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Effects of direction reversals on patterns of active filaments
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Active matter systems provide fascinating examples of pattern formation and collective motility without
counterpart in equilibrium systems. Here, we employ Brownian dynamics simulations to study the collective
motion and self-organization in systems of self-propelled semiflexible filaments, inspired by the gliding motility
of filamentous Cyanobacteria. Specifically, we investigate the influence of stochastic direction reversals on the
patterns. We explore pattern formation and dynamics by modulating three relevant physical parameters, the
bending stiffness, the activity, and the reversal rate. In the absence of reversals, our results show rich dynamical
behavior including spiral formation and collective motion of aligned clusters of various sizes, depending on the
bending stiffness and self-propulsion force. The presence of reversals diminishes spiral formation and reduces
the sizes of clusters or suppresses clustering entirely. This homogenizing effect of direction reversals can be
understood as reversals providing an additional mechanism to either unwind spirals or to resolve clusters.
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I. INTRODUCTION

Active matter is a class of systems that are inherently out of
equilibrium through coupling to an internal process of energy
consumption that results, for example, in self-propulsion or
growth [1,2]. Specifically, the case of self-propelled active
particles has received much attention in recent years, as it
gives rise to intriguing dynamics and mechanical behavior at
the collective level. Such systems are ubiquitous in nature,
examples include the cytoskeleton [3–5], swarming bacteria
[6–8], tissues [9], and biofilms [10]. Finding suitable tools to
study active matter systems is a challenge for nonequilibrium
statistical physics in order to elucidate the dynamical behavior
and the physical properties of these systems.

Self-propelled particles self-organize into macroscopic
structures with collective dynamics like clustering, swarm-
ing, and swirling. This type of dynamical pattern formation
has been subject to intensive research in recent years, both
from a theoretical or computational viewpoint [11–25] and
experimentally [26–34], often using systems of bacteria either
swimming in a solution or gliding on surfaces as well as
synthetic self-propelled particles systems [35,36].

On the theoretical side, most studies of collective effects
in systems of self-propelled particles have considered either
spherical or point-like particles or short and rigid rod-like
particles, as these are good approximations for the shape of
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the bacteria typically used in experiments such as swimming
Bacillus subtilis or Escherichia coli [13,23,32] and as Myxo-
coccus xanthus, gliding on surfaces [28]. The aspect ratio of
rod-like particles has a strong impact on the patterns, as high
aspect ratios promote (nematic) alignment of the particles and
swarming [37].

At very large aspect ratios, the finite bending rigidity of the
particles is expected to play a role. Therefore several recent
computational studies have addressed semiflexible filamen-
tous particles or self-propelled polymers [14,15,38]. Indeed,
their collective behavior is modulated by their bending rigid-
ity. Moreover, flexibility even results in new single-filament
behavior, as individual flexible filaments are seen to curl into
spirals due to their self-propulsion [21].

Complicating the understanding of the behavior of the col-
lective motion of microbes, many of them, in addition to active
self-propulsion, also perform active directional changes such
as the well-known run-and-tumble motion of Escherichia coli
[39]. Typically, these active direction changes are an integral
part of the mechanisms for chemotaxis and other types of
tactic behaviors, through a coupling of the rates of directional
change to the direction of motion relative to a (chemical,
light, etc.) gradient direction. Such active directional changes
have occasionally been included in models for the motility
and collective behavior of self-propelled particles [18,40–44]
or spreading of active polymers in porous media [45]. For
bacteria, the simplest direction change is a reversal, where the
whole filament reverses its direction of motion by 180◦, as
seen in the gliding motility of M. xanthus, a short rigid rod
[28], as well as in gliding filamentous Cyanobacteria [46,47].

In this article, we use agent-based simulations to ad-
dress how such reversals affect the collective behaviors of
self-propelled semiflexible filaments at overall relatively low
density. To that end, we first consider the reference case
without reversals and analyze the formation of spirals and
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FIG. 1. Model of a self-propelled filament. (a) Sketch of a self-
propelled filament composed of monomers with diameter σ . The
active force inducing their self-propulsion acts tangentially along
each bond. (Zoom) The flexibility of the chain is modeled by a
harmonic bending potential, where θi is the angle formed by each
successive triplet of monomers i − 1, i, i + 1. (b) Sketch of the re-
versal mechanism of a self-propelled filament. Upon a stochastic
reversal with rate λ, a filament reverses the direction of its self-
propulsion force by 180◦.

swarms or clusters. Then we turn to the case with stochas-
tic direction reversals, generated by a Poisson process, and
investigate their impact on these patterns.

