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Molecular motors embedded within collections of actin and micro-
tubule filaments underlie the dynamics of cytoskeletal assemblies.
Understanding the physics of such motor-filament materials is
critical to developing a physical model of the cytoskeleton and
designing biomimetic active materials. Here, we demonstrate
through experiments and simulations that the rigidity and connec-
tivity of filaments in active biopolymer networks regulates the
anisotropy and the length scale of the underlying deformations,
yielding materials with variable contractility. We find that semi-
flexible filaments can be compressed and bent by motor stresses,
yielding materials that undergo predominantly biaxial deforma-
tions. By contrast, rigid filament bundles slide without bending
under motor stress, yielding materials that undergo predominantly
uniaxial deformations. Networks dominated by biaxial deforma-
tions are robustly contractile over a wide range of connectivities,
while networks dominated by uniaxial deformations can be tuned
from extensile to contractile through cross-linking. These results
identify physical parameters that control the forces generated
within motor-filament arrays and provide insight into the self-
organization and mechanics of cytoskeletal assemblies.
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Assemblies of semiflexible filaments and molecular motors
are active materials (1) that drive many physiological pro-

cesses such as muscle contraction (2), cytokinesis (3), cytoplas-
mic transport (4), and chromosome segregation (5). To actuate
these processes, the nanometer-scale displacements of motors
and local deformation and sliding of filaments must give rise to
coordinated mesoscale deformations. These mesoscale dynamics
result in the transmission of cellular-scale forces with different
directions (e.g., contractile or extensile) and shapes (e.g., iso-
tropic or anisotropic) which result in shape changes at cellular
and tissue length scales. Characterizing deformations in active
networks of different molecular compositions is a much-needed
step toward understanding complex force transmission and shape
changes observed in cells and tissues.
Understanding how assemblies of filaments and motors produce

a net contractile or extensile force has been extensively explored
theoretically (6–14). Testing these models experimentally has been
challenging due to variability in protein composition from one
system to another and limitations in the ability to systematically
alter physical properties. In vitro networks constructed from actin
filaments and myosin II motors are robustly contractile (15–18). By
contrast, systems of microtubules and molecular motors are either
extensile (6, 7, 19–21) or contractile (21–23). One difference be-
tween these two active materials is that microtubules are signifi-
cantly more rigid than actin filaments. Recent work has shown that
contractile stress can be generated via motor stress-induced fila-
ment buckling (11–14, 17), indicating an important role for fila-
ment rigidity. Alternative microscopic mechanisms to generate
extensile or contractile stress by motor-mediated sliding of rigid
filaments have also been proposed (6–10, 13, 21).

Deformations within active matter can be characterized beyond
whether they are contractile or extensile. For example, network-
scale force transmission is affected by network connectivity, which
regulates the length scale of contraction (15, 16, 24–26). More-
over, recent data suggest that disordered actomyosin networks
contract isotropically, indicating the importance of deformation
shape (27, 28). By contrast, in vivo, anisotropic contraction dom-
inates cell division and muscle contraction (29). Understanding
how to control the deformation anisotropy will further our un-
derstanding of how contractile deformations are regulated in vivo.
Here, we directly vary the stiffness and connectivity of filaments

within an in vitro biopolymer network through cross-linking and
investigate the effects on network deformation. Through quanti-
tative analysis of experimental data we determine that these me-
chanical changes influence the anisotropy and contractility of
deformations caused by the motor protein myosin II. Networks
composed of semiflexible filaments that can be buckled by motor
stresses exhibit robust biaxial contraction. Increasing the filament
rigidity results in uniaxial deformation, the contractility of which is
regulated by cross-linker density. Extensile deformations are
generated at low cross-linker density and contractile deformations
occur at high cross-linker density. Using corresponding agent-
based simulations we identify the microscopic deformation modes
driving these mesoscale rearrangements. In particular, we find that
contractile forces in networks of rigid filaments are transmitted
uniaxially by filament sliding. Together, our results indicate how
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motor-filament interactions can generate forces that result in ei-
ther extensile or contractile deformations, which vary in shape
depending on the filament rigidity and connectivity. From our
experimental and simulation data, we propose a phase diagram of
active matter constructed from motors and filaments.

