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Mechanical hysteresis in actin networks†

Sayantan Majumdar,‡a Louis C. Foucard,b Alex J. Levinebcd and
Margaret L. Gardel *a

Understanding the response of complex materials to external force is central to fields ranging from

materials science to biology. Here, we describe a novel type of mechanical adaptation in cross-linked

networks of F-actin, a ubiquitous protein found in eukaryotic cells. We show that shear stress changes the

network’s nonlinear mechanical response even long after that stress is removed. The duration, magnitude

and direction of forcing history all change this mechanical response. While the mechanical hysteresis is

long-lived, it can be simply erased by force application in the opposite direction. We further show that

the observed mechanical adaptation is consistent with stress-dependent changes in the nematic order

of the constituent filaments. Thus, this mechanical hysteresis arises from the changes in non-linear

response that originates from stress-induced changes to filament orientation. This demonstrates that

F-actin networks can exhibit analog read–write mechanical hysteretic properties, which can be used for

adaptation to mechanical stimuli.

Biological cells sense mechanical stimuli and use these cues to
control their physiology.1 Elucidating such mechanosensory
mechanisms in living matter has implications for both cell biology
and smart materials design.2 While molecular-scale mechano-
transduction mechanisms are well appreciated,3,4 how these are
integrated to control mechanical response at cellular length scales
is not well understood. Networks of the semi-flexible biopolymer
actin are essential determinants of the mechanical behaviors of
eukaryotic cells.5 Previous work has shown that the mechanical
response of biopolymer networks can be regulated either
transiently6 or irreversibly7 by external force, necessitating
mechanochemical feedbacks to enable long-lived and dynamic
mechanical adaptation.8

When actin is polymerized in the presence of cross-linking
proteins, space-spanning networks are formed (Fig. 1a). The
mechanical response of actin networks is viscoelastic9–11 and
highly nonlinear.12 Typically, the strain stiffening of actin networks
is reversible with no dependence on the history of applied stress.6

However, polymeric systems of both biological and synthetic

origin can also demonstrate irreversible work hardening7 and
other permanent rheological changes in response to applied
stress.13–15 The irreversibility of work hardening limits the
potential for these materials to dynamically modify their mechanical
properties or sense external force.

Here, we probe the rheology of a physiologically relevant
network of actin filaments cross-linked with the protein filamin
(FLN). FLN-crosslinked actin networks exhibit a dramatic strain
stiffening.16–18 FLN cross-links are also highly dynamic, with an
off rate of B1 s�1 19 that results in a broad spectrum of stress
relaxation.20 We polymerize 24 mM G-actin in the presence
of 5% FLN within a parallel plate rheometer and probe the
mechanical properties via a symmetric, triangular strain ‘read
out’ (RO) pulse (Fig. 1b). At low strain, a linear stress–strain
relationship is observed but the stress increases nonlinearly at
higher strains. The concavity in the stress–strain curve reflects
the nonlinear strain stiffening; this behavior is symmetric for
strains in the opposing direction due to the isotropic nature of
the network (black triangles, Fig. 1d). To explore how applied
stress can alter this rheology, we apply a large constant stress in
the positive direction (s+ = 4 Pa) for 250 s (Fig. 1c). Upon removal
of the stress, we wait for 50 s and read out the mechanical
response by applying a RO pulse. Surprisingly, we observe a
dramatic increase in the stress in the direction of the training
with nominal reduction in stress in the opposite direction
(Fig. 1d, red squares); this indicates that the mechanical response
is altered by the prior stress application. To explore the reversibility
of this effect, we apply a constant stress of 4 Pa in the opposite
direction (s�) for 250 s. Remarkably, after the negative training
pulse, an enhanced stiffening is observed at negative strains
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(Fig. 1d, blue circles) and all evidence of the previous positive
training pulse is erased. To underscore the reversibility of this
training, we apply successive cycles of positive and negative
training. In Fig. 1e, the stress measured between each cycle is

plotted as a function of strain over six training cycles. These data
demonstrate mechanical hysteresis with robust reversibility.
Thus, we observe nonlinear hysteretic response in which applied
strain modifies the nonlinear elastic response of the material to
subsequent loading by changes in the filament orientation.

