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ABSTRACT We apply a recently developedmodel of cytoskeletal force generation to study a cell’s intrinsic contractility, as well
as its response to external loading. The model is based on a nonequilibrium thermodynamic treatment of the mechanochemistry
governing force in the stress fiber-focal adhesion system. Our computational study suggests that the mechanical coupling be-
tween the stress fibers and focal adhesions leads to a complex, dynamic, mechanochemical response. We collect the results in
response maps whose regimes are distinguished by the initial geometry of the stress fiber-focal adhesion system, and by the
external load on the cell. The results from our model connect qualitatively with recent studies on the force response of smooth
muscle cells on arrays of polymeric microposts.
INTRODUCTION
In contractile cells, such as smooth muscle cells and fibro-
blasts, the generation of traction force is the result of two
different actions: myosin-powered cytoskeletal contractility
and external mechanical stimuli (applied stretch or force).
The cooperation between these two aspects determines the
level of the force within the cell and influences the develop-
ment of cytoskeletal components via the (un)binding of pro-
teins. Stress fibers and focal adhesions are important
cytoskeletal components that mediate this interplay of me-
chanics and chemistry.

Stress fibers are bundles of 10–30 actin filaments held
together by the binding protein a-actinin (1); fascin, epsin,
filamin, and myosin, among other proteins, have also been
detected in stress fibers. Cytoskeletal contractility originates
from the action of myosin molecules: these attach them-
selves to the actin filaments and step along them, causing
antiparallel filaments to slide past each other, thus gener-
ating a contraction of the stress fiber. The speed at which fil-
aments slide past each other decreases with tensile force (2).
The myosin stepping rate reaches a stall at some critical
value of tensile force, at which contractility ceases.

The binding rates of actin and myosin (and presumably of
other proteins, also) into the stress fiber is force-dependent
(3). Within some regime of tensile force autogenerated by
stress fiber contractility, the binding rates appear to be
boosted, and the fibers grow in thickness (4,5). Eventually,
a sufficiently high force, perhaps externally applied, must
cause rapid unbinding of the proteins and cytoskeletal disas-
sembly. The complexity of this mechanochemical response
is enhanced because the stress fibers also demonstrate, in
addition to the aforementioned active response due tomyosin
action, a passive viscoelastic force-stretch behavior (6).
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Focal adhesions are integrin-containing transmembrane
structures that anchor the cytoskeletal stress fibers to the
extracellular matrix (ECM). In addition to integrin, they
contain scores of other proteins including paxillin, tensin,
focal adhesion kinase, talin, and vinculin. The latter two pro-
teins connect the integrins to f-actin in the stress fibers, to
complete the linkage of the cytoskeleton to the ECM. How-
ever, focal adhesions are not merely static anchors. They
themselves demonstrate a complex dynamics of growth,
disassembly, and even a translational mode in which they
appear to slide over the interface between the cell membrane
and ECM, strikingly shown by Nicolas et al. (7). These re-
gimes of the dynamics are caused by (un)binding of focal
adhesion proteins, and notably are force-sensitive; cytoskel-
etal contractility forces as well as externally applied loads
may elicit this mechanosensitive response (8,9).

It is inevitable that the combination of two such mechano-
chemically dependent systems (stress fibers and focal adhe-
sions) in the cytoskeleton leads to a rich dynamic response,
where the forces as well as the systems’ structures them-
selves continuously evolve. Some of these aspects have
been addressed in the literature, and a variety of models
have been proposed that study stress fibers and focal adhe-
sions separately (10–16) or, in some cases, in combination
(17–20). They focus on different aspects of the problem,
such as cell traction (21), effects of substrate stiffness
(22,23), cell shape (24), cell contractility (25), cytoskeletal
orientation under dynamic load (13,26–28), and stress fiber
viscoelasticity (6,25). Some studies also address the role of
the small GTPases, Rho and Rac, in regulating stress fiber
formation (29–31).

In this article, we use a recently developed model for the
coupled mechanochemical response of stress fiber-focal
adhesion systems to study the development of contractile
force and the behavior of such systems under load. The
model is based on nonequilibrium thermodynamics and
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has been described in detail (32). Our focus here is on the
modes of generation and decay of the force in the system,
as well as on the growth and disassembly of the stress fibers
and focal adhesions. These questions are addressed in the
context of both cell contractility in absence of external
load and system response to an external stretch. Our motiva-
tion comes from studies of force generated by smooth
muscle cells plated on micropost arrays (33); nevertheless,
our model is capable of much greater detail than is accessible
experimentally. The experiments demonstrate variability
in the response both between cells and between individual
stress fibers in the same cell and, accordingly, our aim is
to reproduce the broad trends seen in the experiments
and provide a key to interpret the response variability
observed in the experiments, while examining in greater
detail the underlying mechanochemical dynamics that the
model reveals.
THE UNDERLYING MODEL

