 5, to the second regime of elasticity,
where Go is much less sensitive to both cA and
R and exhibits no strain stiffening (denoted by
the open circles in Fig. 5). This behavior is
consistent with a model that suggests that the
network deformation at lower filament or cross-
link concentrations may be nonaffine; the elas-
tic connections of the network are sparse, and
its response is dominated by bending of indi-

Fig. 3.A summary of the
interpretation of results
presented in this paper.
(A) Networks are poly-
merized between two
plates of area, A, and
separation, h. By varying
the filament or cross-
link concentration, we
vary the network micro-
structure; low filament
and cross-link density
are shown in the left car-
toon, whereas high fila-
ment and cross-link den-
sity are shown in the
right cartoon. (B) We
measure the mechanical
properties of the net-
works by applying a
force, F, per unit area, A,
or stress and measuring
the deformation or
strain " & x/h. The microscopic distribution of the strain differs in the networks. Our data show two
distinct mechanical regimes, distinguished by their nonlinear response. One of these is consistent
with macroscopic mechanical properties due to enthalpic filament bending, as expected for low
cross-link or filament density. This leads to a highly inhomogeneous distribution of strain, as
indicated by the red arrows. By contrast, the mechanical properties of dense networks are
consistent with stretching of thermally induced filament fluctuations and an entropic elasticity. The
resultant strain is uniform throughout the sample, as indicated by the red arrows. (C) The table
summarizes the essential differences in the elasticity of entropic and enthalpic networks.

Fig. 4. The differential
elastic modulus, K', as
a function of applied
steady shear stress, %o,
for R( 0.03 and several
values of cA; the lines
through the data indi-
cate theoretical predic-
tions for each concen-
tration determined from
the single-filament re-
sponse. The values of cA
are 29.4)M (Œ—), 21.4
)M (F - !), 11.9 )M
(! - -), and 8.33 )M
(} - ! !). The stress stiff-
ening response of a bun-
dled network,R( 0.5, at
cA( 7)M is also shown
(E). The dotted line at
the right indicates %o

3/2.
(Inset) The data sets
rescaled by %crit and Go showing the universal form of the stress stiffening response; the rescaled theory is
indicated by the solid line.

Fig. 5. The R-cA state diagram of
actin:scruin networks detailing
the tunability of Go; colors indi-
cate a range from 0.03 Pa (pur-
ple) to 300 Pa (red), as shown by
the legend. Symbols differenti-
ate networks that stress stiffen
(!) from those that do not (E).
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understand how stresses and strains are transmitted through the

networks. Such detailed information on the local deformation

field is difficult to acquire.71 A major complication arises from

the fact that—in contrast to flexible polymers—semi-flexible

biopolymers such as F-actin are anisotropic and show a different

response to forces perpendicular (bending) or parallel (stretch-

ing/compression) to the mean contour.72 This anisotropy of the

filaments in combination with complex heterogeneous network

structures may cause local or mesoscopic deviations from

a simple affine deformation field. Current theoretical modeling of

the elasticity of both entangled and cross-linked semi-flexible

polymer networks is based on assumptions how, and on which

scale, the macroscopic deformation field translates to the highly

anisotropic individual network constituents.72–78

So far three different approaches have been established to

rationalize the elastic response of different types of F-actin

hydrogels (Fig. 3B). The elastic modulus G0 of entangled actin

solutions lacking any cross-linker molecules can be described by

the partial suppression of filament fluctuations by surrounding

polymers.79–81 While this confinement effect seems to also be

a reasonable approximation for G0 of the generic weakly cross-

linked network phase at low cross-linker concentrations,

different modelling approaches have to be employed if bundles

are formed23,27 or if the average distance between cross-linking

points becomes smaller than the F-actin persistence length of

15 mm.20,70

In isotropically cross-linked networks affine stretching defor-

mations seem to be predominant70,73 while in purely bundled

biopolymer networks non-affine bending deformations were

proposed to determine the network elasticity.23,72,82,83 Only in

cases where the network architecture is simple and homoge-

neous—either purely bundled or purely single filaments—is it

possible to directly relate model parameters to the experimentally

observed network microstructure and the resulting network

elasticity. In more heterogeneous networks it is still unclear

which deformation mode sets the macroscopic and local elastic

network response. One might speculate that in composite

networks, which combine structural elements of both filamen-

tous networks and bundles, the mechanics of single bundles and

their density would decide if affine stretching or non-affine

bending dominates or if both deformation modes are equally

important.