We focus on the interplay of the filaments’ self-propulsion
force, bending stiffness, and reversal rate as the control pa-
rameters that modulate the pattern formation process. In the
absence of reversals, the filaments form spirals for high self-
propulsion force and low bending stiffness, for larger bending
stiffness coherently moving clusters dominate the system. In-
troducing reversals reduces the rates of forming either type of
pattern, and thus the system becomes gradually more isotropic
with increasing reversal rate. The suppression of either pat-
tern can be explained by the dynamical pathway of these
structures: First, reversals add a mechanism that interrupts
the spooling of a filament onto itself and initiates unwinding.
Second, similarly, reversals allow filaments to leave a cluster
as they break the coherence of motion in clusters.

II. MODEL

A. Self-propelled filaments

We consider a system of Nc self-propelled semiflexible
filaments. The individual filament is described as a chain of N
monomers located at positions (�r1, �r2, · · · , �rN ) in space [see
Fig. 1(a) for a schematic]. Two consecutive monomers in the
chain are connected by a harmonic spring. In addition, the
angle between three consecutive monomers along the chain
are subject to a harmonic bending potential, which controls
the flexibility of the chain. In the overdamped regime, the
equation of motion for each monomer can be written as

ζ �̇ri = −∇iUs − ∇iUb + �F a
i + �F ex

i + �F rand. (1)

where �̇ri is the velocity of the ith monomer, ζ is the friction
coefficient. The five force contributions on the right-hand
side of this equation represent stretching and bending of the
chain, the active force responsible for self-propulsion, volume
exclusion, and stochastic noise, respectively.

Us is the stretching potential due to the harmonic springs
(each with an equilibrium length of r0 between consecutive
monomers) with the form

Us = κs

2

N∑
j=2

(r j, j−1 − r0)2. (2)

where r j, j−1 = |�r j − �r j−1| is the distance between the jth and
j − 1th monomer and κs is the spring constant associated with
stretching.

Ub is the harmonic bending potential, which controls the
flexibility of the bonds. Considering θi as the angle formed by
a consecutive triplet of monomers (i − 1, i, i + 1), given by
θi = cos−1( �ri−1,i·�ri,i+1

|�ri−1,i||�ri,i+1| ), this potential is defined as

Ub = κb

2

N−1∑
j=2

(θ j − π )2, (3)

where π is the equilibrium angle of between adjacent pairs
of monomers, corresponding to a straight chain, and κb is the
spring constant associated with bending.

The self-propulsion is induced by the active force �F a
i ,

�F a
i = fat̂i, (4)

where fa fixes the absolute value of the self-propulsion force
and t̂i, the unit vector tangent to the chain at the position of
ith monomer, defines its direction. For a chain consisting of
discrete monomers, this vector can be approximated as

t̂i = αc

2

( �ri+1,i

|�ri+1,i| + �ri,i−1

|�ri,i−1|
)

. (5)

Here αc ∈ {−1,+1} specifies the state of the polarity (head-
tail) for each chain c ∈ {1, · · · , Nc} where Nc is the number of
chains in the system. This variable will be important for the
modeling of reversal events, as we will discuss below.

The presence of the repulsive force �F ex
i prevents overlaps

of the monomers. Such volume exclusion is implemented
using the Week-Chandler-Anderson potential,

Uext (r) =
{

4ε
[(

σ
r

)12 − (
σ
r

)6] + ε, r < 21/6σ

0, otherwise
(6)

where σ is the nominal interaction diameter and ε is the
energy scale of the interaction. As an exception from volume
exclusion, adjacent monomers in the filament are taken to
overlap with distance r0 = σ/2, in order to obtain a smooth
filament.

The stochastic term Frand represents thermal fluctuations
and is given by white noise. In the simulations that we report
in the following, we neglect this term, because it is very small
compared to the deterministic contributions. In particular,
motion of the filaments is dominated by self-propulsion and
bending of the filaments is induced by collisions between fila-
ments. For convenience, we will, nevertheless, use the thermal
energy, kBT to set the energy scale with T = 300 K.
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B. Direction reversals

So far, our model agrees with previous models for
self-propelled filaments [14,15,21]. In addition, we include
spontaneous reversals of the direction of self-propulsion, as
they are often seen in the surface motion of bacteria [45,48]
including filamentous species such as gliding filamentous
Cyanobacteria [47,49,50]. Typically, the rates for such re-
versals are modulated by various tactic behaviors such as
chemotaxis, phototaxis, etc. Here we consider the baseline
case of spontaneous reversals in a homogeneous environment.