Results
Networks of Cross-Linked Rigid Bundles Are Contractile with a Short
Correlation Length. To investigate the role of filament rigidity in
active motor-filament networks we construct a quasi-2D layer of
actin in vitro by polymerization of 1 μM monomeric actin in the
presence of a depletion agent to crowd actin filaments near a pas-
sivated surface (17, 19) (Fig. 1A). To increase filament rigidity, we
add 0.1 μM of the actin cross-linker fascin, which constructs bundles
of ∼8 ± 7 actin filaments (Fig. S1). Actin filaments are polar, and
their barbed ends are uniformly directed within fascin bundles (30).
Fascin bundles, then, maintain the polarity of single actin filaments
but are much more rigid (Fig. 1B): The persistence length of bun-
dles is estimated to be ∼250 μm (31), over 10 times that of a single
actin filament (32). Although actin bundling potentially could affect
the interactions between actin and myosin, the myosin filaments in
our experiments move along the fascin bundles unidirectionally with

an average velocity of ∼2.5 μm/s (Materials and Methods), which is
close to the unloaded gliding speed of skeletal muscle myosin II (33,
34). To connect rigid bundles into networks, we add a small amount
(0.002 μM) of a second cross-linker, filamin. Filamin is a large
(200 nm) and flexible cross-linker that binds overlapping bundles
with varying orientations into a quasi-2D network (35, 36).
After assembling actin filaments or bundles, we add myosin II

and monitor structural changes in the actin networks via fluo-
rescence microscopy (Materials and Methods). Myosin II fila-
ments (white puncta) initially accumulate on the networks, and
we define the time of the maximum density of myosin puncta as
t = 0 s (Fig. S2). Myosin drives changes in actin filament or
bundle orientation, position, and shape that ultimately result in
the formation of actomyosin asters composed of polarity-sorted
actin filaments oriented radially with large myosin foci at the
center (Fig. 1 C and D and Fig. S2 and Movies S1 and S2).
To assess the network motion leading to aster formation we

calculate local displacement vectors of the actin network be-
tween frames using particle image velocimetry (PIV) (Materials
and Methods and Fig. 1E). To visualize propagation of contrac-
tile or extensile motion we calculate the moment of the velocity
field,~vactð~rÞ ·~r, where~vactð~rÞ is the local actin PIV vector and~r is
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Fig. 1. Networks of cross-linked rigid bundles are contractile with a short correlation length. (A) Schematic of experimental setup. Actin filaments are crowded to
a surfactant-coated coverslip surface to make a dense quasi-2D layer. (B) Fascin is used to make rigid, unipolar actin bundles. Filamin is used to cross-link bundles.
(C) Images of semiflexible filaments (red) in the absence of fascin or filamin after the addition of myosin (white puncta). (D) Images of cross-linked rigid bundles
formed by F-actin in the presence of fascin (1:10) and filamin (1:500) after myosin is added. (E) PIV detects local motion of F-actin (~vact, black arrows). Images are
split into boxes of size s, and~r defines a vector from the center of a box to a PIV vector within the box. (F and G) Example spatial maps of the moment of the
velocity field for images at −0:40 and 0:00 of C and D, respectively. Negative values of~vact · r indicate contraction whereas positive values indicate extension. Black
areas indicate regions not analyzed due to voids in vector fields. (H) The correlation length as a function of time for single filaments (open black circles) and cross-
linked rigid bundles (closed blue triangles). (Inset) Schematic indicating how correlation length is obtained from velocity-velocity correlation. (I) The divergence for
both networks as a function of time. The asterisks in H and I indicate the time of minimal divergence, as indicated in I. (J) The contractile moment as a function of
length scale s for both samples. Time stamps are in the minutes:seconds format where 0:00 indicates the time of the maximal myosin puncta density after the
initial increase when myosin is added to the sample and before the decrease due to myosin clustering, as shown in Fig. S2A. (Scale bars in C−G: 10 μm.)
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the vector from the center of a square region to the location of the
PIV vector (37) (Fig. 1E). Locations where the moment is positive
indicate local expansion from the center of the field of view,
whereas negative values indicate local compression. During the
early stages of network reorganization before aster formation we
find that spatial propagation of inwardly or outwardly directed
motion is very different in networks of semiflexible filaments and
those of cross-linked rigid bundles (Fig. 1 F andG). In networks of
semiflexible filaments, motion is highly spatially correlated, with
large areas contracting toward the center of the square region in
the vertical direction (blue, Fig. 1F) and material moving outward
in the horizontal direction (red, Fig. 1F). In contrast, in the bun-
dled network, motion is restricted to smaller, irregularly shaped,
interspersed contractile and extensile regions (Fig. 1G).
To characterize the length scale of correlations in the velocity

field we consider the velocity–velocity correlation function:

