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Abstract

The collective behavior of active semiflexible filaments is stud-
ied with a model of tangentially driven self-propelled worm-like
chains. The combination of excluded-volume interactions and self-
propulsion leads to several distinct dynamic phases as a function of
bending rigidity, activity, and aspect ratio of individual filaments.
We consider first the case of intermediate filament density. For
high-aspect-ratio filaments, we identify a transition with increas-
ing propulsion from a state of free-swimming filaments to a state
of spiraled filaments with nearly frozen translational motion. For
lower aspect ratios, this gas-of-spirals phase is suppressed with
growing density due to filament collisions; instead, filaments form
clusters similar to self-propelled rods, as activity increases. Finite
bending rigidity strongly effects the dynamics and phase behavior.
Flexible filaments form small and transient clusters, while stiffer
filaments organize into giant clusters, similarly as self-propelled
rods, but with a reentrant phase behavior from giant to smaller
clusters as activity becomes large enough to bend the filaments.
For high filament densities, we identify a nearly frozen jamming
state at low activities, a nematic laning state at intermediate ac-
tivities, and an active-turbulence state at high activities. The latter
state is characterized by a power-law decay of the energy spectrum
as a function of wave number. The resulting phase diagrams en-
capsulate tunable non-equilibrium steady states that can be used
in the organization of living matter.

1 Introduction

Living systems often self-organize into functional structures by
consuming energy. Biopolymers and filamentous objects like actin
filaments, microtubules and slender bacteria exhibit particularly
interesting examples of self-organization,1–11 as their extended
nature makes the collective dynamics inherently complex. Micro-
tubules display loops when gliding on motility assays of kinesin-
1 motors,12 or on dynein-coated surfaces confined at an air-
buffer interface.13 Likewise, large-scale vortices of microtubules
on dynein carpets emerge due to inelastic collisions.14,15 Actin fil-
aments self-organize into swirls at high densities when propelled
by immobilized heavy meromyosin molecular motors.16 Besides
these cytoskeletal filaments, other filamentous objects like slender
bacteria17 and synthetic particles such as vibrated granular rods
are also found to self-organize into swirls.18,19 Besides the fasci-
nating physics of self-organization in active matter, understand-
ing how these structures emerge from the underlying dynamics
could shed light on their function. Cytoplasmic streaming of mi-
crotubules in the cortical arrays of plant cells provides an example,
where the organization of microtubules into a swirl provides func-
tion in furnishing cell-wall growth.20 This type of self-organization
can also play a useful role in micro- and nano-technology such as
in nanofabrication and in drug delivery.21

Theoretical studies of active, flexible filaments have investigated
different ways of invoking activity.22–30 Activity, introduced as col-
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ored noise acting tangentially on a single filament, is shown to
result in a net longitudinal drift of the filament.31 In an ensemble
of filaments with active colored noise acting over the normal direc-
tion of the bonds, the collective dynamics is observed to become
superdiffusive with increasing levels of activity.32 Such activity-
caused enhanced diffusion can be rationalized with effective-
temperature models.33,34

Here we study the collective behavior of self-propelled semi-
flexible filaments with a focus on self-organization and dynam-
ical pattern formation. We employ the self-propelled worm-like
chain model, introduced recently to study the dynamics of a sin-
gle semiflexible filament.22,23 The self-propulsion is introduced as
a constant magnitude force acting homogeneously in the tangen-
tial direction along the contour of the filament. The effect of self-
propulsion has been shown to differ markedly for rigid and flexible
filaments. It drives rigid filaments into a directed translational mo-
tion, where relaxation – in particular rotational diffusion – speeds
up. In contrast, when propulsion is stronger than bending rigid-
ity, filaments form spirals.22 For a finite-density suspension, we
find that filaments cluster with increasing propulsion. Rigid fila-
ments behave almost like rods, forming large clusters at intermedi-
ate propulsion. However, as propulsion increases, flexibility starts
to play a role even for very stiff filaments and clusters break apart
into smaller and highly motile clusters. At low rigidity, filaments
coil up into a gas of isolated spirals if propulsion is sufficiently
strong, as expected from single filament dynamics. However, these
spirals can be broken up by finite density effects if aspect ratio is to
low. For a high-density suspension, we find that filaments undergo
a transition from a jammed state to a flowing state as a function
of increasing activity. At intermediate levels of activity, filaments
form nematic lanes, which break up into a active-turbulent regime
upon further increase of activity.

2 Model and methods

Our study is based on the self-propelled worm-like chain model
developed recently.22,23 A single filament is represented by Nb +1

beads held together by Nb stiff bonds and bending potentials. The
equation of motion is given by the Langevin equation

mr̈i =−γ ṙi −∇iU +F
(i)
kBT

+F
(i)
p , (1)

where ri are the coordinates of bead i with the dots denoting
derivatives with respect to time. m denotes the mass, and γ the

friction coefficient of each bead. U is the potential energy, F
(i)
kBT

is

the thermal noise force acting on particle i, F
(i)
p is the propulsion

force, and γ ṙi is the drag force.
The configurational potential

U =Ubond +Ubend +UEV (2)

consists of bond, bending and excluded-volume contributions. The
harmonic bond potential

Ubond =
kS

2
∑

j

Nb

∑
i=1

(|r
( j)
i,i+1

|− r0)
2
, (3)
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supercomputer JURECA at Jülich Supercomputing Centre (JSC).
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