We model random reversal events, where the gliding direc-
tion of a chain changes instantaneously by 180◦, as generated
from a Poisson process with a reversal rate λr [see Fig. 1(b)].
Mathematically, this means that the polarity (head-tail) state
αc of a chain c follows a stochastic process

αc = 1
λr−⇀↽−
λr

αc = −1. (7)

In such a Poisson process, the distribution of waiting times τ

elapsed between two consecutive reversals is an exponential
distribution of the form

Pw(τ ) = λre−λrτ . (8)

There is experimental evidence for exponential waiting
time distributions between reversals or other active direction
changes in swimming bacteria [51,52]. For gliding bacteria
on surfaces, which provide examples for active filaments, this
is less clear, so we use an exponential distribution, i.e., a
constant rate for reversals, as the simplest possible choice. To
implement the reversals for a single chain, we draw a random
waiting time τ0 from the exponential distribution described
in Eq. (8) at time t0. Between t0 and t1 = t0 + τ0, the chain
evolves following Eq. (1). At t1 the gliding direction of the
chain is reversed and another waiting time τ1 is drawn from
the same waiting time distribution. This process is done for
each chain independently during the simulation by drawing
subsequent time intervals τ2, τ3, ..., such that reversals of any
chain in the system is uncorrelated with the reversal of any
other chains. Given a reversal rate λr and a free propulsion
speed of fa/ζ , the free propagation distance between reversals
on average is Lr = fa/(ζ λr ).

C. Simulations and parameters

All simulations presented here were run on GPUs using
the simulation package HOOMD-blue [53] with custom ex-
tensions for self-propulsion and for reversals, which were
compiled together with the whole software. The simulations
integrate Eq. (1) over t = 108 time steps with periodic bound-
ary conditions and we take 200 snapshots in the last quarter of
the simulation time for each condition over which ensemble
averages are taken. For some result we averaged in addition
over five independent simulation runs.

To initialize the system, we place Nc semiflexible filaments
on a grid with a folded structure of the chain and then ran-
domly rotate each filament around its own center of mass
to give them a random orientation. We then integrate the
equations of motion for a few thousand time steps with an ad-
ditional random force to obtain a fully isotropic configuration,
which is used as the initial configuration of our simulation.

In these simulations, lengths are measured in units of the
monomer diameter σ and the energy unit is kBT . We choose
the time unit to be the self-diffusion time for a single monomer
τD = σ 2ζ0

kBT with the arbitrary reference friction coefficient ζ0.
In the simulations, we use a friction coefficient ζ = 15ζ0. The
reversal rates are thus given in units of τ−1

D .
Our system consists of Nf = 1666 filaments each hav-

ing Nm = 59 monomers. This choice sets the aspect ratio,
a dimensionless number representing the ratio between the
contour length and the diameter of the individual monomers
a = L f

σ
, to 30. Here L f = (Nm + 1)r0 is the contour length

of the filaments. We set the spring constant of the stretching
spring to κs = 104, i.e., to a relatively high value to make
sure that chains do not stretch too much along their axis.
Hence the distance between two successive monomers does
not fluctuate strongly and is approximately constrained to the
fixed value r0. Furthermore, to obtain a smoother filament, we
also set the value r0 = σ

2 . To investigate a large parameter
space, we varied κb in the range {1, 1800} and fa between
{1, 100}. The packing fraction φ = Nf Nmr0σ/L2 is set to 0.1
in all simulations, where L denotes the box size and L = 167σ

(this choice determines the number of filaments to Nf = 1666
as mentioned above). The reversal rates λr are varied between
{0 − 0.1} and are the same for all the filaments.

III. RESULTS

To address the effect of direction reversals on the collective
dynamics of self-propelled filament, we performed systematic
simulations varying three key parameters, the bending stiff-
ness κb, the strength of self-propulsion fa, and the reversal rate
λr . We will show typical snapshots of these simulations below.
We start with the case without direction reversals (λr = 0),
which has been studied before [14,15] and which serves us
as a reference scenario here. In that case, it is known that a
variety of nonequilibrium patterns can be formed, for which
we will present a detailed diagram of states below.

