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Polar patterns of driven filaments
Volker Schaller1, Christoph Weber2, Christine Semmrich1, Erwin Frey2 & Andreas R. Bausch1

The emergence of collective motion exhibited by systems ranging
from flocks of animals to self-propelled microorganisms to the
cytoskeleton is a ubiquitous and fascinating self-organization
phenomenon1–12. Similarities between these systems, such as the
inherent polarity of the constituents, a density-dependent transition to ordered phases or the existence of very large density fluctuations13–16, suggest universal principles underlying pattern
formation. This idea is followed by theoretical models at all levels
of description: micro- or mesoscopic models directly map local
forces and interactions using only a few, preferably simple, interaction rules12,17–21, and more macroscopic approaches in the
hydrodynamic limit rely on the systems’ generic symmetries8,22,23.
All these models characteristically have a broad parameter space
with a manifold of possible patterns, most of which have not yet
been experimentally verified. The complexity of interactions and
the limited parameter control of existing experimental systems are
major obstacles to our understanding of the underlying ordering
principles13. Here we demonstrate the emergence of collective
motion in a high-density motility assay that consists of highly
concentrated actin filaments propelled by immobilized molecular
motors in a planar geometry. Above a critical density, the filaments self-organize to form coherently moving structures with
persistent density modulations, such as clusters, swirls and interconnected bands. These polar nematic structures are long lived
and can span length scales orders of magnitudes larger than their
constituents. Our experimental approach, which offers control of
all relevant system parameters, complemented by agent-based
simulations, allows backtracking of the assembly and disassembly
pathways to the underlying local interactions. We identify weak
and local alignment interactions to be essential for the observed
formation of patterns and their dynamics. The presented minimal
polar-pattern-forming system may thus provide new insight into
emerging order in the broad class of active fluids8,23,24 and selfpropelled particles17,25.
The molecular system that we consider consists of only a few
components: actin filaments and fluorescently labelled reporter filaments that are propelled by non-processive motor proteins (heavy
meromyosin (HMM)) in the planar geometry of a standard motility
assay26 (Fig. 1). The molecular nature of this approach permits large
system sizes and possibly high particle densities with only a few, easily
adjustable key parameters. To investigate the stability and dynamics
of collective phenomena, the filament density, r, is chosen as control
parameter and is systematically varied.
Depending on r, two phases are discernable: a disordered phase
below a critical density, rc, of ,5 filaments per square micrometre,
and an ordered phase above rc. In the disordered phase at low actin
concentrations, the filaments, with a length of about 10 mm, perform
persistent random walks without any specific directional preference.
Their speed (v0 5 4.8 6 0.5 mm s21) is set by the motor proteins at the
surface and the adenosine tri-phosphate (ATP) concentration
(cATP 5 4 mM). The observed directional randomness is thermal in