CvvðrÞ= h~vactð0Þ ·~vactðrÞiD
j~vactð0Þj2

E ,

where r is the distance between two velocity vectors ~vact. We
define a characteristic correlation length, Lcorr, as the area under
the curve of Cvv(r) at a given time (Fig. 1H, Inset). In both
networks, Lcorr initially increases as myosin forces accumulate
in the network (Fig. 1H). Eventually, Lcorr decreases as the net-
works break into clusters. Although Lcorr has similar trends for
both networks, its value is consistently less for the rigid bundle
network than for the network of semiflexible filaments. This is
consistent with the spatial heterogeneity in the moment of the
velocity field observed in the network of rigid bundles, compared
with that formed with semiflexible filaments (Fig. 1 F and G).
Next, we assess net contractility using two different metrics.

The divergence of~vact, ∇ ·~vact, is a measure of contractility on the
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length scale set by the spacing of PIV vectors, in this case 2.4 μm
(38). Negative values indicate local contraction while positive
values indicate local expansion. For networks of semiflexible
filaments, the spatial average of ∇ ·~vact is negative (Fig. 1I, open
black circles), indicating net contraction, consistent with previous
reports (38). The divergence reaches a maximally negative value
as myosin accumulates on the network before separation of actin
into clusters, at which point local extension between clusters
balances contractility to produce h∇ ·~vacti ∼ 0 s−1. Similarly, the
cross-linked rigid bundle network exhibits a negative divergence
that returns to values near 0 s−1 after the onset of network
coarsening at 0 s (Fig. 1I, filled blue triangles). Thus, the con-
tractility is slightly enhanced in networks of rigid bundles com-
pared with those of semiflexible filaments.
To characterize the length scale of contraction, we measure

the contractile moment by summing ~vactð~rÞ ·~r (37) over non-
overlapping square regions of varying side length s (Fig. 1J).
Negative values of the contractile moment indicate that con-
tractile motion propagates across regions with this length scale
(37). In both networks, hP

~r
~vact ð~rÞ ·~ri reaches a minimum for

regions of length 100 μm < s < 150 μm. Thus, contraction in both
materials can propagate over large length scales. However, the
collective motions in the rigid networks consistently occur over
shorter length and time scales.

Rigidity Controls the Anisotropy of Contractile Deformations. To
explore the origin of the differing spatial distributions of motion
within these contractile networks we sought to characterize the
local deformations. We apply a method previously used to
characterize the anisotropy of forces exerted by cells (37). We
consider the tensor

Mij =
X
→
r

vactð~rÞirj,

where i and j denote the in-plane spatial coordinates. By diago-
nalizing this tensor we can extract the principle deformation axes.

The magnitudes of the eigenvalues, Mmax and Mmin are the major
and minor axes, respectively, of an ellipse characterizing the anisot-
ropy of the deformation (Fig. 2A). A value of Mmin/Mmax of 0 indi-
cates a completely uniaxial deformation, while a value of Mmin/
Mmax = 1 indicates a completely biaxial deformation (Fig. 2A).
For a given length scale (s = 20 μm), a distribution of Mmin/Mmax
from deformations across the field of view is obtained at each time
point (Fig. 2 B and C). In networks of semiflexible filaments, the
distribution is clearly weighted toward biaxial deformations (Mmin/
Mmax > 0.5) at all times during contraction (Fig. 2D). By contrast, in
cross-linked rigid bundle networks the distribution is highly
weighted toward uniaxial deformations (Mmin/Mmax < 0.5) at all
times (Fig. 2E). We find that these characteristic differences in de-
formation anisotropy between rigid and semiflexible networks per-
sist across length scales varying from s = 6 μm up to 60 μm (Fig. S3).
To examine the effect of different deformations on correlated