The viscoelastic response of the biologically so important

heterogeneous actin networks still poses a major challenge for

experiment and theory alike, especially considering that the

network microstructure sets the local deformation mode and

with that the micro- and macroscopic elastic response of cross-

linked actin networks. Determining and quantifying the network

microstructure is a difficult task involving mainly microscopy

and microrheology techniques. For successful modelling one will

need to find suitable algorithms to produce such networks in

a reliable manner—which becomes increasingly difficult if one

needs to consider the growth conditions and history of kinetically

trapped structures.

Besides determining the network organization and with that

the local deformation mode and the plateau elasticity of the

network, cross-linking proteins also affect the dynamic visco-

elasticity of actin networks (Fig. 4).24,84,85At high frequencies, the

network response originates from the longitudinal fluctuation

modes of effectively independent polymers, i.e. individual actin

filaments or bundles.86,87 This high frequency behavior is there-

fore thought to be virtually identical in entangled and cross-

linked F-actin solutions.88

The intermediate frequency regime between the high frequency

crossover of both viscoelastic moduli and the rubber plateau (i.e.

typically between 0.01 Hz and 100 Hz) is less well investigated—

although the relevant time scales in this regime are probably of

biological importance. It has recently been demonstrated that at

low frequencies, i.e. in the mHz regime, the finite lifetime of the

cross-linking molecules kicks in and dominates the viscoelastic

response—especially the dissipation mechanism (Fig. 4B).24,40,89

Fig. 3 (A) Transitions between different structural phases are always

accompanied by transitions between different mechanical response

regimes. These different response regimes can be visualized best by

analyzing the plateau elasticity of the network, G0, as a function of the

relative cross-linker concentration, R ¼ cABP/cactin. For instance, the

cross-linker a-actinin creates three distinct mechanical response regimes

which correlate with a weakly cross-linked phase, a composite network

phase and a bundle cluster phase. (B) The occurrence of different struc-

tural phases has far reaching physical consequences: the detailed network

microstructure sets the local deformation mode and thus also the

macroscopic network elasticity: entangled actin solutions and weakly

cross-linked actin networks can be well understood in terms of confine-

ment effects which are induced by surrounding actin filaments. At higher

cross-linker concentrations, however, either affine stretching deforma-

tions or non-affine bending deformations have to be considered. For

composite networks these two microscopic deformation modes might be

equally important in determining the macroscopic network elasticity.

222 | Soft Matter, 2010, 6, 218–225 This journal is ª The Royal Society of Chemistry 2010

O.  Lieleg,  M. M. A. E. Claessens and A. R. Bausch : Soft Matter - 2009 

In vitro experiments have established different 
structural regimes in actin networks depending 
on α-actinin (cross linker) concentration.  

The transition between these regimes are 
accompanied by transitions in their 
mechanical behavior.
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•Stiffening is  caused by nonaffine network rearrangements.

•These rearrangements  govern a transition from a bending-dominated response at 
small strains to a stretching-dominated response at large strains. 

•Filament undulations, which are key in  the existing explanation of stiffening, merely 
postpone the transition. 

P. R. Onck, T. Koeman, T. van Dillen, and E. van der Giessen,  Phys. Rev. Lett. 95, 178192 ( 2005) 
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A model that allow for structural changes.
J. Astrom, P.B. S. K.,  M. Karttunen and I. Vattulainen  Phys. Rev. E 77, 051913 (2008)

•The cross link  between two fibers is described by a very short elastic element to allow 
for deformations to take place in a natural way.

• A single fiber can be in contact with an arbitrary number of other  fibers.

•A full 3D mesh is obtained by depositing  flexible filaments in a random fashion on a 
flat substrate.

•A 3D computational model that allow for changes in network geometry and 
account for their dynamic nature 

•The model allow for the intersection points of polymers to move smoothly in three 
dimensions. 