nature but also reflects the motor distribution and activity at the
surface27.
Increasing the filament density above rc results in a transition to an
ordered phase that is characterized by a polymorphism of different
polar nematic patterns coherently moving at the speed v0 (Fig. 2).
These patterns can be further classified according to their size, orientational persistence, overall lifetime and assembly/disassembly mechanisms: in an intermediate-density regime above rc, moving clusters
(swarms) of filaments appear; in the high-density regime, starting at
a threshold density of r* (,20 filaments per square micrometre),
propagating waves start to form. Both patterns are characterized by
persistent density modulations.
The clusters encountered in the intermediate state move independently and have cluster sizes ranging from about 20 mm to more than
500 mm in diameter (Fig. 2a, b). In general, clusters have an erratic
motion with frequent reorientations of low directional persistence
(Fig. 2a, b and Supplementary Movie 1). The low orientational persistence affects the cluster’s shape but barely influences its temporal stability. The cluster integrity is only affected if collisions with
boundaries or other clusters are encountered. Increasing the filament
density in this intermediate regime not only yields larger clusters but
also a more persistent cluster movement. Individual clusters spontaneously emerge from the dilute, disordered background and
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Figure 1 | Schematic of the high-density motility assay. a, The molecular
motor HMM is immobilized on a coverslip and the filament motion is
visualized by the use of fluorescently labelled reporter filaments with a ratio
of labelled to unlabelled filaments of ,1:200 to 1:320. b, For low filament
densities, a disordered phase is found. The individual filaments perform
persistent random walks without any specific directional preferences.
Encounters between filaments lead to crossing events with only slight
reorientations. Scale bar, 50 mm.
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Figure 2 | Phase behaviour as a function of the filament density. For low
densities, a disordered phase is found. Above a certain critical density, rc, in
an intermediate-density regime, the disordered phase is unstable and small
polar nematic clusters of coherently moving filaments start to form
(a; Supplementary Movie 1). At higher densities, these clusters become
larger but remain homogeneous (b). Above a threshold density, r*, in the
high-density regime, persistent density fluctuations lead to the formation of
wave-like structures (c; Supplementary Movie 2). In addition, an enhanced

directional persistence is observed with increasing filament density. In a and
b, the trajectory of the clusters is shown by a colour-coded time overlay of
their movements in time (white line). The movement of the small cluster in
a has a low persistence length, LP < 65 mm. The cluster in b is larger, less
prone to reorientations and has a considerably higher persistence length
(LP < 200 mm). The insets in c show a magnified view and a local analysis of
the average flow direction. The density waves show only minor
reorientations over the time period of several minutes. Scale bars, 50 mm.

continuously lose and recruit filaments. As long as single clusters are
embedded in this homogeneous disordered background while they
move, this uptake and loss dynamics is balanced and leads to cluster
sizes that are stable for several minutes.
A further increase of filament concentration above r* results in
density waves characterized by correlated movement of high-density
regions. In this high-density regime, the filaments move predominantly in bands that are stable throughout the observation time (up
to 30 min). The bands exceed the size of their constituents by up to
three orders of magnitude, almost spanning the entire system and
forming crescent-shaped substructures. The appearance of the bands
is a generic feature of the high-density motility assay. Whereas filaments in the high-density regions move collectively with high orientational persistence, filaments lying outside the bands perform
persistent random walks (Fig. 2c and Supplementary Movie 2).
The system is less sensitive to other control parameters, such as the
ATP concentration or the filament length.
In all states above rc, swirls or spirals of actin filaments can also be
observed, reminiscent of spiralling patterns predicted by active gel
theory23. They form spontaneously either from the random movement