motion and contraction we next consider the change in the
fraction of predominantly biaxial (Mmin/Mmax > 0.5) or uniaxial
(Mmin/Mmax < 0.5) deformations and term these Pbiaxial(s) and
Puniaxial(s) = 1 – Pbiaxial(s), respectively (Fig. S4). We compare
these quantities to the correlation length, Lcorr, and the micro-
scopic contractility as a function of time. Versions of these
quantities that are rescaled to range from 0 to 1 are indicated by
lowercase letters, for example pbiaxial(s) and lcorr (Materials and
Methods). For both rigidities, either pbiaxial(s) or puniaxial(s) is
positively correlated with lcorr and is optimized for a given length
scale s (Materials and Methods and Fig. S4). In networks of
semiflexible filaments, pbiaxial is positively correlated with lcorr
during network contraction (Fig. 3A). In contrast, for the cross-
linked rigid bundle networks, puniaxial is strongly positively cor-
related with lcorr (Fig. 3B and Fig. S4B).
These data demonstrate that contractility can occur in net-

works composed of either semiflexible or rigid filaments, con-
sistent with previous reports of contractility in various cross-
linked biopolymer networks (15–18, 21). Our analysis reveals
significant differences, however, in the mesoscale shape changes
induced within the two networks, with compliant networks sup-
porting biaxial contraction and rigid networks supporting uniaxial
deformations.

0-20 20 40
time(s)

-3

-2

-1

0

0

0.2

0.4

0.6

0.8

1

x
x

x
x
x

lcorr
puniaxial

<▼·vact>

A

B
-50 0 50

time(s)

0

0.2

0.4

0.6

0.8

1

m
ic

ro
sc

op
ic

 c
on

tra
ct

ili
ty

,
<▼

·v
ac

t>
 (1

0-3
 s

-1
)

0

-0.5

-1

-1.5

lcorr , p
biaxial

lcorr
pbiaxial

<▼·vact>

m
ic

ro
sc

op
ic

 c
on

tra
ct

ili
ty

,
<▼

·v
ac

t>
 (1

0-3
 s

-1
)

lcorr , p
uniaxial

m
ic

ro
sc

op
ic

 c
on

tra
ct

ili
ty

,
<▼

·v
ac

t>
 (1

0-3
 s

-1
)

0 50 100
0

0.2

0.4

0.6

0.8

1

m
ic

ro
sc

op
ic

 c
on

tra
ct

ili
ty

,
<▼

·v
ac

t>
 (1

0-3
 s

-1
)

C

D

lcorr
pbiaxial

<▼·vact>

-1

-2

-3

0

-4

-5

-1

-2

-3

0
lcorr
puniaxial

<▼·vact>

0

0.2

0.4

0.6

0.8

1

lcorr , p
biaxial

lcorr , p
uniaxial

time(s)
0 50 100

time(s)

Fig. 3. Activation of biaxial or uniaxial deformations in semiflexible filament and rigid bundle networks, respectively, coincides with correlated motion and con-
tractility. Plot of the divergence (open black circles), correlation length (filled blue circles) and either biaxial probability (A, filled red circles) or uniaxial probability (B,
filled red circles) as a function of time for single filaments (A) and cross-linked rigid bundles (B). The length scale chosen to calculate biaxial or uniaxial probability is
determined to be the optimal one, as shown in Fig. S4 and is s= 25–30 μm inA and 55–60 μm in B. (C andD) Analogs ofA and B for simulated networks. In C Lp = 2.5 μm
and in D Lp = 250 μm. The length scale for both biaxial and uniaxial probabilities is s = 20 μm. In the experimental data of A and B, t = 0 s indicates the time of maximal
myosin puncta density after the initial increase whenmyosin is added to the sample and before the decrease due to myosin clustering, as shown in Fig. S2A. In C and D,
t = 0 s indicates the beginning of the simulations.

E10040 | www.pnas.org/cgi/doi/10.1073/pnas.1708625114 Stam et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1708625114/-/DCSupplemental/pnas.201708625SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1708625114/-/DCSupplemental/pnas.201708625SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1708625114/-/DCSupplemental/pnas.201708625SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1708625114/-/DCSupplemental/pnas.201708625SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1708625114/-/DCSupplemental/pnas.201708625SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1708625114/-/DCSupplemental/pnas.201708625SI.pdf?targetid=nameddest=SF2
www.pnas.org/cgi/doi/10.1073/pnas.1708625114