 Onck et. al  PRL 95 178102 (2005)
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process is taken as the (initial) equilibrium 
configuration.
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process is taken as the (initial) equilibrium 
configuration.

The mass of the fiber is modeled by a set of points ( of equal mass “m”) placed 
at equal distances along the fiber 
The mass points of two different fibers, when they are closer than a threshold 
length are connected by a spring 

Each fiber can be deformed either by stretching along its length or moving its 
end points perpendicular to its length  
Perpendicular deformations are predominantly  bending .
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A.) Snapshots of a mesh with 
semi-passive cross links at zero 
strain (left) and 100 % strain.

B.) The elastic energy of the fibers 
in mesh as a function of strain. 
Dotted line: curve from passive 
case for comparison.
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Links are allowed to break when they are stretched beyond a threshold

D.)  Elastic energy distribution of the links for small strain  (i.e. before any link 
fractures). The distribution functions  are approximately power-laws with 'cut-offs' at 
small and large strains. 
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Comparison with experiments 

 O. Lieleg   et. al. Phys. Rev. Lett., 99, 088102 (2007). 

Below the transition, the elastic energy (Ee) 
has a weak dependence on  r and above the 
critical value it varies as              

Plateau modulus G0 as a function of 
the molar ratio R of fascin with respect 
to actin for two different concentrations 
of actin: 0.4 mg/ml (circles) and 0.2 
mg/ml (squares).
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J. Astrom, P.B. S. K.,  M. Karttunen and I. Vattulainen  Phys. Rev. E 77, 051913 (2008)
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Stress-strain relation  and the onset of cross-link breaking depend on cross 
linker concentration ( r=1.78 solid line, 2.86 dashed, and 5.05 dotte).

 O. Lieleg   et. al. Phys. Rev. Lett., 99, 088102 (2007). 

Differential modulus K  versus deformation  
for fascin networks in the bundle phase and 
increasing R.  The inset shows the critical 
strain  in dependence on R. 

The mesh with dynamic cross-links has the highest initial
stiffness of all three cases studied. The formation of stress on
fibers is to a large extent irreversible and the stiffness in-
creases in the same manner as for passive cross-links !Fig.
3"b#$.

Figure 3"c# shows that the number of links increases from
about 3500 at zero strain to about 20 000 at maximum strain.
As can be further seen in Fig. 3"c#, the number of links
continues to increase during destraining and the fiber bundles
do not decompose. That means that the tension in the fiber
bundle does not vanish during destraining. This indicates that
the equilibrium configuration for the mesh with dynamic
cross-links is a maximally dense compact packing of the
fibers. Once formed, the elastic energy in the bundle is not
enough to break the links. Making the breaking thresholds of
the cross-links dependent on fiber tension would alter this
behavior. This issue will be addressed in a separate study.

IV. COMPARISON WITH EXPERIMENTS

To be more quantitative, we have compared our model
simulations against the experimental results of Lieleg et al.
!4$. In their experiment they had a solution of actin filaments
and actin-binding protein called fascin. In other words, fas-
cin is the cross-linker. Lieleg et al. showed that when the
cross-linker concentration increases above a critical value,
the actin filaments self-organize to form a homogeneous net-

work, i.e., they saw a transition from an entangled solution to
what they call “a cross-linked bundle phase”; the network
was reported to consist of actin bundles as its structural unit,
which is very similar to our observations as seen in Fig. 3"a#.

We measured the elastic energy of the network, which
corresponds to the measurement of the stiffness by Lieleg et
al., since those quantities scale similarly. The molar ratio of
cross-linkers in the experiment corresponds to the average
number of cross-links per fiber in our simulations.

Figure 4 shows the elastic energy at small strain as a
function of the average number of cross-links per fiber for
systems of 250 and 750 filaments "r corresponds to the molar
ratio R of fascin in Ref. !4$#. Above the transition, the elastic
energy scales as Ee%"r−rc#1.5 which is the same scaling as
found by Lieleg et al. "see Fig. 2 in Ref. !4$#. The crossover
can be seen as a percolation threshold.