Calculations were carried out using a modified version of a
model proposed in another work (32). The model does not
include chemical signaling; it explicitly highlights the role
of mechanical force as a signal instead. The original layout
has been adapted to include the presence of elastic
microposts, to simulate the behavior of the stress fiber-focal
adhesion ensemble under the conditions of the experimental
tests performed by Mann et al. (33). Specifically, the model
adopted here (Fig. 1) consists of a stress fiber connected to a
focal adhesion at each end, with each focal adhesion being
attached to the top of a polydimethylsiloxane micropost,
and an elastic (i.e., polydimethylsiloxane) substrate under-
lying the microposts. The cytosolic reservoir supplying
proteins to the stress fiber and focal adhesions is also
included. The substrate can be stretched to introduce an
external mechanical loading of the system. The stress fiber
and the focal adhesions are mechanochemical subsystems
formed by assembly of representative proteins supplied by
the cytosol.
FIGURE 1 Schematic representation of the model. To see this figure in

color, go online.
To substantiate the discussion of the results provided in
this article, we briefly report the main concepts behind the
model we adopted; further details can be found in the
Supporting Material and elsewhere (Olberding et al.
(34); Maraldi & Garikipati (32)). In the model, the stress
fiber is considered to span between two focal adhesions
and to be always under tension. Hence, its reference
length, x0sf, is fixed, because it would not be possible to
add proteins at its ends without first abrogating the ten-
sion. Protein binding/unbinding therefore only affects the
thickness of the stress fiber. However, protein binding/un-
binding is allowed to occur anywhere along the focal
adhesion; to compute the relevant kinematic quantities
for this subsystem, only the binding rates at its ends
need to be tracked. The force is assumed to be uniformly
distributed along the focal adhesion and through the stress
fiber’s thickness (32).

The number of stress fiber representative proteins (Nsf)
and the focal-adhesion distal (xd) and proximal ends’
(xp) positions are the variables tracked with respect
to time. The ordinary differential equations constitu-
ting the model are (Olberding et al. (34); Maraldi &
Garikipati (32))
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where the label (b) indicates the equations used for the case
in which ma � macyt % 0 (proteins binding) for subsystem
a ¼ sf, fa, whereas (u) indicates the equations for the case
in which ma � macyt R 0 (proteins unbinding). In Eq. 1,
msf is the chemical potential of representative proteins in
the stress fiber, msfcyt is the chemical potential of stress fiber
proteins in the cytosolic reservoir, and nsf

max is the
maximum number of stress fiber proteins available to the
given stress fiber. In Eqs. 2 and 3, mdfa and m

p
fa are the chem-

ical potentials of the proteins in the focal adhesion evaluated
at its distal and proximal ends, respectively, mfacyt is their
chemical potential in the cytosol, and l is the size of a focal
adhesion complex. For the detailed expressions of the chem-
ical potentials, see the expressions in Eq. S1 in the Support-
ing Material. Moreover, kba, kua > 0 are, respectively,
the binding and unbinding coefficients for subsystem a, kB
is the Boltzmann constant, and ca ¼ ca (P) is a
Biophysical Journal 106(9) 1890–1901



FIGURE 2 System response map with no applied stretch. R is the region

in which the stress fiber and the focal adhesion reach full development

(robust SF & FA (stress fiber and focal adhesion) region). (Dashed curves)

Iso-time contours of micropost coverage by the growing focal adhesion. R0

is the region in which focal adhesion translation causes stress fiber force

relaxation to zero. The system collapses in regions FA-c and FA-c0 due to

focal adhesion resorption (FA collapse regions), and in SF-c due to stress

fiber resorption (SF collapse region). To see this figure in color, go online.
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force-dependent exponent regulating the rapid dissociation
of molecular bonds (G. Bell (35); Maraldi & Garikipati
(32)). We note that the form of Eqs. 1–3 comes from clas-
sical nonequilibrium thermodynamics, and incorporates
the assumption of local equilibrium (36).

Mechanical equilibrium is assumed to hold. Hence, the
forces developed within the stress fiber, the focal adhesions
and the microposts are equal to one another and identified as
the force within the system: P¼ Psf ¼ Pfa ¼ Pmp. The deter-
mination of P is essential for calculating the chemical
potentials of the focal adhesion, the stress fiber, and the
cytosol, which are the driving forces for the chemical pro-
cesses (Maraldi & Garikipati (32)) and appear in the rate
equations Eqs. 1–3.