To determine whether a change in filament stiffness is suf-
ficient to alter deformation we use agent-based simulations
(39) (Materials and Methods). In brief, we model actin filaments
as worm-like chains and model cross-linkers and motors as
linear springs with two sites (heads) that can attach and detach
to the filaments via a Monte Carlo procedure. When attached,
motor heads walk toward filament barbed ends at a load-
dependent speed. We use Langevin dynamics to evolve each
mechanical component of the assembly in response to internal
forces. When parameterized as detailed in ref. 39 this model
captures a variety of experimentally observed trends with rea-
sonable quantitative accuracy. We implicitly model bundling,
corresponding to experimental fascin-bundled actin, by varying
the persistence length of the actin filament (Lp). We explicitly
model cross-linking, corresponding to the experimental cross-
linker filamin, by a spring with rest length 0.15 μm and stiffness
1 pN/μm (36). Myosin minifilaments are modeled similarly, as
springs with rest length 0.5 μm, unloaded speed v0 = 1 μm/s, and
stall force 10 pN.

Consistent with experiments, we observe that motors (white
rectangles) move actin filaments and rearrange the filaments
into asters (Fig. 4 A and B and Movies S5 and S6). The micro-
scopic contractility, ∇ ·~vact, decreases to negative values and
subsequently increases as the networks form asters and con-
traction stops (Fig. 3 C and D, black circles). The trends in pbiaxial
(Fig. 3C, red circles and Fig. S5A), puniaxial (Fig. 3D, red circles
and Fig. S5B), and lcorr (Fig. 3 C and D, blue circles) are similar
to the experimental results as well. The quantitative differences
between the computational and experimental results likely derive
from the fact that the size of the simulation region necessitates a
smaller value of Lp in the simulation (Lp = 2.5 μm, compared
with Lp = 17 μm for actin) and s in the computational analysis
(s = 20 μm, compared with s = 25–30 μm in Fig. 3A and 55–
60 μm in Fig. 3B).

Uniaxial Contraction Arises from Filament Sliding Arrested by Cross-
Linker Accumulation. We perform simulations over a range of fila-
ment rigidities (2.5–250 μm) and cross-linker densities (0–1 μm−2).
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Fig. 4. Simulations indicate cross-link dependent contractility over a wide range of filament stiffness. (A and B) Time series images in simulations for net-
works with lower filament stiffness (Lp = 12.5 μm, A) and higher filament stiffness (Lp = 250 μm, B). Actin is shown in red and myosin is white. (Scale bars:
10 μm.) Times (t) indicated in seconds. (C) Microscopic contractility at varying filament stiffness and cross-linker density (ρxl), measured by the minimum of the
spatially averaged divergence of the actin velocity field in the first 25 s of simulation. (D) Filament compression during the first 25 s of simulation as a function
of stiffness and cross-linker density.
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These simulations reveal that microscopic contractility is generally
more sensitive to changes in cross-linker density than filament
rigidity (Fig. 4C). This result is surprising, as we previously iden-

tified filament buckling as the microscopic mechanism underlying
contractility in networks of actin and myosin (17). To check
whether this mechanism is operative in the simulations we quantify

A B C

ED

Fig. 5. Uniaxial contractility is caused by arrested filament sliding. (A) A pair of antiparallel filaments are contractile if the myosin is near the pointed ends (Top) and
extensile if myosin is proximal to the barbed ends (Bottom). (B) The distribution of voverlap is shifted to more extensile values for rigid (Lp = 250 μm) filaments without
cross-linking (red squares) compared with the same filaments with ρxl = 1 μm−2 (blue squares). This distribution is from the first 10 s of simulation. (C) Average of
voverlap over 25 s of simulation with varying filament rigidity and cross-linker density. (D) In experiments with cross-linked rigid bundles, the bundles are observed to
slide together and become arrested in the contracted state. The time delay between images from top to bottom is 1 s. (E) In the absence of filamin, myosin drives both
contractile (i) and extensile (ii) motions of rigid bundle pairs. The time delay between frames from top to bottom in both i and ii is 1 s. (Scale bars in D and E: 5 μm.)
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Fig. 6. Myosin reorganizes rigid bundles lacking filamin cross-links via uniaxial forces. (A) Image sequence of fascin bundles without filamin. Actin is shown in
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filament compression, ðL−ΔrÞ=L, where L is the filament contour
length and Δr is the end-to-end distance. This measure is zero when
filaments are perfectly straight (Δr=L) and greater than zero if
they are bent. As expected, buckling is prevalent at low filament
rigidity (Fig. 4D). Here, we note that the shift to increasingly biaxial
deformations in the experimental distribution of Mmin/Mmax (Fig.
S3A) occurs concurrently with the development of visible buck-
ling and bending in filaments, indicating that buckling is the
underlying cause of biaxial contraction (Movie S3). This shift
does not happen in the network of cross-linked rigid bundles
(Movie S4), because buckling is suppressed by the increased
filament rigidity. Consistent with this observation, there is a
sizable region of the simulation parameter space over which
contractility occurs in the absence of filament compression (Fig.
4 C and D).
An alternate microscopic mechanism that could account for