In Fig. 5, we plot stress-strain curves for three different
values of the average number of cross-links per fiber, r
=1.78, 2.86, and 5.05. Figure 5"a# shows that the initial slope
is higher for larger r, corresponding to larger stiffness. As
strain is increased, the cross-links start to break, which leads
to reduced stiffness and to the sawtooth patterns seen in the
figure. The cross-links start to break earlier, i.e., at a smaller
strain, for a larger value of r. Figure 5"b# shows the strain at
which the first cross-links break as r is varied. The line cor-
responds to r−1, which is exactly the same scaling as ob-
served by Lieleg et al.

V. CONCLUSIONS

To summarize, we have studied actin filament networks
using three hierarchical models of increasing complexity:
passive, semipassive, and a dynamic network which is able
to adjust its cross-links dynamically. The networks show in-
creasingly complicated behavior. We find strain hardening
without entropic elasticity, avalanches of cross-link slippage
leading to strong strain softening in the case of breakable
cross-links, and spontaneous formation of stress-carrying fi-
ber bundles in the case of dynamic cross-links. Support for
our findings is given by the experiments of Rosenblatt et al.
!40$, who found that in human airway smooth muscle the
ratio between dynamic and passive may control the nature of
stiffening. To make a direct connection to experiments, we
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FIG. 4. Elastic energy "Ee# as a function of the average number
of cross-links per fiber "r# for 250 "crosses# and 750 "stars# fibers.
Below the transition, the elastic energy has a weak dependence on r
and above the critical value Ee%"r−rc#1.5.
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FIG. 5. "a# Stress-strain curves for three different values of average number of crosslinks per fiber, r=1.78 "solid line#, 2.86 "dashed#, and
5.05 "dotted#. The initial slope is higher for larger r, corresponding to larger stiffness. The sawtooth pattern results from breaking of
cross-links, and such breakings reduce stiffness. As could be expected, cross-links break at smaller strain for larger r. "b# Strain at which the
first cross-link breaks as a function of r. The scaling "the line# is the same as that found by Leileg et al., i.e., r−1.
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 O. Lieleg   et. al. Phys. Rev. Lett., 99, 088102 (2007). 

Differential modulus K  versus deformation  
for fascin networks in the bundle phase and 
increasing R.  The inset shows the critical 
strain  in dependence on R. 

J. Astrom, P.B. S. K.,  M. Karttunen and I. Vattulainen  Phys. Rev. E 77, 051913 (2008)

The mesh with dynamic cross-links has the highest initial
stiffness of all three cases studied. The formation of stress on
fibers is to a large extent irreversible and the stiffness in-
creases in the same manner as for passive cross-links !Fig.
3"b#$.

Figure 3"c# shows that the number of links increases from
about 3500 at zero strain to about 20 000 at maximum strain.
As can be further seen in Fig. 3"c#, the number of links
continues to increase during destraining and the fiber bundles
do not decompose. That means that the tension in the fiber
bundle does not vanish during destraining. This indicates that
the equilibrium configuration for the mesh with dynamic
cross-links is a maximally dense compact packing of the
fibers. Once formed, the elastic energy in the bundle is not
enough to break the links. Making the breaking thresholds of
the cross-links dependent on fiber tension would alter this
behavior. This issue will be addressed in a separate study.

IV. COMPARISON WITH EXPERIMENTS

To be more quantitative, we have compared our model
simulations against the experimental results of Lieleg et al.
!4$. In their experiment they had a solution of actin filaments
and actin-binding protein called fascin. In other words, fas-
cin is the cross-linker. Lieleg et al. showed that when the
cross-linker concentration increases above a critical value,
the actin filaments self-organize to form a homogeneous net-

work, i.e., they saw a transition from an entangled solution to
what they call “a cross-linked bundle phase”; the network
was reported to consist of actin bundles as its structural unit,
which is very similar to our observations as seen in Fig. 3"a#.

We measured the elastic energy of the network, which
corresponds to the measurement of the stiffness by Lieleg et
al., since those quantities scale similarly. The molar ratio of
cross-linkers in the experiment corresponds to the average
number of cross-links per fiber in our simulations.