In the Discussion, we will observe that the stress fiber’s
constitutive nature plays a major role in the complex me-
chanical response of the system. Indeed, the contractile
and viscoelastic features of the stress fiber strongly influ-
ence the development of the force within the whole system.
In particular, the force developed within the stress fiber (and
consequently within the whole system, due to mechanical
equilibrium) can be expressed as the sum of three different
contributions: Psf ¼ Pesf þ Pve

sf þ Pacsf, where Psf
e is the

elastic component, Psf
ve accounts for the viscous response,

and Psf
ac is the active contractile force. Fig. 1 also shows

the actomyosin contractile units that make up the stress
fiber. Each unit consists of one myosin motor and one half-
length of each interleaved, antiparallel actin filament that
the motor causes to intercalate. The units also are assumed
to have the same length, and the total number of contractile
units is therefore proportional to Nsf. We take each such
unit to have the same strain rate in the stress fiber. See the ex-
pressions in Eq. 2 and the ensuing discussion in the Support-
ing Material for the complete active contractile force model.

A specific set of parameters was chosen (see Table S1 in
the Supporting Material) and the model was tested for its
ability to reproduce the main features of the force response
of smooth muscle cells plated on an array of polymeric
microposts (33). To access a variety of responses, the initial
stress fiber length was varied over a range typically reported
for a cell (10–65 mm), while the initial focal adhesion length
was varied in the range of 0–2 mm. For the tests in which an
external load was applied to the system, the extent of the
substrate stretch was varied between 0.05 and 0.15, to
make connections with Mann et al. (33).
RESULTS

System response map and collapse mechanisms
with no applied strain

We first seek to model the contractility of a cell on an array
of microposts when the substrate is not subjected to an
external strain. The corresponding system responses are
collected in the map of Fig. 2.
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In region R, a robust, fully developed system is obtained,
with a stable stress fiber and a growing focal adhesion. Fig. 2
shows that this region may extend down to bx0fa¼ l ¼ 58 nm
(black dashed line in Fig. 2), which is the size of a single
complex of focal adhesion proteins, and represents the
smallest focal adhesion in our model (the term ‘‘focal com-
plex’’ may be more appropriate in this limit). Notably, even
this smallest initial focal adhesion gives rise to a robust sys-
tem if x0sf is small. Region R spans a wider range of bx0fa
values than any other region. However, for larger values
of x0sf, this range of bx0fa becomes increasingly narrow, as
other failure mechanisms become dominant (regions FA-c
and SF-c; focal adhesion and stress fiber regions,
respectively).

Inside region R in Fig. 2, the system exhibits different be-
haviors, some of which are induced by the fact that the focal
adhesion is constrained to develop on the surface of the mi-
cropost, which has finite area. The dashed curves indicate
the times at which the focal adhesion has grown to the
size of the micropost diameter. Smaller bx0fa translates to
greater growth times, as would be expected. Further details
are provided in the following subsection. The dash-dot black
line in Fig. 2 delimits the subregion R0, characterized by low
values of x0sf and bx0fa. For these configurations, the system
does not collapse, but the stress fiber force vanishes at small
times. Here, treadmilling of proteins through the cytosol al-
lows the focal adhesion structure to translate in the direction
of the force, causing the force in the system to relax to zero
(solid curves in Fig. 3).

Outside region R, the system collapses due to different
failure mechanisms: in region FA-c, characterized by low
values of bx0fa=x0sf , the collapse is due to the complete



FIGURE 3 Time evolution of (a) force, P; (b) number of actin monomers in the stress fiber, Nsf; (c) positions of focal adhesion distal end, initially negative

values, xdfa and proximal end, positive values, xpfa (dashed lines indicate the position of micropost edges); and (d) focal adhesion centroid position, ~xfa, for

three different system initial configurations belonging to region R in Fig. 2. To see this figure in color, go online.
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resorption of the focal adhesion. Under these conditions, in
fact, the stress fiber is able to generate a high active force,
Psf

ac; as a consequence, the force within the system P is
high and exceeds the focal adhesion’s ability to sustain
mechanical load (see explanation of the focal adhesion crit-
ical load in the Discussion), causing its complete resorption
by unbinding at its distal end. Similarly, for high values of
x0sf (subregion FA-c0), the system experiences focal adhe-
sion collapse due to the finite surface area of the micropost,
which constrains the growth of the focal adhesion (see
Section S2 in the Supporting Material for details).

In region SF-c, the system collapses due to stress fiber
failure. The large focal adhesion increases the system stiff-
ness so that a high force P can be developed under strain
control. This ultimately causes stress fiber resorption, and
the system collapses even as the large focal adhesion
survives.
Time-dependent response of the system with no
applied strain

The detailed dynamics of the system in terms of the time
evolution of force P, number of proteins in the stress fiber
Nsf, position of the focal adhesion proximal and distal ends
(xpfa and xdfa, respectively), and centroid position ~xfa are
depicted in Fig. 3 for three typical system configurations
belonging to region R of the response map in Fig. 2. For
configurations in region FA-c of the response map, a
similar discussion is provided in the Supporting Material.
The force within the system, P, is often referred to as the
‘‘contractile force’’ in the literature. However, we prefer
not to use this terminology, because, according to the stress
fiber constitutive model used for this study (Maraldi &
Garikipati (32)), this force depends not only on contrac-
tility, but also on the passive elastic or viscoelastic
response of all the subsystems (see the expressions in
Eq. S2 in the Supporting Material, and explanation of the
stress fiber rheology in The Underlying Model) and on
loads external to the system (see the later discussion related
to Fig. 6).