The nonlinear mechanical response can be characterized by

plotting the differential shear modulus, K ¼ ds
dg

, obtained

by differentiating the Lissajous curves numerically along the
increasing strain magnitude, as a function of strain g. For an
untrained sample, K(g) is symmetric around g = 0 and shows
stiffening at high strains in both the positive and negative
directions (black triangles, Fig. 2a). For positively or negatively
trained samples, the symmetry in K as a function of g is clearly
broken: K is enhanced for g 4 0 for a positively trained sample
(red squares in Fig. 2a), whereas, for a negatively trained
sample the enhancement happens for g o 0 (blue circles in
Fig. 2a). The stiffening we observe in untrained and trained
samples is consistent with the prediction for actin networks
with flexible cross-linkers21 (Fig. S1, ESI†). The parameter
DK = K+ � K�, where K+ and K� are the moduli measured at
strain magnitude 0.4 in the positive and negative directions,
respectively, is used to quantify the strength of the mechanical
hysteresis (Methods). Due to the symmetry in the untrained
sample, assignment of the direction of positive strain and
stress is arbitrary. Once chosen, the sign convention is used
consistently in all subsequent measurements for that sample.

To query whether the mechanical hysteresis is long-lived, we
vary the time (Tw, Fig. 1c) between removal of the training stress
and the read out measurement. We find that, DK decreases
weakly up to Tw of nearly 1000 seconds (Fig. 2b), indicating that
the training pulses induce a semi-permanent changes into net-
work mechanical response. To examine how the training para-
meters can be used to modify the strength of the mechanical
hysteresis, we vary the magnitude and duration of the training
stress. The duration of training tunes DK, with DK monotonically
increasing from 2 to 8 Pa as training time T+ is increased from
10 to 400 s (Fig. 2c). Likewise, the training stress magnitude also
tunes DK (see Fig. S2, ESI†). For a sample maximally trained in the
negative direction (s� = 5 Pa, T� = 250 s), DK E �8 Pa. When a
positive training pulse s+ = 0.5 Pa is applied for T+ = 100 s, DK
increases to E �5 Pa. When s+ 4 4 Pa, DK 4 0 (Fig. 2d). After
maximal training, it is possible to recover a mechanical response
similar to an untrained sample with a suitable stress pulse in the
opposing direction (Fig. S2, ESI†). Although, there are small
variations in DK for different samples having same composition,
we find that the biggest source of error in DK comes from the
noise due to differentiation of the data with high time resolution
(we get K by differentiating the stress with respect to strain). We
estimate the error bars in DK corresponding to this biggest
source of error (see Methods) for the rest of the paper.

To explore the effects of training stress, we study the time
dependent changes in strain (i.e., creep) and recovery behavior.
First, a training stress of 5 Pa is applied in the positive direction
for 300 s (Fig. 3a). For a subsequent stress pulse in the same
direction (s+ = 5 Pa, T+ = 300 s), the resulting strain magnitude

Fig. 1 History dependent shear response in cross-linked actin network.
(a) Typical confocal image plane of a fully polymerized 3-D actin filament
network cross-linked with Filamin A. The concentration of actin (ca) is
24 mM and the molar ratio of cross-linker to actin is 5%. (b) Readout
protocol under controlled strain at a constant shear rate. (c) Training and
readout sequence for probing reversible mechanical hysteresis of a freshly
polymerized sample. (d) Lissajous plots (stress vs. strain) generated from
the readouts described above. The training and readout sequences are
applied as in (c) with training time T� = 250 s. (e) Stress vs. strain
represented by heat maps obtained from the readouts between applied
training stresses of magnitude 4 Pa applied alternatively along positive and
negative directions, for 250 s.
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g++ increases to 0.8. After the stress is removed, the residual
strain at 300 s, or gr, is approximately 0 (Fig. 3b). By contrast,
when an identical stress pulse is applied in the direction
opposite to the direction of training, the strain magnitude
|g+�| increases up to 1.2. After the stress is removed, gr = 0.4
(Fig. 3b). This increased residual strain reflects a plastic-like
shape deformation upon stress reversal.