of bands or individual clusters or on collision of different actin bands
or clusters (Fig. 3). These rotating structures are visible for up to
10 min, after which they dissolve or merge with adjacent and interfering structures. Because all filaments move at the same speed, v0, very
large gradients of angular velocity are generated throughout a swirl,
leading to an inherently metastable structure most often with an
unsteady, possibly moving, centre (Fig. 3c and Supplementary
Movies 3 and 4).
A key characteristic of pattern-forming systems are their dynamics
and stability far from thermal equilibrium. Whereas some systems
result in stationary patterns, which do not change their form and
structure in time, others may show highly dynamic spatiotemporal
patterns. The latter rely on a constant reorganization governed by
distinct assembly and disassembly pathways visible in the behaviour
of the order parameter. In the high-density motility assay, described
here, these reassembly processes result in a characteristic orientational
persistence, which increases with increasing filament density. The
orientational persistence can directly be related to the underlying disassembly mechanisms using the velocity autocorrelation function,
G(t). For each grid point of a particle image velocimetry sampling
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Figure 3 | Swirling pattern of coherently moving filaments. a, Swirling
motion visualized in a time overlay of ten consecutive images over 1.17 s,
starting from the image depicted in the inset. Because all filaments move
with the same velocity, v0, swirls are characterized by great angular velocity
gradients, leading to an inherent destabilization of the pattern. b, c, The
resulting unsteady movement can be studied by evaluating the velocity fields
and the corresponding vorticity profile (b). The maximum of the vorticity
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profile, marking the centre of the anticlockwise-rotating swirls, performs an
anticlockwise trajectory (c). In the course of this movement, a deformation
of the initially well-defined swirl develops (at T 5 290 s), eventually leading
to disintegration of the swirling pattern (Supplementary Movie 3). a.u.,
arbitrary units. d, The limited stability of swirling motions is visible in the
vicinity of the centre region, where crushing of the filament currents is likely
to occur (Supplementary Movie 4). Scale bars, 50 mm.
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grid (Methods Summary), G(t) reflects local decorrelations assigned
to local orientational fluctuations. Averaging over particle image velocimetry grid points for a large sample area results in a spatially averaged
autocorrelation function, ÆG(t)æ, which characterizes global decorrelations resulting from reorientations of larger areas or destructions of
entire clusters or patterns (Supplementary Information and Methods
Summary). All decorrelation mechanisms are governed by the persistence of the underlying random walk of the individual filaments and
filament–filament interactions. Both processes prevent any instantaneous destruction of patterns.
Above rc, in the intermediate-density regime, ÆG(t)æ decays within
seconds (Fig. 4a). The gradual increase of r within this regime results
in greater decorrelation times. Small clusters lose their global correlation either because of their limited overall orientational persistence or through large-scale directional changes, such as bending.
Bigger clusters frequently show an internal loss of polar nematic
order due to gradually developing splay patterns (Fig. 4 and Supplementary Movie 5). Although such internal cluster dynamics lead to
a characteristic gradual change in G(t), spontaneous bending, which is
predominantly observed for small clusters, shows rapid and large
decorrelations (Fig. 4a). Because these directional instabilities predominantly develop at the margin of moving clusters, the enhanced
stability of larger clusters, which have greater area-to-boundary ratios,
is intuitive. Consequently, clusters below 50 mm in diameter are
unstable as they tend to disintegrate from their margins, and the larger
the clusters, the longer they live. At the same time, larger cluster do
show a less erratic motion with less frequent reorientations.
In the high-density regime above r*, the decorrelation time
averages up to several minutes, which implies ordered structures
spanning length scales of the order of several millimetres. These
density waves are only destroyed by global decorrelation mechanisms, such as large-scale reorientations. Provided that structures are
more likely to disintegrate from their margins, and owing to the
closer packing within the highly ordered and interconnected bands,
b
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Figure 4 | Directional persistence and instability mechanisms. a, Spatially
averaged autocorrelation functions, ÆG(t)æ, for three different densities,
r1 5 10 mm22, r2 5 18 mm22 and r3 5 21 mm22. For the intermediate
densities, r1 and r2, homogenous structures are observed; r3 is in the highdensity regime immediately above the transition to density waves, at r*
(lower inset). With increasing filament density, the directional persistence of
the polar current increases; this is visible in an enhanced correlation time
from r1 to r2. The anticorrelation in the curve for r1 reflects the systematic
180u turns observed at small densities (Fig. 2a, b). Above r*, the correlation
time is of the order of several minutes. Because the emergence of density
waves requires a transient of the order of minutes, and because
reorientations annihilate density fluctuations, the high directional
steadiness found in the high-density regime is the precondition for the
emergence of density waves. The local autocorrelation functions, G(t),
depict the underlying decorrelation mechanisms (upper inset). The
anticorrelation observed in the red curve reflects a large-scale reorientation
of the entire structure by 180u. A splay-like pattern results in a local
decorrelation, shown in the blue curve, and oscillatory bending movement
results in a local decorrelation, shown in green. a.u., arbitrary units. b, c, Loss
of order through splay (b) and bend (c) instabilities visualized in the local
velocity profiles (Supplementary Movie 5).