Figure 4 shows the elastic energy at small strain as a
function of the average number of cross-links per fiber for
systems of 250 and 750 filaments "r corresponds to the molar
ratio R of fascin in Ref. !4$#. Above the transition, the elastic
energy scales as Ee%"r−rc#1.5 which is the same scaling as
found by Lieleg et al. "see Fig. 2 in Ref. !4$#. The crossover
can be seen as a percolation threshold.

In Fig. 5, we plot stress-strain curves for three different
values of the average number of cross-links per fiber, r
=1.78, 2.86, and 5.05. Figure 5"a# shows that the initial slope
is higher for larger r, corresponding to larger stiffness. As
strain is increased, the cross-links start to break, which leads
to reduced stiffness and to the sawtooth patterns seen in the
figure. The cross-links start to break earlier, i.e., at a smaller
strain, for a larger value of r. Figure 5"b# shows the strain at
which the first cross-links break as r is varied. The line cor-
responds to r−1, which is exactly the same scaling as ob-
served by Lieleg et al.

V. CONCLUSIONS

To summarize, we have studied actin filament networks
using three hierarchical models of increasing complexity:
passive, semipassive, and a dynamic network which is able
to adjust its cross-links dynamically. The networks show in-
creasingly complicated behavior. We find strain hardening
without entropic elasticity, avalanches of cross-link slippage
leading to strong strain softening in the case of breakable
cross-links, and spontaneous formation of stress-carrying fi-
ber bundles in the case of dynamic cross-links. Support for
our findings is given by the experiments of Rosenblatt et al.
!40$, who found that in human airway smooth muscle the
ratio between dynamic and passive may control the nature of
stiffening. To make a direct connection to experiments, we
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FIG. 4. Elastic energy "Ee# as a function of the average number
of cross-links per fiber "r# for 250 "crosses# and 750 "stars# fibers.
Below the transition, the elastic energy has a weak dependence on r
and above the critical value Ee%"r−rc#1.5.
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FIG. 5. "a# Stress-strain curves for three different values of average number of crosslinks per fiber, r=1.78 "solid line#, 2.86 "dashed#, and
5.05 "dotted#. The initial slope is higher for larger r, corresponding to larger stiffness. The sawtooth pattern results from breaking of
cross-links, and such breakings reduce stiffness. As could be expected, cross-links break at smaller strain for larger r. "b# Strain at which the
first cross-link breaks as a function of r. The scaling "the line# is the same as that found by Leileg et al., i.e., r−1.
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Dynamic links:

Links can break and form as the fibers move away and close to each other
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Dynamic links:

Links can break and form as the fibers move away and close to each other

A.) Snapshots of a mesh with 
active cross links at different 
strains. The first three snapshots 
are prior to the stress maximum 
while the last is after maximum 
strain is reached. 
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A.) Snapshots of a mesh with 
active cross links at different 
strains. The first three snapshots 
are prior to the stress maximum 
while the last is after maximum 
strain is reached. 

B.) The elastic energy of the 
fibers for the mesh in (A) as 
function of strain (full line). 
Dashed line: curve from passive 
model for comparison.
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Dynamic links:

Links can break and form as the fibers move away and close to each other

A.) Snapshots of a mesh with 
active cross links at different 
strains. The first three snapshots 
are prior to the stress maximum 
while the last is after maximum 
strain is reached. 

B.) The elastic energy of the 
fibers for the mesh in (A) as 
function of strain (full line). 
Dashed line: curve from passive 
model for comparison.

C.) The number of cross links as 
function of strain..
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R. Kaunas, P. Nguyen , S. Usami , and S.Chien , PNAS  102, 15895 ((2005) 

Stretch induced stress fiber formation in cells in Bovine aortic 
endothelial cells. Cells were stained with rhodamine-phalloidin 
to identify f-actin bundles
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Network with  dynamic  (motor) cross linkers 

Thomas Surrey, et al. Science   , 1167 (2001); 292 

•Many parameters: Not clear which 
are important

•No elasticity

In vitro experiments are mostly with stabilized microtubules 
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Network with  dynamic  (motor) cross linkers 