Later on, we add the reversal mechanism to the filaments,
inspired by the reversal dynamics observed in filamentous
Cyanobacteria to investigate the response of the system to
an abrupt and random reversal in gliding direction. We report
a dramatic change in the individual as well as collective dy-
namics in the state diagram as we crank up the reversal rate,
eventually destroying the spiral state completely and leading
to destruction of clusters and collective motion.

A. Nonreversing active filaments

1. Spiral formation

In the absence of direction reversals, the collective dy-
namics of the chains is dominated by the interplay between
self-propulsion, bending stiffness and confinements due to the
excluded volume effect. A key observation at low density of
filaments is that flexible filaments may form spirals while
stiffer filaments tend to form clusters [14,15].

Spirals form due to the self-interaction of an isolated active
filament with high self-propulsion and low bending stiffness.
Spiral formation stands in contrast to the relatively straight
equilibrium structure of a semiflexible filament and depends
on the self-propulsion. Spiral formation is initiated when the
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FIG. 2. Spiral ratio as a function of bending stiffness for different
values of self-propulsion force. (a) Sketch of different configuration
of a single filament characterised by the indicated spiral number
indicated by s. (b) Quantification of spiral formation by the spiral
ratio S̃, the ratio of the number of filaments in the spiral state (with
s � 1.2) to the number of filaments in the straight state (with s <

1.2): An increase in bending stiffness decreases the probability of
spiral formation at a constant self-propulsion force. Different values
for self-propulsion are shown in different colors. With increasing
self-propulsion force at low bending stiffness, spiral formation is
promoted. For high bending stiffness, spiral formation does not take
place regardless of the self-propulsion force.

head of the filament collides with a subsequent part of its own
body, such that the excluded volume interaction forces the
filament to wind into itself. If the self-propulsion is strong
enough, filaments get trapped in their own body, forming
stable spirals. To characterise the dynamical state with spiral
formation we define a spiral number [21] for each filament
in the system, which quantifies how many times a filament is
wound up around itself and is defined as

s =
∣∣∣∣∣
∑N−2

i=2 �θi

2π

∣∣∣∣∣ (9)

where θi is the angle formed by the beads i − 1, i, i + 1. |..|
denotes the absolute value of the spiral number since they
can be twisted either in the clockwise or counterclockwise
direction. s = 0 indicates an almost straight configuration [see
Fig. 2(a)] and s = 1 a ring shape [see Fig. 2(a)]. We consider
a filament to be in a spiral state if s � 1.2 [see Fig. 2(a)].

To distinguish global patterns of filaments, we introduce
the spiral ratio as the ratio of the number of filaments in
the spiral state (i.e., with s � 1.2) Ns to that in the straight
configuration Ns f ,

S̃ = Ns

Ns f
. (10)

The spiral ratio is plotted in Fig. 2(b) as a function of the bend-
ing stiffness and the self-propulsion force. The figure shows a
pronounced decrease of the spiral ratio with increasing bend-
ing stiffness, which reflects the fact that increasing bending
stiffness (κb) hinders the self-interaction needed for spiral
formation. Figure 2(b) also shows that, for fixed bending
rigidity, spiral formation is promoted by an increase in the
self-propulsion force.

FIG. 3. Cluster ratio as a function of bending stiffness for dif-
ferent values of self-propulsion force. (a) A binary collision of
self-propelled filaments that results in parallel alignment and co-
herent motion that initiates cluster formation. (b) A binary collision
of self-propelled filaments that results in anti-parallel alignment and
transient coherent motion. The red monomer shows the head of the
filament in both cases. (c) Increasing the bending stiffness promotes
cluster formation in the system, shown here by the cluster ratio, the
ratio of the number of filaments in cluster to the number of filament
that are not in clusters. Note that here we do not distinguish different
categories of clusters by size. Different values for the self-propulsion
force are shown in different colors.

2. Cluster formation

In the limit of high bending stiffness, filaments behave like
rod-shaped agents. In this regime, filaments move in the direc-
tion of their long axis and, upon collisions, they rotate to align
due to their steric interaction. At high bending stiffness, col-
lisions between filaments are dominant over self-interactions
as the bending energy required for the self-interaction is rarely
reached. Dependent on the angle of incidence of the collision
event, the two filaments align either parallel or antiparallel
[Figs. 3(a) and 3(b), respectively]. In the first case, they con-
tinue their motion together, in the second case, they stay in
contact transiently [1,18]. Clusters of filaments form when
additional filaments collide with already aligned filaments,
resulting in groups of filaments that move coherently. The size
and life-time of these clusters depends on bending rigidity and
activity, as well as the density of the filaments in the system
[1,23,37].