density waves are inherently more stable and less prone to bend and
splay instabilities or the formation of swirls. Thus, the system selfstabilizes the coherently moving state; in turn, the high decorrelation
time is a prerequisite for the emergence of the density wave.
This can be demonstrated by observing the temporal evolution of
the underlying density instability. An isotropic and homogenous
state, prepared in the absence of ATP, rapidly evolves into a homogenously moving polar state on addition of ATP. The subsequent
emergence of density waves requires a minimal orientational persistence that is only provided by the high densities above r*. In this
regime, local decorrelation mechanisms are not effective enough to
result in the destruction or reorientation of the polarity of the entire
transient homogenous state. However, they induce persistent density
fluctuations that grow gradually in time to form the characteristic
density waves. This can be seen in a dynamic Fourier analysis of the
density profile in a reference frame along the mean direction of
motion. Initially there is a wide band of wavelengths and it takes
several minutes for the power spectrum to peak, at about three times
the persistence length (50 mm; Supplementary Fig. 1).
Along the direction of movement, the density waves are characterized
by an abrupt change in the filament density. Whereas the density profile
is symmetric, that of the orientational order is asymmetric, with a sharp
front edge and a decaying tail (Supplementary Fig. 2b). This is due to the
fact that the randomly moving filaments are oriented by the moving
bands but cannot immediately adopt this imposed reorientation. In the
low-density zone, they gradually lose the directional bias as a result of
the randomized movement at low filament densities. As a consequence,
they follow a circular trajectory and are eventually overrun by a highdensity band (Supplementary Fig. 2c).
This lateral memory effect is intimately related to the persistence of
single-filament motion as well as to microscopic interactions between
individual filaments, which are short ranged in nature. In low-density
motility assays, encounters between filaments most frequently lead to
crossing events with only slight reorientations. Rarely, a steric repulsion
with an instantaneous and significant directional change of the filaments is observed. Such probabilistic movement of the filaments can
readily be modelled using agent-based simulations. The agents are
finite-length filaments each performing a persistent random walk
and interacting with other filaments through steric repulsion, parameterized by f, and weak local alignment interactions, measured by a
parameter a (Methods Summary). The simulation is implemented on a
hexagonal lattice with reflecting boundary conditions (Fig. 5a) and
system sizes large enough to ensure that boundary effects on the
emergence of patterns are negligible (Supplementary Movie 7). The
symmetry-breaking nature of the local alignment interactions is crucial;
without it, filaments interact only sterically and do not show collective
motion at all (Fig. 5b). For a fixed parameter set, a small increase in the
alignment parameter (a . 3.5) drastically changes the outcome, and
polar nematic structures developing to wave-like patterns are observed
(Fig. 5b–d and Supplementary Movie 6). In contrast, increasing the
strength of the steric repulsion, using f, suppresses the formation of
collectively moving polar nematic patterns (Supplementary Fig. 3d).
For fixed values of a and f, a critical density is required for the polar
nematic patterns to form (Supplementary Fig. 3b).
Thus, it is the cooperative effect of many interacting filaments,
together with the weak alignment interactions, that leads to the collective order phenomena based on the balanced uptake and loss
dynamics of the individual constituents. Purely steric repulsion
and high densities do not suffice to induce any order in this system
entirely driven by the input of mechanical energy at the smallest
scales.
Importantly, the cellular automaton simulations produce very little
spontaneous swirling motion. This can be attributed to the lack of
weak long-range interactions, such as hydrodynamics, which may be
self-induced by the moving clusters. This contribution may turn out
to be an important ingredient for the great stability observed in the
high-density wave regime. Theoretical approaches best suited for a
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Figure 5 | Cellular automaton simulations. a, Schematic of the cellular
automaton simulations. The persistent random walk and filament–filament
encounters are simulated by probabilistic selection rules. They include a
weak excluded-volume effect and local alignment interactions,
parameterized by a (orange arrow; Supplementary Information and
Methods Summary). Simulations are implemented on a hexagonal lattice
and are performed in a hexagonal simulation box with reflective boundary
conditions. The total system has a typical length, L, of 1,000 lattice sites. The
filament length is set to 10 lattice sites; their mean density, r, is measured as a
percentage of occupied lattice sites. b, Normalized polarity is evaluated in a