Fig. 3 a shows the evolution of P; in all cases, the force
initially increases and, after a time interval that depends
on the initial values bx0fa and x0sf, it attains a near-plateau
characterized by a negative slope. Accordingly, Nsf in-
creases until a critical concentration is reached at which pro-
tein recruitment stops (Fig. 3 b).

Although the cases in Fig. 3 all fall into region R, the
detailed dynamics differ notably from one another. The
Biophysical Journal 106(9) 1890–1901



FIGURE 4 Contour plots of the maximum contractile force P and of the

focal adhesion resorption time t for configurations belonging, respectively,

to regions R and FA-c of the map in Fig. 2. To see this figure in color, go

online.
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solid curves, for instance, refer to a configuration in region
R0; although P completely vanishes, neither the stress fiber
nor the focal adhesion dissolves, as shown in Fig. 3, b and
c. Indeed, the stress fiber grows continuously until the afore-
mentioned critical actin concentration is attained and the
focal adhesion also grows, by addition of complexes at
both its ends. Interestingly, the relaxation of P corresponds
with focal adhesion translation due to protein treadmilling,
as seen in the evolving position of the focal adhesion
centroid (Fig. 3 d). Region R0 may therefore be regarded
as an enhanced translation region.

The shaded curves in Fig. 3 show the system dynamics
when the finite cross-section of the micropost limits focal
adhesion growth. A stiffening effect is imposed on the sys-
tem (as seen from the shaded curve in Fig. 3 a, at t x
3000 s). As shown in Fig. 3 c, the faster-growing proximal
end of the focal adhesion is first to reach the corresponding
micropost edge (this holds for all system configurations).
Consequently, the focal adhesion continues to grow only
at the distal end, and its centroid, which is the center of ac-
tion of the stress fiber force, moves backward (Fig. 3 d). The
focal adhesion translation away from the direction of the
force induces a kinematic stiffening—in the same manner
as a translation in the direction of the force induces a kine-
matic relaxation (see the preceding discussion, as well as the
forthcoming one on the competition between stress fiber
contractility and focal adhesion translation)—which makes
the chemical potential term (msf � msfcyt) of Eq. 1 negative
and reestablishes a growth regime for the stress fiber. Conse-
quently, more actin and myosin are recruited to the stress
fiber and P starts rising again until the slower-growing distal
end of the focal adhesion reaches the corresponding micro-
post edge. The focal adhesion has no more room for growth;
Nsf reaches a second, higher, critical concentration and the
contractile force plateaus out. The stress fiber-focal adhe-
sion system is at equilibrium in this case.

When the system configuration falls outside region R0 of
the response map in Fig. 2 and neither end of the focal adhe-
sion reaches the micropost edge, the dynamics follow the
dash-dot black curves of Fig. 3: the critical value of Nsf is
reached in the stress fiber, which stops growing, whereas
the focal adhesion continues to grow by recruiting com-
plexes at both ends (Fig. 3 c). The observed force relaxation
is related to translation, as explained above.

The maximum value attained by the force in the system,
P, is of interest for robust systems; it depends on x0sf and bx0fa,
as reported in the contour plot of Fig. 4 for configurations in
region R. It can be noted that a higher x0sf results in a higher
value of the maximum of P. However, bx0fa also has some
influence: especially for low x0sf, a high bx0fa leads to an
increased maximum P. Turning to the stress fiber growth,
the maximum, or critical, value of Nsf is proportional to
the stress fiber radius rsf and to the number of actin filaments
Nfil. From our computations, we found that Nsf varies as the
maximum value of P (data not shown). No equivalent quan-
Biophysical Journal 106(9) 1890–1901
tities can be identified that are intrinsic to the focal adhe-
sion, as it always remains far from equilibrium and,
consequently, its length ðbxfaÞ and centroid position ð~xfaÞ
are always changing.

The time to failure is a relevant quantity for systems
collapsing due to full resorption of the focal adhesion. A
contour plot of this parameter is shown in Fig. 4 for config-
urations in region FA-c of the response map. The time to
failure rapidly decreases for decreasing bx0fa, and slowly de-
creases for increasing x0sf, i.e., for configurations far from
the boundary between regions R and FA-c.