To characterise the clustering behavior we identify clusters
using the following criteria: two monomers are considered to
be part of the same cluster if their centers are distanced less
than 1.2σ . We note that this criterium automatically includes
all monomers of one filament in the same cluster. In addition,
we only considered clusters with at least Nf = 10 filaments to
avoid counting micro clusters. Clusters are identified with the
data analysis framework Freud [54]. Finally, in analogy to the
spiral ratio, we define a cluster ratio as the ratio of number of
filaments in clusters Nc to the number of free filaments Nf ,

C̃ = Nc

Nf
. (11)

Figure 3 shows the cluster ratio as a function of the bending
stiffness for different values of the active force. The cluster ra-
tio is seen to increase monotonically with increasing bending
stiffness (κb) and also with increasing self-propulsion force.
One can also see that high values of the spiral number are
associated with small clusters and vice versa: the regions with
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FIG. 4. Average cluster size as a function of bending stiffness.
The average cluster size is shown in different colors for different
self-propulsion forces. The data are averages over 1000 snapshots
from five independent simulation runs in addition to averaging over
200 snapshots per run.

higher values of spiral ratio in Fig. 2 correspond to the region
of low cluster ratio in Fig. 3. When the bending stiffness
is low, spirals are formed due to the self-interaction, when
the bending stiffness increases, the deformation of the fila-
ments becomes unfavorable, which is why they usually have a
straight, rod-like conformation that promotes alignment and,
thus, clustering.

We also define the average cluster size CSm, which is
the average total number of filaments belonging to clusters
and this seems to increase with increasing bending stiffness
indicating (see Fig. 4) the fact that bending stiffness, which
suppress spiral formation, promotes clustering.

Since both spiral ratio and cluster ratio show opposing
trends as function of the bending rigidity and of the self-
propulsion force, we wondered whether the results could be
written as functions of a dimensionless parameter combi-
nation. A natural candidate is the flexure number, the ratio
of activity and bending rigidity [14,15,55,56], which can be
written as

� = faL3

κb
. (12)

Figure 5 shows the spiral and cluster ratio as functions of
the flexure number. Indeed the data from simulations with dif-
ferent bending stiffness and self-propulsion forces are seen to
collapse onto one curve. Only for the largest flexure numbers,
we see systematic deviations for the spiral ratio. For smaller
values of the flexure number, the spiral ratio increase as a
power law S̃ ∼ �δ with δ � 0.7. Likewise, the decrease of the
cluster ratio also follows a power law C̃ ∼ �δ′

with δ′ � −0.5.
S̃ is seen to deviate from the power law for large �. The
origin of that deviation is not clear, but the appearance of these
deviations coincides with the transition from the cluster to the
melt phase, so we suspect a connection to that transition.

Previous simulation studies [14,15] has shown spirals only
for sufficiently long filaments, while the dependence of the
spiral ratio on the flexure number shown in Fig. 5 suggests
that reduced length could be compensated by increasing the
flexibility of the filaments. We therefore simulated filaments

δ
0.7

δ

0.5

δ 0.35

((a) b)

FIG. 5. (a) Spiral ratio S̃ and (b) cluster ratio C̃ as functions of the
flexure number �. Data collapse for different self-propulsion forces
and bending rigidities when these are plotted as functions of a di-
mensionless combination, the flexure number. The color of the points
indicates the value of the self-propulsion force. The blue line with the
circle marks shows results obtained by varying the filament length.
The data points for different lengths fall onto the curve obtained by
varying the bending stiffness and the self-propulsion force for the
spiral ratio, but not for the cluster ratio. The red lines indicate power
laws fitted to the curves, with exponents δ and δ′. The green line
indicates power laws fitted to the cluster ratio curve for filaments of
different lengths, with exponent δ′ in green.

of different lengths and determined the spiral ratio and in-
cluded the data point in the plot of spiral ratio as function of
the flexure number. Indeed the data points for different length
fall nicely onto the same curve as obtained by varying the
bending stiffness and the self-propulsion force [Fig. 5(a)]. So
in principle, even short filament should form spirals if they are
sufficiently flexible. Spiral formation for short filaments will
however be limited by the discrete nature of the filaments that
are represented by chains of beads. By contrast, the cluster
ratio [blue dotted line in Fig. 5(b)] shows a very different
behavior, and varying the filament length leads to a different
curve than varying the bending stiffness or the self-propelling
force also follows a power law C̃ ∼ �δ′

with δ′ � 0.35. By
contrast, the cluster ratio shows very different behavior. Vary-
ing the filament length results in a different curve than varying
the bending stiffness or self-propulsion force [Fig. 5(b)], indi-
cating a key role of filament length for clustering. Specifically
we find an increase rather of the cluster ratio with increasing
flexure number rather than a decrease. This increase can also
be described by a power law, at least over the range that we
have simulated, C̃ ∼ �δ′

with δ′ � 0.35.