The differences in the creep observed in response to differ-
ent directions of applied stress indicate that the system is
effectively more elastic in the training direction compared to
the opposite direction. Another way to think about this is that
there is more energy dissipated in a creep measurement that
occurs after reversal of stress direction. We directly calculate the
dissipated power from the creep measurements and observe an
enhanced dissipation when the direction of stress is changed
(Fig. S3, ESI†). The area under the power dissipation curves
for these two different loading directions gives an estimate
of additional energy that gets dissipated in reorganizing the
system. We observe an increase in energy dissipation as a
function of applied stress (Fig. S3, ESI†). Due to the noise in
calculating energy dissipation directly from creep measurements,
we use an alternate strategy (Methods) of superimposing a small,
oscillatory stress during the creep measurement to probe power
dissipation (Fig. 3c). Using this alternate strategy, we also measure
an enhanced dissipation when the system is loaded in the
direction opposite to that of training direction (Fig. 3d). We then

calculate the dissipative power required to change the polarity
of the mechanical hysteresis, such that it is of similar strength
but different sign (i.e., from +DK to �DK) and normalize it by
that dissipated in the absence of the training stress acting as a
polarizing field (P+�/P++) (Methods). We find that the power
dissipation increases dramatically for stresses 43 Pa and
mostly contained within the first 100 s of stress application
(Fig. 3e). This underscores the stress- and time-dependent work
done by the external mechanical stresses to dynamically alter
the network mechanical response.

To elucidate the mechanism of mechanical hysteresis, we
compare the normalized differential modulus as a function of
strain (Fig. 4a) for networks trained (s+ = 4 Pa) for a duration of
T+ = 0 s (untrained, black circles), T+ = 200 s (upside down
triangles) and T+ = 400 s (squares) with a simple two-dimensional
finite-element simulation (lines). In the simulation 2 mm long
stiff filaments are cross linked by 100 nm long, flexible linkers to
represent FLN (see Fig. S4, ESI†). For the isotropic networks, the
strain dependencies in the differential modulus arises primarily
from non-linearities in the constitutive elements (e.g. cross-
linkers and filaments).22

Previous work has shown that small degree of filament align-
ment, or nematic order, leads to a dramatic change in the nonlinear
elastic response.23,24 Specifically, when a network of rigidly cross
linked semiflexible filaments is sheared so that the compression
direction lies along the nematic director, softening is observed at

Fig. 2 Properties of mechanical hysteresis (a) shear modulus (K) as a function of strain (g) obtained from Fig. 1d for an untrained, positively trained and
negatively trained sample as indicated. (b) Decay of hysteresis (originally formed with training stress s+ = 4 Pa applied for a training time of T+ = 250 s)
quantified by the magnitude of DK estimated at |g| = 0.4 as a function of waiting time. (c) Building up of mechanical hysteresis (s+ = 4 Pa) quantified by the
magnitude of DK at |g| = 0.4 as a function of training time. In both (b) and (c), the shaded region indicates the baseline asymmetry in an untrained sample.
(d) Mechanical hysteresis for a sample initially trained in the negative direction by s� = 5 Pa and T� = 250 s; DK estimated at |g| = 0.4 is plotted when an
increasing magnitude of s+ is applied on this sample for T+ = 100 s. In (b–d) the error bars are estimated from the average standard deviation of K vs. g
with respect to a mean curve drawn through them (see Methods).
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strains of less than 0.1% due to the buckling of the filaments under
compression (Fig. 4b, bottom schematic). When the same network is
sheared in the opposite direction so that the same aligned filaments
are now tensed, the system exhibits strain stiffening (Fig. 4b, top
schematic). These nonlinear elastic effects make the stiffness versus
strain curve highly asymmetrical.

This collective nonlinearity, i.e. nonlinearity emerging
from the interaction of many filament, is the dominant effect
for small and moderate strains23 (Fig. 4a). At larger strains,
the constitutive nonlinear stiffening of individual cross-linkers
contributes as well22 (see Fig. S4, ESI†). This leads to a strong
strain stiffening of the network at larger values of g, where the
collective nonlinearity combines with the constitutive nonlinearity
to produce additional asymmetric strain stiffening.

In order to compare our model to the experiment, we estimate
the degree of nematic order produced by training. Here, we do not

consider in the simulation the training and cross-linking
dynamics. Rather, we rely on the observed post-training residual
strain gr (Fig. 3b, also see Fig. S5, ESI†), which provides a direct
measure of the change in the elastic reference state. Assuming an
affine deformation, we calculate the nematic order induced by
filament reorientation by this shear strain (see Method). Using this
simple, geometric model to infer the degree of nematic order S(gr),
we then numerically construct an equivalent semiflexible network
for each observed gr and determine DK(gr) computationally.