region of observation (ROI) with a diameter of L/10. For small weightings of
the alignment interactions, a, no polar structures form (lowermost curve).
Polar-ordered structures start to evolve at a 5 3.5 and are visible in the
clearly peaked polarity time courses in the upper curves (r 5 83%, f 5 10).
c, d, Distinct peaks reflect the passage of polar nematic structures, either
wave-like (c; Supplementary Movies 6 and 7) or aggregated
(d; Supplementary Movies 6 and 7). With increasing a, an increasing fraction
of filaments is recruited to the polar structures; this is visible in a higher
overall polarity at earlier simulation times (upper curves in b).

description of such phenomena seem to be generic hydrodynamic
approaches taking into account the coupling of density fluctuations
with solvent dynamics2,13,25.
Although the recently introduced theory of active fluids provides a
general framework for the investigation of non-equilibrium dynamics
driven by local internal forces, a thorough understanding of the
underlying mechanism for the emergence of highly ordered structures
is still lacking. The combined approach of well-controlled experimental and theoretical model systems described here is ideally suited
to identifying the link between microscopic interactions, density and
macroscopic structures. The minimal approach and detailed control
of all relevant system parameters allows the identification of a remarkable variety of spatiotemporal patterns and permits the backtracking
of the assembly and disassembly pathways to the underlying local
interactions. By extending the experimental system to include more
complex interactions, confined geometries or external stimuli28, the
mechanically ordered system will become an ideal study tool to
accompany theoretical efforts to obtain a sound physical understanding of emerging order in active fluids. The further exploration of this
material class will have profound consequences on our understanding
of collective effects prominent in diverse fields including cell biology,
tissue formation and social systems.

The presented velocity fields were calculated with a particle image velocity
algorithm. We evaluated the autocorrelation function of the velocity field, v,
according to

METHODS SUMMARY
We prepared actin filaments and HMM motor proteins using standardized
protocols. The average length of the actin filaments was controlled by adding
gelsolin before polymerization. For fluorescence microscopy, fluorescently
labelled reporter filaments stabilized with Alexa Fluor 488 phalloidin were used;
unlabelled filaments were stabilized with phalloidin. We prepared actin dilutions
(5–25 mM monomeric actin) by gently mixing labelled and unlabelled actin
filaments at a ratio of 1:200 to 1:320. Flow chambers were prepared with
nitrocellulose-coated coverslips. After the incubation with HMM, surfaces were
first passivated using BSA and then the prepared actin dilution was inserted. Then
filaments not bound to motor proteins were flushed out by a second rinse with
BSA solution. To start the experiment, we added 4 mM ATP. Oxidation of the
fluorophore was prevented by adding a standard antioxidant buffer supplement.

G(t)~

hv(tzt)v(t)i{hv(t)i2
hv(t)2 i{hv(t)i2

where angle brackets denote the time average. It provides information about local
decorrelations. The spatially averaged correlation function, ÆGæ, averaged over all
accessible velocity vectors, shows the global behaviour of the correlation function.
We implemented cellular automaton simulations on a hexagonal lattice with a
side length of 1,000 lattice sites. Each of the five degrees of freedom of each
filament head was weighted by a certain probability, P, yielding a persistent
random walk for a single filament. These probabilities were modified by
filament–filament interactions. Steric contributions were weighted by the steric
repulsion parameter, f, and the strength of local alignment was measured with a
local alignment parameter, a. For the data presented, reflecting boundary conditions were used and the filament length was adjusted to 10 lattice sites.
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