3. State diagram

We performed systematic simulations varying the self-
propulsion force fa and the bending stiffness κb to explore the
variety of patterns in the steady state of the system.

To distinguish different states of the system, we assign a
state to all filaments in a snapshot via the following criteria:
A filament is considered as a spiral if its spiral number is
<1.2. The filament is taken to be in the cluster category if it is
not a spiral and part of a cluster of �10 filaments. Since this
criterion does not capture the diversity of cluster patterns, we
further subdivide the cluster state by the size of clusters and
distinguish a small-cluster category for filaments in clusters
with size �10 and <100 and a large-cluster category for
filaments in clusters with �100 filaments. All other filaments
are considered to be in the melt state.
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FIG. 6. Nonequilibrium state diagram of nonreversing self-
propelled filaments. The state diagram is drawn as a function of
self-propulsion force fa and the bending stiffness κb in the absence of
reversals. The different states are indicated by different symbols and
the color of each symbol is matched to the corresponding designation
of the state. For details on the characterisation and identification of
the states, see text.

Using this classification and averaging over 200 snapshots
per condition, we classify the state of the whole system into
the following categories: A large-cluster state or a small-
cluster state if �40% of the filaments are in large or small
clusters, respectively. As the two criteria are not mutually
exclusive, coexistence of small and large clusters is identified
if both are satisfied simultaneously. Likewise, a spiral state is
identified when more than 20% of the filaments form spirals
(the threshold is chosen lower than for the other states, as
under the conditions simulated here, we hardly ever see 40%
of the filaments being spirals). Finally, the system state is
classified as a melt state if �40% of the filaments fall into
this category. Just like for small and large clusters, coexistence
of other states is possible and indeed seen frequently, e.g.,
between melt and small clusters and melt and spirals. The dia-
gram of states shown in Fig. 6 summarizes this classification.
Simulation snapshots corresponding to the different states are
shown in Fig. 7, where the color code of the filament shows
the classification at the filament level.

For low bending stiffness and low self-propulsion force,
the filaments are mostly in the melt (or isotropic) phase and
move in all directions, as can be seen in Fig. 7(a). We note
that while the melt filaments are dominant, there are also some
small clusters. Increasing the self-propulsion force, while the
bending stiffness is kept at a small value, promotes spiral for-
mation, as shown in Figs. 7(b) and 7(c). Formation of spirals

(a) (c)

(d) (e)

(b)

(f)

FIG. 7. Snapshots of the simulation for different fa and κb. (a) Snapshot for κb = 10, fa = 10 in “melt” state (b) κb = 5, fa = 100 in
spiral + melt state (c) Close-up view of spirals in plot (b). (d) κb = 600, fa = 82 in small-cluster state. (e) κb = 1000, fa = 24 in large-cluster
state. (f) κb = 1600, fa = 10 in large + small cluster state. The coloring of the filaments indicates their classification as spirals (cyan), filaments
in small clusters (red), large clusters (gray-green), and a melt (blue).
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is quite natural in this regime because the filaments are flex-
ible enough to bend onto themselves. Their self-propulsion
then results in spiral formation and, once formed, a spiral is
typically stable until another filament collides with it.

Collisions with other filament seems to be the dominant
(if not only) mechanism that breaks up spirals, since we have
not included explicit translational or rotational noise in our
simulations. Under the conditions we simulated, the spiral
state typically coexists with the melt phase, as can be seen
in the snapshots in Figs. 7(b) and 7(c). Consistent with this
observation, a pure spiral state, the “gas of spirals” reported
in earlier studies [15] is only observed at even lower densities
than used here.

As shown above (Fig. 2), the fraction of spirals de-
creases with increasing bending rigidity. For sufficiently large
bending stiffnesses, collective behavior via the formation
of clusters becomes dominant over individual filament dy-
namics. In this regime, the self-interaction is less important
compared to inter-filament interaction, and when filaments
collide, they can bundle into small clusters with local align-
ment (nematic order). Over time, the clusters grow as other
filaments collide with them and join them. At intermediate
bending stiffness, there is a coexistence of dispersed individ-
ual filaments and small clusters [Fig. 7(d)]. As we increase the
bending stiffness [Figs. 6(d)–6(f)], the clusters become larger
and the system enters a large-cluster state, in particular for low
self-propulsion force.