The tangent modulus K(g), normalized with respect to its
value before training is shown for one untrained (black) net-
work and two networks trained for 200 s (blue) and 400 s (red)
as lines in Fig. 4a. We find excellent agreement with the
experimental data. We then plot DK as a function of residual
strain (Fig. 4d). The agreement between the observed and
simulated mechanical hysteresis development suggests that

Fig. 3 History dependent creep behavior and energy dissipation (a) schematic of the protocol to measure history dependent creep response: an
untrained sample (ca = 24 mM actin + 5% FLN) is first trained by s+ = 5 Pa stress in the positive direction for 300 s. After waiting for 300 s, a stress of
magnitude 5 Pa is again applied for 300 s either in the training direction (positive) or opposite to it (negative) and then the stress is switched off (s = 0 Pa)
for 300 s. (b) Temporal evolution of the magnitude of the creep strain when the stress pulse is applied in the training direction |g++(t)| or opposite |g+�(t)|
to it. The residual strain (gr) estimated after 300 s of recovery is indicated for the case of strain evolution g+�(t). (c) Schematic of the protocol to estimate
energy dissipation in hysteresis. (d) An untrained sample (ca = 24 mM actin + 5% FLN) is first trained by s+ = 4 Pa stress in the positive direction for 250 s.
Time dependent power dissipation is estimated (see Method) by superposing a small A.C. component of stress (amplitude 0.4 Pa) on the D.C. stress
pulses (magnitude 4 Pa) applied in the same (P++(t)) or opposite direction (P+�(t)) w.r.t the initial training direction. The integrated area between P++(t) and
P+�(t) indicated by the gray colored region gives the additional dissipated energy. (e) A sample is first positively trained by s+ applied for 250 s. We then
estimate the time dependent power dissipation (P+�) when a stress s� (|s+| = |s�|) is applied in the negative direction on this sample. We normalize P+� by
the power dissipation (P++) when s+ is applied on the initially positively trained sample. Each curve (solid circles) is obtained for one pair of s+ and
s� values. The 3-D plot is generated by varying the magnitude of such pair [s+, s�].
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the development of nematic order is sufficient to explain the
observed changes in the elastic nonlinearities.

To further investigate the role of nematic order in the
network and consequently the emergence of buckling in its
nonlinear response, we turn to an even simpler mean-field
model of the network composed of linear elastic filaments
with frozen nematic order S, and incompliant cross-linkers.
We account for filament buckling simply by neglecting the
mechanical contribution from filaments under compressive
loads exceeding their Euler criterion25 (see ESI†). Fig. 4d plots
DK predicted by the mean-field model (dashed black line), which
is consistent with both the simulation and the experiment.
Based on the mean field model, we suggest that proposed
dependence of filament buckling on the degree nematic align-
ment in the gel serves as a minimal model of mechanical
hysteresis. Moreover, the particular elastic properties of the cross
links is not crucial for generating mechanical hysteresis. This
effect should generically appear in transiently cross-linked

semiflexible networks under training stresses large enough to
change cross linker off rates.

Fig. 4 The nematic order encodes the history dependent shear response of actin networks. (a) Measurement and prediction of the relative stiffening as a
function of shear strain g, for different training times T+ as described in the text. The training stress s+ = 4 Pa in all cases. Full markers represent
experimental data while continuous curves the corresponding predicted data from simulations. (b) Cartoon depicting that for a positively trained sample,
positive RO strains put most filaments are under tension which lead to a larger overall network stiffness. Conversely, negative strains put most filaments
under compression, the network enters a soft bending mode and the overall stiffness decreases. (c) The residual strain measured experimentally after
training is used to compute an equivalent nematic order S under the assumption of affine deformation. This nonlinear behavior is magnified as the
nematic order increases. (d) We observe an excellent agreement between the relative stiffening measured experimentally (discrete points) at |g| = 0.4 for
different values of residual strains (e.g. different training time) and predicted by the simulations (red line with symbol) for the corresponding nematic
order, as well the prediction from the simple mean field model (black dashed line).