the contractility at higher rigidities is myosin-driven actin sliding
(6, 8, 9, 13, 21). Actin sliding drives local contraction when a
motor connected to two antiparallel filaments is closer to their
pointed ends and local extension when it is closer to their barbed
ends (Fig. 5A). In the absence of symmetry-breaking mecha-
nisms, this results in no net force propagation as extensile and
contractile deformations balance. However, when filaments
overlap there are more sites for cross-linkers to bind bivalently.
This suppresses extensile motions that propagate force into the
surrounding network (6, 21).
We examine the probability distribution of relative sliding

velocity, voverlap, in simulations of rigid (Lp = 250 μm) filaments
both with (ρxl = 1 μm−2) and without cross-linkers. The distri-
bution of overlap velocities shifts to negative values with the
addition of cross-linkers (Fig. 5B). By examining the relative
sliding velocity across all parameter values, we observe that the
system is contractile ðhvoverlapi< 0Þ over most rigidities and cross-
linker densities (Fig. 5C). However, at the lowest cross-linker
densities and highest filament rigidities we observe a regime
where hvoverlapi> 0, indicating that extensile motions dominate,
consistent with theory (6, 7, 21).
To seek experimental evidence for extensile sliding we ex-

amined pairs of bundles undergoing relative sliding. Indeed, in
the presence of cross-linkers (1:500 filamin:actin) we observe
bundle pairs sliding relative to each other, increasing the
overlap, and then stopping (Fig. 5D). In a network without
cross-linkers we see both bundles that increase their overlap
(Fig. 5 E, i) and that extend further apart (Fig. 5 E, ii). The
latter is similar to extensile motions observed in active liquid
crystals of microtubules and kinesin (20) but leads to the for-
mation of asters (40, 41). Thus, our simulations and experi-
ments of rigid filaments suggest that cross-linker density can
control the transition from contractile to extensile deforma-
tions, consistent with recent publications (6, 21, 26).

Motors Drive Aster Formation Within Networks of Rigid Bundles
Without Cross-Links via Uniaxial, Extensile Forces. To understand
the consequences of the microscopic extensile deformations
described above we study the myosin-driven reorganization of
rigid actin bundles that lack filamin cross-linkers but are suf-
ficiently dense to have numerous overlaps such that myosin
motors can slide and rearrange bundles to eventually form as-
ters (Fig. 6A and Movie S7). Asters are composed of a dense
myosin cluster with polarity-sorted actin bundles emanating
from the center, similar to those previously described (Fig. 6A
and Fig. S2). The spatial map of the moment of the velocity
field reveals small, interspersed, contractile and extensile re-
gions (Fig. 6B) with short velocity–velocity correlation lengths
(Fig. S6). Consistent with simulations (Fig. 5C), the divergence
of the velocity field indicates net extensile deformation (Fig.
6C) and the contractile moment is weakly positive at ∼100 μm

(Fig. 6D). Although the minimum divergence of the velocity
field is weakly negative if the PIV vectors are calculated at
sufficiently large time delays and length scales, the divergence
values are always less negative than in the other two networks
(Fig. S7). Consistent with motions dominated by filament
sliding, deformations are predominantly uniaxial (Fig. 6E and
Fig. S3C and Movie S8). Thus, actin sliding is responsible for
short-range extensile, uniaxial deformations that drive local
rearrangement of actin bundles into polarity-sorted asters.