Thomas Surrey, et al. Science   , 1167 (2001); 292 

•Many parameters: Not clear which 
are important

•No elasticity
S.Sankararaman, G. Menon, P.B.S.K. Phys. Rev. E. 70, 031905 (2004) - a hydrodynamic model

In vitro experiments are mostly with stabilized microtubules 
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Include motor motion 
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Figure 1: Two fibers with the mass points displayed as black dots. The fibers segments between
the dost are modelled by beams. A motor protein connecting the two fibers is displayed with
a dotted line. The motor is modelled by a spring with a finite length equilibrium length. The
motor motility is simulated by moving the motor anchoring points to the next bead along each
fiber with a discrete velocity. A motor motion step is indicated by the arrow in the figure.
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Include motor motion 
•3D elastic network 
•Motor cross-linkers move along the fibers 
•Motors may get strained as they move 
•Threshold strain for stalling    τc  
•Threshold strain for detaching  τb   
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Include motor motion 

(A.) 500 Randomly placed filaments 
with free boundary condition.  
(B) When motors are unidirectional 
asters form
(C) Stead state configuration with bi-
directional motors.
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Include motor motion 

(A.) 500 Randomly placed filaments 
with free boundary condition.  
(B) When motors are unidirectional 
asters form
(C) Stead state configuration with bi-
directional motors.

•3D elastic network 
•Motor cross-linkers move along the fibers 
•Motors may get strained as they move 
•Threshold strain for stalling    τc  
•Threshold strain for detaching  τb   

Elastic energy as a function of time 

J. Astrom, P. B. S. K. and   M. Karttunen:   Soft Matter , 5, 2869 ( 2009) 
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The elastic energy stored in the motors Ecl  as 
function of time for τb =  0.2,0.3,....,0.7(yellow, 
green, blue, red, magenta, black) with τc =0.3

(A) Initial configuration with clamped boundary.  
The mesh contains 1000 fibers.
 Its size 4.2 X 4.2 X 1.   τc =0.2
(B) Final steady state configuration for τb=0.3
(C)Final steady state configuration for τb=0.6
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The elastic energy stored in the motors Ecl  as 
function of time for τb =  0.2,0.3,....,0.7(yellow, 
green, blue, red, magenta, black) with τc =0.3

(A) Initial configuration with clamped boundary.  
The mesh contains 1000 fibers.
 Its size 4.2 X 4.2 X 1.   τc =0.2
(B) Final steady state configuration for τb=0.3
(C)Final steady state configuration for τb=0.6

J. Astrom, P. B. S. K. and   M. Karttunen:   Soft Matter , 5, 2869 ( 2009) 
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Figure 5: (A) Ef/Emax as function of τb for τc = 0.05, N = 500 (+), τc = 0.05, N = 1000 (•),
τc = 0.1, N = 500 (×), τc = 0.1, N = 1000 (∗), τc = 0.2, N = 500 (!), τc = 0.2, N = 1000
(#), τc = 0.3, N = 500 (◦). τb/τc. (B) The same data as function of τb/τc. (C) Ef/Emax for
bi-directional motors: (∗), τc = 0.35, N = 1000, (×), τc = 0.2, N = 500, (+), τc = 0.35, N = 500.
(D) Ef/Emax as function of τb for E = 103, w = 0.013, m = 10−3, c = 3 × 10−2, k = 10−2 (+),
E = 105, w = 0.013, m = 10−3, c = 3 × 10−2, k = 10−2 (×), E = 105, w = 0.005, m = 10−3,
c = 3× 10−2, k = 10−2 (∗), E = 105, w = 0.005, m = 10−3, c = 3× 10−2, k = 10−2 (!), E = 103,
w = 0.02, m = 10−3, c = 3× 10−2, k = 10−2 ("),E = 103, w = 0.02, m = 2× 10−4, c = 5× 10−4,
k = 10−2 (◦),E = 103, w = 0.013, m = 2× 10−3, c = 5× 10−4, k = 10−3 (•), E = 103, w = 0.013,
m = 2 × 10−3, c = 3 × 10−3, k = 10−3 (#), E = 103, w = 0.013, m = 2 × 10−3, c = 3 × 10−3,
k = 10−3 (#), E = 104, w = 0.02, m = 2× 10−3, c = 3× 10−2, k = 10−3 ($), E = 104, w = 0.02,
m = 2 × 10−3, c = 3 × 10−2, k = 10−3 (%),