Fig. 5 (a) Confocal image of a freshly polymerized actin sample with
ca = 12 mM actin + 5% FLN. (b) Same image plane captured after a waiting time
of 500 s after a strain of 1 is applied by the micro-manipulator; the arrow
indicates the direction of the applied strain. The insets in (a) and (b) show
the corresponding FFT images with the colors from blue to red to bright
yellow represent increasing magnitude of Fourier amplitudes.
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To observe the network structure under shear deformation,
a freshly polymerized sample (ca = 12 mM actin + 5% FLN) is
first deformed to a maximum strain of 1 at a rate 0.1 s�1 using a
position controlled micro-manipulator (Sutter Instrument) attached
to the top plate of a home-built shear cell (see Methods). After a
waiting time of 500 s at the maximum strain, 20 equispaced
confocal image planes are recorded over a vertical height of
20 mm. Comparing these images with those before the applica-
tion of shear (Fig. 5), we see the evidence of shear induced
nematic ordering in the network. This observation is qualita-
tively consistent with our model assumptions.

Conclusions

Our study demonstrates mechanical hysteresis in physiologi-
cally relevant cross-linked actin networks. Previous rheology on
biopolymer networks has focused primarily on either transient or
irreversible stress-induced changes to viscoelasticity. Our results
do not impact understanding of previously described the transient
and reversible strain stiffening of actin-filamin networks,16 as
applied stresses in those studies were performed for short periods
of time. Other studies of strain-history dependence in the rheology
of biopolymer networks observed irreversible effects attributed to
permanent changes in network bundling.7,14,15 Importantly, using
the identical cyclic hardening protocol used in ref. 7, we do not
observe work hardening (Fig. S6, ESI†). This confirms the effect we
describe here is distinct from irreversible work hardening observed
in previous studies. Future work is needed to understand how
training stress and duration as well as network composition
can control the formation of either reversible or irreversible
stress-dependent changes in the mechanical response.

The field-dependent hysteresis in mechanical response we
describe is reminiscent of other hysteretic phenomena (e.g.
magnetism). For instance, our data suggests that the stress-
dependent changes in mechanical response arise from the
formation of nonequilibrium, but long-lived domains of partial
nematic order in the network that strongly modifies the non-
linear response of the network to strain. Care must be taken to
distinguish such hysteresis from the ubiquitous rate-dependent
hysteresis observed in viscoelastic materials. Our study demon-
strates that the stress-dependent changes in mechanical response
can be understood solely in terms of the development of long-lived
nematic order through the reorganization of network connectivity
via the formation and destruction of inter-filament cross links in
response to the training stress.

Previous work on nematic elastomers26,27 and worm-like
micelles28 has demonstrated the importance of nematic order
on mechanical response. Here, the nature of the mechanical
hysteretic response arises from the fact that the lifetime of the
nematic order is highly stress dependent. Networks of elasti-
cally nonlinear elements (e.g., filaments subject to softening
under compression in response to buckling) that can structu-
rally reorganize under load (develop nematic order) point to an
avenue for the development of smart adaptive materials based
on these cytoskeletal structures. There remain open questions

regarding how mechanical hysteresis depends on network
density and composition, particularly when extrapolated to the
conditions inside the cell cortex. We have focused here on actin
networks cross-linked with the flexible and dynamic cross-
linker filamin. We observe qualitatively similar, but quantitatively
distinct, behavior using the cross-linking protein a-actinin which
is more rigid and shorter, but with similar binding kinetics
(Fig. S7, ESI†). This suggests that cross-linker properties may prove
critical to controlling the details of the stress-dependent changes in
nematic order, but supports our contention that the existence of
mechanical hysteresis is not predicated on the mechanical details
of those linkers. Finally, understanding the role of network density
and, specifically on the transition from non-affine to affine
deformations23,29,30 is also likely to be important. Exploring
these properties in biopolymer networks will enable a more
complete understanding of the control parameters to inform
design of materials constructed from synthetic analogs.

Our study demonstrates that cross-linked actin networks can
exhibit rich mechanical hysteresis effects. In fact, this system may
have the potential to encode multiple hysteretic responses31

through the formation of multiple nematic domains with differing
nematic directors, leading perhaps to new classes of materials with
a programmable and complex nonlinear elastic response. Finally,
our results also suggest a mechanism of observed force adaptation
in living cells and tissue,32 although future work is needed to
determine its physiological relevance. Future studies to under-
stand how mechanical hysteresis is sensitive to different types
of cross-linkers or impacted by mechanochemical activities
within filaments will provide a greater understanding of how
such effects can arise in biopolymer networks.
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