Discussion
Our work demonstrates how local shape deformations within
active biopolymer networks can be altered by modifications to
filament rigidity and cross-link density. Changes to these bio-
physical parameters alter the microscopic mechanisms of active
stress and subsequent structural rearrangements. Using this
information we map three phases of deformations that are
characterized by their anisotropy, length scale, and contractil-
ity. The different phases are elicited by modifying filament ri-
gidity and connectivity (Fig. 7). Each phase is consistent with
network conditions favoring one of three microscopic de-
formation modes: filament buckling, filament sliding, or
arrested filament sliding. We show that buckling results in
predominantly biaxial deformation modes, whereas sliding re-
sults in predominantly uniaxial deformation modes. These re-
sults have implications for how the various physical properties
of cytoskeletal networks support different deformations and
how cells or tissues change shape when the resulting forces are
propagated to larger length scales. Such control over the shape
of the deformations could be used to sculpt active materials
both in vitro and in vivo.
We are now in a position to formulate a framework (Fig. 7) that

can unify previous observations of both extensile and contractile
behaviors in active microtubule systems (6, 7, 19–23) with the
robust contractility typically observed in actin networks (15–18).
Motor-induced filament buckling drives contractility when motor
stresses exceed the Euler buckling force of filaments (11–13, 17).
For a constant motor density we expect increased connectivity
to enable higher stresses (26, 42), while increased rigidity raises
the force required for buckling (Fig. 7, solid black line). When
buckling is suppressed, motor-mediated sliding of antiparallel

connectivity

fil
am

en
t s

tif
fn

es
s

buckling

arrested slidingsliding

uniaxial extension uniaxial contraction

biaxial contraction

Fig. 7. Uniaxial and biaxial deformations indicate differences in the mecha-
nism of contractility and force propagation. Starting from the top left of the
diagram, the three states we observe are uniaxial extension, uniaxial contrac-
tion, and biaxial contraction. The shape of the boundaries between these
mechanisms are based on the simulation phase diagrams in Figs. 4D and 5C. The
mechanisms can be identified by the characteristic anisotropy of the transmitted
strain, which is predominantly uniaxial for sliding and biaxial for buckling.
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filaments becomes the dominant deformation mode. In this
phase, cross-linker density qualitatively changes the motor-mediated
deformations of rigid filaments from extensile to contractile (Fig.
7, dashed line). When cross-linkers are absent, enhanced motor
binding for highly overlapping filaments favors the generation of
extensile stresses (6, 7). When cross-linkers are present, they can
bind to highly overlapping filaments and attenuate extensile
stresses (6, 21). In future work it will be interesting to explore the
transitions between other microscopic deformation modes in
active motor-filament systems and see how these are controlled
by changes or heterogeneity in the local structure and compo-
sition (e.g., filament orientation or polarity organization).
We note that many previous studies (15–18, 22–24, 40, 41, 43–

46) have equated the formation of asters in actomyosin networks
with contractility. Associated theoretical models have assumed
that motors always produce contractile force dipoles (47).
However, our analysis shows that similar structures can result
from isotropic and anisotropic contractility, as well as anisotropic
extension. This underscores the importance of characterizing
dynamics rather than relying on final structures alone to eluci-
date physical mechanisms.
Finally, our analysis strategies may be used for assessing and

understanding the underlying physical mechanisms of force
propagation in a variety of active biopolymer systems. We modify
previous metrics (37) to detect propagation of contraction or
extension across varying length scales. We also determine which
deformations (biaxial or uniaxial) are responsible for correlated
motion. Similar techniques could be used to understand the de-
formations of motor-filament arrays in the actin and microtubule
cytoskeletons during processes including cell migration, cell di-
vision, intracellular transport, and formation of the mitotic

spindle. Beyond the cytoskeleton, intranuclear molecular motors
can drive correlated motion of chromatin (48), and forces pro-
duced by whole bacterial or mammalian cells can drive motions
such as biofilm contraction or growth (49, 50) or alignment and
organization of filamentous extracellular matrices (51–53). The
physical properties of deformations that occur during these
processes and the mechanisms at the level of biopolymer de-
formation or translocation have not been explored. Investiga-
tions of this nature will reveal which features of active matter
dynamics are fundamental across these highly diverse systems
and which features are regulated by particular biopolymer and
motor network properties.

Materials and Methods
In all experiments, 1 μM actin filaments (F-actin) in the prescence of binding
proteins fascin or filamin are crowded to a passivated surface with a 0.3%
methylcellulose solution for >15 min. All imaging is performed using
spinning-disk confocal microscopy and image analysis is peformed in ImageJ
or MATLAB. For the simulations, we used AFINES, a software package we
developed for modeling active polymer networks. Details of all methods can
be found in SI Materials and Methods.
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