These observations show that the collective behavior
of filaments is modulated by their bending stiffness and
their self-propulsion force. In agreement with earlier studies
[14,15], we distinguish several regimes, characterized by the
formation of spirals and of clusters of various sizes. Gener-
ally, we observed that, in the absence of direction reversals,
filaments with high self-propulsion force and low bending
stiffness form spirals, while filaments with high bending stiff-
ness tend to form clusters. This general picture will serve as
a reference in the following section, where we will include
direction reversals and study how the variation of the reversal
rate affects the patterns formed by self-propelled filaments.

B. Active filaments with direction reversals

Next, we consider active filaments that exhibit reversals of
their direction of motion. Many microorganisms exhibit such
a feature in their motility (both swimming and surface-bound
species), often as part of their chemo- or phototactic strategy.
Here we consider the case of spontaneous, nonbiased stochas-
tic reversals. Our filaments are taken to change their direction
of motion abruptly, by 180◦, according to a Poisson process
with rate λr . Varying λr , we explored the effect of reversals on
the structures and the collective motion of the active filaments.

Figure 8 demonstrates the effect of a small reversal rate
λr = 0.1 (right column) compared to the case without rever-
sals (left column) for two opposite corners of the state diagram
Fig. 6. These two parameters sets chosen here correspond
to the regime exhibiting spirals ( fa = 100 and κb = 1, top)
and to the regime dominated by small clusters ( fa = 24 and
κb = 1000, bottom). In both cases, the visual appearance of
patterns clearly changes, indicating a substantial influence of
the reversals. In the spiral + melt regime (large fa and small

FIG. 8. Snapshot of the simulation with reversal dynamics. We
show snapshots from the simulations keeping the bending stiffness,
activity, density, and aspect ratio same and changing the reversal rate.
Applying reversal rate changes the pattern formation drastically from
its nonreversing counterpart. [(a),(b)] In the presence of a nonzero
reversal rate, spiral formation has disappeared. [(c),(d)] Likewise,
in the presence of reversals, the cluster sizes become smaller than
the nonreversing case. The coloring of the filaments indicates their
classification as spirals (cyan), filaments in small clusters (red), large
clusters (gray-green), and a melt (blue).

κb), spirals (light blue) are abundant (though in coexistence
with straight filaments) in absence of reversals, but efficiently
suppressed by a small reversal rate λr = 0.1. In the large-
cluster regime (small fa and large κb), the change is less
dramatic as collectively moving clusters are seen both with
and without reversals. However, the size of the clusters is
considerably decreased by the reversals.

1. Unwinding and declustering

To quantify the weakening of spiral and cluster formation,
we determined again the spiral and cluster ratio, for a large
range of reversal rates λr , for an intermediate value of fa=50.

FIG. 9. (a) Spiral ratio (̃S) and (b) cluster ratio (C̃) for different
reversal rates λr is shown in different colors at an active force,
fa = 50.
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FIG. 10. Diagram of state for reversing self-propelled filaments.
The state diagram is constructed as a function of the self-propulsion
force fa and the bending stiffness κb and shown for four different
values of the reversal rate λr . States are marked by different symbols
and different colors as in Fig. 6. When the reversal rate increases, on
the one hand the tendency of formation of large clusters decreases,
on the other hand the propensity of spiral formation in the system is
progressively suppressed.

In Fig. 9, we plot the two quantities as functions of the
bending stiffness, comparing different reversal rates. These
results confirm the qualitative observation from the snapshots:
Reversals reduce both spiral and cluster abundance, for all
values of the bending stiffness. Higher reversal rates result in
stronger reduction.

Having noticed this stark effect of the reversal rate on
pattern formation by active filaments, we next investigate the
effects of the reversal rate λr on the state diagram in the κb– fa

space. The results are shown in Fig. 10, for three nonzero val-
ues of λr , in comparison to the case without reversals. Already

for the smallest nonzero reversal rate that we considered,
λr = 0.001, the spiral state as well as the large-cluster state
are strongly diminished. Increasing the reversal rate further,
also the small-cluster regime moves towards larger bending
stiffnesses and larger self-propulsion forces.