15

03-February-2010 Indian Institute of Technology Kanpur 

The ratio of the steady to the maximum  value of elastic energy  as a function of τb  and  τb/τc  
for different values of τb and τc for clamped  (A,B,D) and free boundaries (C). Symbols are for 
different parameter values. The critical τb/τc seems to agree with experiments ( see Nature 
377,251 ( 1995) , Nature 368, 113, 1994 )
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Summary
• A 3D elastic network model, that allows for changes in the network geometry in 

response to an externally imposed strain, is discussed. This model represents a 
network of actin  filaments which has the ability, as real cytoskeletal networks do, to 
adjust its cross links dynamically. 

Wednesday 10 February 2010



03-February-2010 Indian Institute of Technology Kanpur 

Summary
• A 3D elastic network model, that allows for changes in the network geometry in 

response to an externally imposed strain, is discussed. This model represents a 
network of actin  filaments which has the ability, as real cytoskeletal networks do, to 
adjust its cross links dynamically. 

• This stiff elastic rod model will be applicable in the regime corresponding to dense 
actin networks, as in the case of the cytoskeleton. 

Wednesday 10 February 2010



03-February-2010 Indian Institute of Technology Kanpur 

Summary
• A 3D elastic network model, that allows for changes in the network geometry in 

response to an externally imposed strain, is discussed. This model represents a 
network of actin  filaments which has the ability, as real cytoskeletal networks do, to 
adjust its cross links dynamically. 

• This stiff elastic rod model will be applicable in the regime corresponding to dense 
actin networks, as in the case of the cytoskeleton. 

• We have found strain hardening without entropic elasticity. 

Wednesday 10 February 2010



03-February-2010 Indian Institute of Technology Kanpur 

Summary
• A 3D elastic network model, that allows for changes in the network geometry in 

response to an externally imposed strain, is discussed. This model represents a 
network of actin  filaments which has the ability, as real cytoskeletal networks do, to 
adjust its cross links dynamically. 

• This stiff elastic rod model will be applicable in the regime corresponding to dense 
actin networks, as in the case of the cytoskeleton. 

• We have found strain hardening without entropic elasticity. 
• We have shown that the strain hardening in these dense networks is due to a change 

from a bending dominated regime to the stretching dominated one. 

Wednesday 10 February 2010



03-February-2010 Indian Institute of Technology Kanpur 

Summary
• A 3D elastic network model, that allows for changes in the network geometry in 

response to an externally imposed strain, is discussed. This model represents a 
network of actin  filaments which has the ability, as real cytoskeletal networks do, to 
adjust its cross links dynamically. 

• This stiff elastic rod model will be applicable in the regime corresponding to dense 
actin networks, as in the case of the cytoskeleton. 

• We have found strain hardening without entropic elasticity. 
• We have shown that the strain hardening in these dense networks is due to a change 

from a bending dominated regime to the stretching dominated one. 
• An active model of cross linkers, with links breaking and forming, shows structures  

similar to stress fibers.  

Wednesday 10 February 2010



03-February-2010 Indian Institute of Technology Kanpur 

Summary
• A 3D elastic network model, that allows for changes in the network geometry in 

response to an externally imposed strain, is discussed. This model represents a 
network of actin  filaments which has the ability, as real cytoskeletal networks do, to 
adjust its cross links dynamically. 

• This stiff elastic rod model will be applicable in the regime corresponding to dense 
actin networks, as in the case of the cytoskeleton. 

• We have found strain hardening without entropic elasticity. 
• We have shown that the strain hardening in these dense networks is due to a change 

from a bending dominated regime to the stretching dominated one. 
• An active model of cross linkers, with links breaking and forming, shows structures  

similar to stress fibers.  
• The results from the semi-passive  simulations seems to be in good agreement with 

recent experiments.

Wednesday 10 February 2010



03-February-2010 Indian Institute of Technology Kanpur 

Summary
• A 3D elastic network model, that allows for changes in the network geometry in 

response to an externally imposed strain, is discussed. This model represents a 
network of actin  filaments which has the ability, as real cytoskeletal networks do, to 
adjust its cross links dynamically. 