For large values of bx0fa (region SF-c in the response map of
Fig. 2), the system always collapses due to complete disas-
sembly of the stress fiber over very short timescales
(dynamic data not shown). A large focal adhesion acts as
a very stiff support, allowing the force within the system,
and hence the strain energy, to increase and drive the stress
fiber to a rapid disassembly.
Collapse-mechanisms and system behavior with
applied strain

Fig. 5 depicts the system response map under an applied
step strain. The numbers in parentheses are the strains for
which failure occurs by focal adhesion resorption for that
configuration in region FA-c (Fig. 6, and see Fig. S2 in the
Supporting Material). On comparing with the response
map under no strain in Fig. 2, it is apparent that region
FA-c has grown at the expense of R; this suggests that,
upon stretching, the system is more prone to collapse due
to focal adhesion resorption. The region in which the system
does survive is restricted to initial configurations with pro-
gressively smaller x0sf and larger bx0fa.

Our model admits substrate strains that are arbitrary func-
tions of time, but we chose to apply time-discontinuous



FIGURE 5 System response map for applied strain. Regions R and FA-c

are modified from Fig. 2. The applied strain appears in parentheses in sub-

regions of FA-c. To see this figure in color, go online.
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strains to make connections with the results of Mann et al.
(33). The strain was always applied at t ¼ 1800 s, well after
the system had attained a near-equilibrium state character-
FIGURE 6 Time evolution of (a) force, P; (b) number of actin monomers in th

values, xdfa and proximal end, positive values, xpfa (dashed lines indicate the posi

applied strain. System initial configuration: x0sf ¼ 18 mm; bx0fa ¼ 0.520 mm. To
ized by Nsf and bxfa being steady, and the contractile force
in a near-plateau regime (Fig. 6). As in the unstretched test-
cases, bx0fa and x0sf were varied; additionally, time-discontin-
uous strains of 0.05, 0.10, and 0.15were applied to the system
by varying the stretch of the underlying substrate.
Time-dependent response of the system under
different levels of strain

The analysis of the detailed dynamics of the system for
different strain amplitudes allows a greater appreciation of
the effects of an external strain to the system and enables
a more direct comparison with the experiments conducted
by Mann et al. (33), in which two different levels of stretch
were applied to the cells. The plots in Fig. 6 show the system
dynamics for applied strains of 0.5, 0.10, and 0.12 (the
initial geometric configuration being fixed to allow a mean-
ingful comparison between the different cases). Upon
stretching, P spikes instantaneously (Fig. 6 a) because of
the elastic response of the system. The force then drops
very rapidly due to the passive viscoelastic response of the
e stress fiber, Nsf; (c) positions of focal adhesion distal end, initially negative

tion of micropost edges); and (d) focal adhesion length, bxfa, for the indicated
see this figure in color, go online.
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stress fiber. The inset in Fig. 6 a shows these elastic and
viscoelastic responses at a finer force-time resolution for
the applied strain of 0.05. The externally applied strain
also drives the dynamics of the stress fiber (Fig. 6 b): more
actin monomers are recruited, and the stress fiber grows until
a second critical value ofNsf is reached. As a consequence, P
rises again, driven by Psf

ac, until it reaches a second
maximum (this will be referred to as the ‘‘global maximum
force’’ for that strain) followed by a second near-plateau,
with a slightly negative slope. Notably, the global maximum
of P and the poststrain critical value of Nsf increase if the
applied strain increases. An exception, however, occurs if
the system experiences focal adhesion collapse: in Fig. 6 a,
for instance, the global maximum of P for the strain of
0.12 is lower than that for the strain of 0.10.

The focal adhesion has a greater range of responses than
the stress fiber (Fig. 6, c and d). The proximal end always
grows upon stretching, whereas the distal end can either suf-
fer an initial resorption followed by restoration of the
growth regime (dash-dot black curve, green online, in
Fig. 6 c, strain of 0.10) or grow monotonically (solid curve,
blue online, in Fig. 6 c, strain of 0.05). Consequently, the
focal adhesion can either have a transitory resorption stage
or show monotonic growth (Fig. 6 d). In contrast to P, the
focal adhesion length decreases for increasing strain
(Fig. 6 d, strain of 0.10 vs. 0.05). At higher applied strains,
the focal adhesion begins to shrink irreversibly, causing the
system to collapse (shaded curves, red online, in Fig. 6).
DISCUSSION

The key to deciphering the system’s complex mechano-
chemical coupling lies with the chemical potentials of the
Biophysical Journal 106(9) 1890–1901
stress fiber, focal adhesion, and cytosol, and with the com-
plex, nonlinear mechanochemical coupling in the model.
On this basis, in the following subsections we highlight
some aspects of the dynamics of the model that will be rele-
vant to the discussion of the results presented in this article.
Critical loads for assembly and disassembly

The chemical potentials that drive stress fiber and focal
adhesion dynamics are themselves functions of the force,
P, developed within the system (Fig. 7). By comparing P
with suitable critical values, it can be established whether
the focal adhesion or stress fiber undergoes growth or disas-
sembly. It is important to recognize, however, that these
critical values vary, because they depend upon Nsf and cfa,
which evolve.