The suppression of spirals by reversals is rather straight-
forward. As mentioned earlier, in the absence of reversals,
spirals dissolve only through collision with other filaments.
Reversals add a second mechanism by the change in the
polarity (head-tail direction): When the reversal occurs, self-
propulsion is not directed inward, but rather outward, and
thus the spiral unwinds (see Fig. 11) unless another reversal
occurs before unwinding was complete. For small reversal
rates λr < fa/ζL, where a filament propagates by more than
its body length between reversals, this is expected to happen.
However, unwinding is faster than winding, because of the
additional release of bending energy, such that also repeated
reversals lead to a net unwinding.

Likewise, reversals add an additional mechanism for fila-
ments to leave a cluster. Clustered filaments move collectively
in one direction, so that any filament that reverses is likely
to move out of the cluster, as shown in Fig. 12. Reversing
filaments leave a cluster from its boundary as well as from
the cluster interior, see also the movie in the Supplemen-
tal Material [57]. This shifts the balance between filaments
joining a cluster and filaments leaving a cluster, resulting in
smaller clusters. For very large reversal rates, clusters disap-
pear entirely and the system becomes isotropic again. In this
limit, the filaments do not show active directed motion any
more, but rather move back and forth in a fashion similar to
passive diffusion. Thus a melt state like for passive polymers
is indeed expected, but the disorder results from an entirely
nonequilibrium mechanism.

IV. SUMMARY AND CONCLUSIONS

In this study, we used particle-based simulations of self-
propelled filaments to study their pattern formation and,
specifically, the impact of direction reversal on these patterns.
The simulations mimic bacterial gliding motility on surfaces
and their assembly into clusters and swarms. In contrast to the
well-studied spherical or rod-like self-propelled particles, we
considered long and flexible filaments.

(a) (c)(b)

FIG. 11. Unwinding of a spiral due to the reversal dynamics. Panel (a) shows a filament in the spiral state in the center (which was formed
by the collision of the tip of a filament with its own tail). In Panel (b) a reversal event takes place. Panel (c): The spiral unwinds and the filament
resumes the straight configuration. The white monomer is the head of the filament, the green is the body and the purple is the tail.
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(a) (c)(b)

FIG. 12. Reversals allow filaments to leave a cluster: Three snapshots from a simulation that shows a large central cluster moving
downwards. The filament highlighted in red reverses its direction of motion, crosses the cluster and leaves the cluster at the upper end. A
movie is included in the Supplemental Material [57].

First, we discussed the patterns that could form in the
absence of direction reversals, modulating the bending stiff-
ness (κb) and self-propulsion force ( fa) of the filaments at
a relatively low filament density. The results, in agreement
with earlier studies [14,15], reflect a competition between the
self-interaction of filaments, possible due to their flexibility,
and the interaction between filaments. At low bending stiff-
ness and high self-propulsion force, the self-interactions are
dominant, leading to the formation of spirals. However, when
the bending stiffness increases, the self-interaction is reduced
and steric interactions between filaments become more impor-
tant. In that case, filaments form clusters through collisions
and move collectively in these clusters. Based on systematic
simulations, we have determined a diagram of states in the
κb − fa space.

Then, to understand the impact of stochastic direction re-
versals, we added a reversal rate to the filaments’ dynamics,
mimicking the run-reverse movement of bacteria, and exam-
ined the effects of this additional control parameter on the
formation of motility patterns. In general, reversals counteract
both clustering and spiral formation, thus resulting in more
isotropic structures. Both negative effects can be understood
via the dynamical pathways on which these structures are
dissolved: In the absence of reversals, spirals are rather stable.
A spirals dissolves, when a moving filament collides with

it. Reversals add a second mechanism for dissolving a spi-
rals by interrupting the spooling of spirals and inducing its
unspooling. Likewise, reversals also adds new mechanisms
for filaments to leave a cluster, as filaments typically leave
a coherently moving cluster upon reversal. The additional
mechanism for leaving clusters results in smaller clusters
compared to the no-reversal reference case. Finally, high re-
versal rates result in purely back-and-forth motion, similar to
a passive scenario.

Our results show that the direction reversals have a strong
impact on the patterns of active filaments by preventing the
formation of spirals and reducing clustering. For microor-
ganisms, direction changes such as reversals are known to
have a role in responses to external signals such as chemical
gradients or light. Our results suggest that in addition, they
have an influence on the structure of a colony. Therefore it
will be interesting to study the impact of reversals in systems
with higher densities.
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