• This stiff elastic rod model will be applicable in the regime corresponding to dense 
actin networks, as in the case of the cytoskeleton. 

• We have found strain hardening without entropic elasticity. 
• We have shown that the strain hardening in these dense networks is due to a change 

from a bending dominated regime to the stretching dominated one. 
• An active model of cross linkers, with links breaking and forming, shows structures  

similar to stress fibers.  
• The results from the semi-passive  simulations seems to be in good agreement with 

recent experiments.
• Pattern formation in a system of fully mobile cross linkers and elastic  filaments, with 

surface anchoring,  is studied.

Wednesday 10 February 2010



03-February-2010 Indian Institute of Technology Kanpur 

Summary
• A 3D elastic network model, that allows for changes in the network geometry in 

response to an externally imposed strain, is discussed. This model represents a 
network of actin  filaments which has the ability, as real cytoskeletal networks do, to 
adjust its cross links dynamically. 

• This stiff elastic rod model will be applicable in the regime corresponding to dense 
actin networks, as in the case of the cytoskeleton. 

• We have found strain hardening without entropic elasticity. 
• We have shown that the strain hardening in these dense networks is due to a change 

from a bending dominated regime to the stretching dominated one. 
• An active model of cross linkers, with links breaking and forming, shows structures  

similar to stress fibers.  
• The results from the semi-passive  simulations seems to be in good agreement with 

recent experiments.
• Pattern formation in a system of fully mobile cross linkers and elastic  filaments, with 

surface anchoring,  is studied.
•  we demonstrate that, for unidirectional motors, two basic contractile phases emerge in 

these systems. The transition is governed by a single parameter (τb /τc ) 

Wednesday 10 February 2010



03-February-2010 Indian Institute of Technology Kanpur 

Summary
• A 3D elastic network model, that allows for changes in the network geometry in 

response to an externally imposed strain, is discussed. This model represents a 
network of actin  filaments which has the ability, as real cytoskeletal networks do, to 
adjust its cross links dynamically. 

• This stiff elastic rod model will be applicable in the regime corresponding to dense 
actin networks, as in the case of the cytoskeleton. 

• We have found strain hardening without entropic elasticity. 
• We have shown that the strain hardening in these dense networks is due to a change 

from a bending dominated regime to the stretching dominated one. 
• An active model of cross linkers, with links breaking and forming, shows structures  

similar to stress fibers.  
• The results from the semi-passive  simulations seems to be in good agreement with 

recent experiments.
• Pattern formation in a system of fully mobile cross linkers and elastic  filaments, with 

surface anchoring,  is studied.
•  we demonstrate that, for unidirectional motors, two basic contractile phases emerge in 

these systems. The transition is governed by a single parameter (τb /τc ) 
• The link between structure and elasticity is further probed through a bidirectional 

network.

Wednesday 10 February 2010



03-February-2010 Indian Institute of Technology Kanpur 

Summary
• A 3D elastic network model, that allows for changes in the network geometry in 

response to an externally imposed strain, is discussed. This model represents a 
network of actin  filaments which has the ability, as real cytoskeletal networks do, to 
adjust its cross links dynamically. 

• This stiff elastic rod model will be applicable in the regime corresponding to dense 
actin networks, as in the case of the cytoskeleton. 

• We have found strain hardening without entropic elasticity. 
• We have shown that the strain hardening in these dense networks is due to a change 

from a bending dominated regime to the stretching dominated one. 
• An active model of cross linkers, with links breaking and forming, shows structures  

similar to stress fibers.  
• The results from the semi-passive  simulations seems to be in good agreement with 

recent experiments.
• Pattern formation in a system of fully mobile cross linkers and elastic  filaments, with 

surface anchoring,  is studied.
•  we demonstrate that, for unidirectional motors, two basic contractile phases emerge in 

these systems. The transition is governed by a single parameter (τb /τc ) 
• The link between structure and elasticity is further probed through a bidirectional 

network.
• We show that a stiffness transition takes place, about the percolation transition, as the 

number of parallel filaments are varied. 
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