With regard to the focal adhesion subsystem, experiments
show that no growth is observed in the absence of force
(8,9); for this reason, all the parameters were chosen such
that mfa� mfacyt¼ 0 if P¼ 0 (see Fig. 7, a and b). As a result,
only one critical value of P can be identified for both the
distal and the proximal ends of the focal adhesion (namely
Pp

cr,fa and Pd
cr,fa in Fig. 7); below this force, the chemical

potential drives focal adhesion complexes to bind, whereas
above it unbinding is experienced at the given focal adhe-
sion end. For P > Pd

cr,fa, it is the growth rate at the focal
adhesion proximal end that determines whether the focal
adhesion as a whole undergoes growth, translation, or
resorption leading to eventual focal adhesion collapse;
nevertheless, P > Pd

cr,fa is a necessary condition for focal
adhesion resorption.

Given the parameter values chosen for this study and sys-
tem configurations explored, the critical load Pp

cr,fa—above
FIGURE 7 Chemical potentials as functions of

the force P at (a) the focal adhesion distal end;

(b) the focal adhesion proximal end; and (c) the

stress fiber for the set of parameters listed in

Table S1 in the Supporting Material. To see this

figure in color, go online.
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which (mpfa � mfacyt) becomes positive, leading to protein
unbinding at the proximal end—is much greater than the
value of P observed in our simulations. Hence, it is not of
interest.

On the other hand, for the set of parameters used here,
two critical loads can be identified for the stress fiber sub-
system: namely, P1

cr,sf and P2
cr,sf in Fig. 7 c. The dynamics

of the subsystem are therefore dictated by comparing P with
such critical forces; in particular, for P < P1

cr,sf or P >
P2

cr,sf, the term (msf � msfcyt) is positive and the stress fiber
undergoes disassembly, whereas for P1

cr,sf < P < P2
cr,sf,

the term (msf � msfcyt) is negative, and proteins are recruited
to the stress fiber.

Our mechanochemical model highlights the interplay be-
tween the mechanics and chemistry in determining the dy-
namics of the system. Through the chemical potential, the
force in the system affects the protein binding and unbind-
ing rates, which determine the focal adhesion length and
the stress fiber thickness. In turn, these system geometric
parameters influence the chemical potentials by changing
the critical loads. They also control the passive and active
contributions to the stress fiber force, and, ultimately, the
force in the system, by varying the system stiffness and
the number of motor proteins in the stress fiber.
FIGURE 8 Time evolution of (a) stress fiber force P (solid line, blue

online) and stress fiber critical force P1
cr,sf (dashed shaded line, red online);

(b) Nsf. System initial configuration: x0sf ¼ 18 mm; bx0fa ¼ 0.520 mm (see

region R in Fig. 2). To see this figure in color, go online.
Nonlinearities, mechanochemistry, and response
maps

The relevant critical loads P1
cr,sf, P2

cr,sf, and Pd
cr,fa are

nonlinear functions of the geometry of the system. The rela-
tions between the force P and these critical loads dictate as-
sembly or disassembly of a subsystem. The overall system
dynamics that yield the response maps in Fig. 2 and Fig. 5
depend on the rate of change of the critical loads with respect
to that of P. In the next few sections, we will observe some
aspects of the behavior of the system that arise from this
mechanism. In summary, in our model the stress fiber can
reach a critical concentration only because P1

cr,sf increases
faster than P and, after some time, the stress fiber reaches a
configuration for which protein binding ceases (see Fig. 8
and its legend). Similarly, but with opposite results, Fig. 9
shows that the focal adhesion collapses because Pd

cr,fa in-
creases faster than P and, after some time, the focal adhesion
is in a configuration for which unbinding starts and proceeds
at a increasingly faster rate (see the legendof Fig. 9 for further
details). The rate at which P and the critical loads change is
driven by the model’s coupled mechanochemistry, and by
nonlinearities in the constitutive relations for chemical
potentials, mechanical forces, and rate laws. These are crit-
ical to the form of the response maps (Figs. 2 and 5).

Stress fiber growth stops when the critical actin concentration
is reached

The attainment of a critical value of Nsf at which the stress
fiber stops recruiting proteins, is explained by the evolution
of P relative to P1
cr,sf, as shown in Fig. 8 a. Initially, P >

P1
cr,sf makes (msf � msfcyt) < 0, which drives actin and

myosin recruitment to the stress fiber (Fig. 8 b). Conse-
quently, P increases due to both enhanced acto-myosin
contractility and the increased system mechanical stiffness
(the stress fiber becomes thicker and the focal adhesions
longer). However, P1

cr,sf, which is a function of Nact, also in-
creases. When P1

cr,sf exceeds the stress fiber force, (msf �
msfcyt) > 0 and actin unbinding should occur. However, csf
in Eq. 1 is negative; therefore, actual unbinding rates remain
low, and the stress fiber appears stable at its critical concen-
tration (Fig. 8 b). Correspondingly, P attains a near-plateau
regime in which it slowly decreases under the effect of focal
adhesion translation (see below for the competition between
stress fiber contractility and focal adhesion translation).

From this state, if P increases due to external perturba-
tions to the system, but P < P2

cr,sf is maintained, a growth
regime can be reestablished because the condition (msf �
msfcyt) < 0 is regained. Actin and myosin are then recruited
until attainment of a second critical value of Nsf for which
Biophysical Journal 106(9) 1890–1901



FIGURE 9 Time evolution of (a) P (solid line, blue online) and focal

adhesion critical force, Pd
cr,fa (dashed shaded line, red online); (b) bxfa.

System initial configuration: x0sf ¼ 36 mm; bx0fa ¼ 0.800 mm (see region

FA-c in Fig. 2). To see this figure in color, go online.
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the stress fiber stops growing. In this study, the perturbation
was applied in the form of a substrate strain (see Fig. 6). A
different perturbation induced by the finite cross-section of a
micropost has also been shown in Fig. 3.

Stress fiber activity can trigger different focal adhesion
responses

A longer stress fiber contains more myosin proteins and
therefore is able to generate a higher active force, Psf

ac.
For this reason, as shown in Fig. 4, the maximum total force
is higher for system configurations with longer stress fibers.
Secondarily, the passive contribution to the stress fiber force
also plays a role in determining its maximum value. As
Fig. 4 shows, focal adhesions that are initially large lead
to systems developing higher forces, because the mechani-
cal stiffness is higher. In addition to having a major effect
on the active force, stress fibers of different geometries
also can trigger different focal adhesion responses: for
instance, region R in Fig. 2 becomes increasingly narrow
for longer stress fibers. The reason is that, to sustain the
Biophysical Journal 106(9) 1890–1901
greater active force generated by a longer stress fiber, the
initial focal adhesion needs to be longer. A longer focal
adhesion has a higher critical load Pd

cr,fa and can be sub-
jected to a greater force without collapsing. On the other
hand, if the stress fiber is short, the active force generated
is lower; hence, even focal adhesions developing from a sin-
gle focal adhesion complex can sustain the load without
failing (see the response map in Fig. 2 and its related discus-
sion in the legend).

Fig. 9 a shows the evolution of both the total force, P, and
the focal adhesion critical load, Pd

cr,fa, for a system with
initial configuration in region FA-c of Fig. 2. Due to the
incorporation of more actins and myosins in the stress fiber,
P increases and exceeds Pd

cr,fa. Then, the focal adhesion’s
growth slows down (Fig. 9 b) because unbinding occurs at
the distal end (as a consequence, the focal adhesion critical
load also increases more slowly). However, because Nsf is
far from its critical value, P continues to increase above
Pd

cr,fa, eventually leading to severe resorption at the distal
end, and focal adhesion collapse (Fig. 9 b). Protein resorp-
tion is boosted by the force-dependent term cfa in Eq. 2,
which makes the unbinding rate grow exponentially with
the stress fiber force.

The focal adhesion size can determine the fate of the stress
fiber

For initial configurations in region SF-c of Fig. 2, bx0fa is large
and the stress fiber disassembles within the first few milli-
seconds of the computation. The reason is that a large bx0fa
value makes the stress fiber-focal adhesion system mechan-
ically very stiff. Therefore, contractility drives P to rapidly
exceed P2

cr,sf, causing stress fiber disassembly. The disas-
sembly is boosted by the force-dependent term csf in
Eq. 1, which enhances the actin unbinding rate. The focal
adhesion thus can control the fate of the system, by acting
as a very stiff support.

Competition between stress fiber contractility and focal
adhesion translation determines the force behavior

For the system configurations in region R of Fig. 2 (or of
Fig. 5 for the applied strain case), the force reaches a plateau
after an initial growth stage. The slope of the plateau is regu-
lated by the competition between stress fiber contractility
and focal adhesion translation due to protein treadmilling.
The action of motor proteins in the stress fiber causes the
active component of the stress fiber force Psf

ac (and, conse-
quently, the total force P) to increase, whereas when the
focal adhesion centroid moves toward the stress fiber, P re-
laxes. Our computations show that for the overall system dy-
namics this kinematic relaxation mechanism and its
interplay with stress fiber contractility is more relevant
than the relaxation induced by passive viscoelasticity,
because the latter occurs over very short timescales (see
the inset in Fig. 6 a). For instance, for system configurations
in region R0 of Fig. 2, the relaxation induced by focal



FIGURE 10 The computed stress fiber force versus time compared with

force on individual microposts from the work of Mann et al. (33). (a)

Robust stress fiber-focal adhesion systems (see region R in Fig. 5). (b) Sys-

tems that suffer focal adhesion collapse (see region FA-c in Fig. 5). The

strain of 0.06 is applied at 1800 s in both cases. To see this figure in color,

go online.
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adhesion translation toward the stress fiber has a major influ-
ence and prevails over the stiffening effect provided by the
addition of myosin to the stress fiber. Focal adhesion trans-
lation is enhanced for small values of x0sf: the low values of
the stress fiber force developed within the system lead to a
large difference between the chemical potentials at the focal
adhesion distal and proximal ends (Fig. 7); thus, the binding
rates of the focal adhesion ends prove to be very different.
This results in a high rate of focal adhesion translation,
which in turn causes the stress fiber force to relax and vanish
in a short time (solid curves, blue online in Fig. 3).

The influence of substrate loading on the overall system
response

As shown in Fig. 6, larger external strains result in system
collapse due to complete resorption of the focal adhesion.
A high strain leads to a high value of the force in the system,
P, which can exceed the focal adhesion critical load, Pd

cr,sf,
and induce severe resorption at the focal adhesion distal end
(as shown by the shaded curves, red online, in Fig. 6).

On the other hand, if the strain is sufficiently small, the
stress fiber force reaches a second plateau; correspondingly,
the stress fiber recruits more actins and myosins. The focal
adhesion also grows, demonstrating that, to some extent, an
external load can stimulate growth of the stress fiber-focal
adhesion system. The strain is externally imposed as a sub-
strate strain in our model, but in living cells may come from
the ECM, neighboring cells, or other stress fiber-focal adhe-
sion complexes within the same cell.

Connection to recent cell traction force experiments
on micropost arrays

Our results can be related to the experiments of Mann et al.
(33) on the force response of smooth muscle cells on arrays
of polymeric microposts. Fig. 10 shows data from their
study for the force on individual microposts versus time in
response to a substrate strain of 0.06. Fig. 10 a corresponds
to stress fiber-focal adhesion systems that remain robust
over the period of the experiments (region R in Fig. 5).
Notably, the computed response has a spike in force at the
instant of strain application due to the intrinsic viscoelastic
response of the stress fiber, which has a relaxation time t ¼
10 s (see the inset in Fig. 6 a and the related discussion, and
see Table S1). The 1-min time resolution of the experiments
was too coarse to capture such a spike.

In Fig. 10 b, stress fiber-focal adhesion systems from the
focal adhesion collapse (FA-c) region of Fig. 5 have been
compared with experimental curves that show a significant
decrease in force. Notably, whereas the computed curves
demonstrate decreases down to zero force, the experiments
show less sharp decreases followed by a plateau. Upon
examining the experimental force data, we have found
that the force trace on each of the two microposts repre-
sented in Fig. 10 b is not complemented by a force trace
that is equal in magnitude and opposite in direction on
another micropost. This suggests that while each end of a
stress fiber is indeed connected to a focal adhesion on a
micropost, different parts of the focal adhesion on these
microposts have different stress fibers connected to them.
Each stress fiber and the part of the focal adhesions con-
nected to each of its ends would form a system of the type
considered in the model, and this system would have well-
defined dynamics. However, the force trace on a micropost
is the magnitude of the vector resultant of all these different
systems, some of which may collapse and all of which have
different dynamics. This yields the experimental curves in
Fig. 10 b characterized by sharply decreasing, but nonvan-
ishing, forces. In all cases, matches to the experimental
curves were obtained by varying the initial focal adhesion
length and the stress fiber unstretched length.

Mann et al. (33) speculate that all the different observed
behaviors may be due to the force acting on the focal adhe-
sion before the application of the stretch. Our study shows
Biophysical Journal 106(9) 1890–1901
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that the force does affect the system behavior, but is itself
determined by the system’s initial geometrical configuration
(Figs. 2 and 5). This diversity of stress fiber and focal adhe-
sion geometries has not been reported by Mann et al. (33).

Further capabilities of the model

The discussion of Fig. 3 identified an equilibrium state for
the system when the focal adhesion grows to cover the
micropost cross-section. A nonuniform force distribution
over the focal adhesion (34) also allows the attainment of
an equilibrium state, but has not been considered here.

The model discussed here can be embedded in a whole-
cell model, where the effects of location within the cell
and history, as well as of cell type, can be considered.

Notably:

1. Both stress fibers and focal adhesions vary in size and
length throughout a cell, depending also on cell history,
and from one cell type to another;

2. The external strain field to which cells are subjected is
nonuniform; and

3. The kinetic rates of proteins binding/unbinding and the
structural and chemical properties of both the stress
fibers and the focal adhesions change with the cell type.

All these varying conditions, and the different responses
they elicit, can be accounted for in the model presented here.
SUPPORTING MATERIAL

Ten equations, two figures, one table, additional supplemental information
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