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Collective filament wrapping and nested spiral
formation in active polydisperse systems

Caterina Landi, a Giulia Janzen, b Francesco Sciortino, c John Russo, c

Chantal Valeriani *a and Daniel A. Matoz-Fernandez *b

We investigate a two-dimensional polydisperse suspension of self-propelled semiflexible filaments and

reveal a collective wrapping mechanism that is absent in monodisperse systems. At intermediate activity

levels, long filaments coil around shorter ones, forming nested spiral structures stabilized by filament

length disparity. These assemblies generalize the single-filament spiraling seen in active systems into

cooperative, multi-filament configurations. As activity increases, the nested spirals undergo structural

transitions: medium-length filaments unwind, longer filaments encapsulate shorter ones, and eventually

all spiral structures dissolve. This reorganization is reflected in the dynamics, where van Hove

distributions uncover coexisting confined and motile filament populations. Our findings identify filament

length as a key control parameter for nonequilibrium self-assembly and establish inter-filament

wrapping as a minimal mechanism for hierarchical organization in active matter. This mechanism

provides a simple model for the cooperative confinement and structural hierarchy observed in both

biological and synthetic active systems.

1 Introduction

Filamentous active systems are found across biology and syn-
thetic materials, exhibiting rich dynamics driven by their
elongated shape and self-propulsion.1 In biological contexts,
they include cytoskeletal filaments such as microtubules and
actin,2,3 as well as larger organisms like elongated bacteria4–6

and worms.7–9 Synthetic analogues range from active chains
of metal-dielectric Janus particles under electric fields,10 to
vibrated granular rods with polymer-like behavior,11,12 and
robotic swarms designed for collective motion.13,14

Among the many collective behaviors exhibited by active
filaments, the emergence of swirls, vortices, and spiral patterns
stands out as particularly intriguing. In cytoskeletal systems,
such patterns have been observed across a range of experi-
mental setups,15–18 often serving functional roles. For instance,
cortical microtubules in plant cells organize into swirling arrays
that guide anisotropic cell wall growth.19 Similar spiral struc-
tures have also been reported in dense bacterial suspensions,
where longer filamentous bacteria are surrounded by shorter
ones,20 highlighting the role of filament flexibility in spiral
pattern formation.

Two-dimensional numerical simulations have shown that
single self-propelled flexible filaments can spontaneously form
stable spiral conformations.21 When such filaments interact in
monodisperse systems, increasing activity has been shown to
trigger a transition from open-chain swimming to frozen spiral
states,22 which subsequently break apart at even higher activity
levels.23 The interplay between steric interactions and filament
flexibility plays a crucial role in the formation of spirals: while
stronger steric repulsion generally promotes alignment and
long-range order, increased flexibility enables bending and
self-contact, driving the spontaneous formation of persistent
single-filament spirals.24 Dense active filament systems high-
light how steric crowding and flexibility together control the
transition between collective flow and spiral-dominated
phases.25 Similar spiral conformations arise in a variety of active
systems, including filaments propelled by explicit motor
proteins,26 partially active polymers,27 polymers driven by tan-
gential or push–pull activity,28 and chains of chiral active Brow-
nian particles,29 indicating that spiral formation is a robust self-
organization mechanism beyond the specific details of the
propulsion. In three dimensions, rather than forming planar
spirals, active filaments undergo coil-to-globule-like transitions30

and reentrant swelling behavior.31

Despite the extensive phenomenology uncovered in active
filament systems,32 most theoretical and simulation studies to
date have relied on monodisperse models, where all filaments
share the same length. In contrast, real-world systems are
inherently polydisperse. In biological contexts, filament length
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varies due to dynamic processes such as polymerization, depo-
lymerization, severing, and annealing,33–35 while in engineered
systems, both synthetic polymers36 and self-morphic active
materials37 frequently display length heterogeneity.

Polydispersity introduces new forms of structural and dyna-
mical heterogeneity, which can fundamentally alter collective
behavior.38,39 Yet its role in active filament systems remains
largely unexplored. By explicitly incorporating length variability
into our models, we aim to capture more realistic dynamics and
reveal new mechanisms of self-organization. A recent study40

demonstrated that active Brownian particles assembling into
polydisperse chains exhibit distinct phase behavior—ranging
from crystalline clusters to motility-induced spirals—depend-
ing on activity and temperature. However, because these chains
form and break dynamically, their structural characterization
remains challenging.

Motivated by the gap in understanding spiral formation under
polydispersity, we study a system of tangentially self-propelled
filaments with fixed bond lengths and tunable length distributions,
as detailed in Section 2. Our goal is to investigate how filament
length heterogeneity influences collective dynamics—particularly
the formation, stability, and evolution of spiral structures. As
shown in Section 3.1, polydispersity does not suppress spiral
formation or the characteristic reentrant behavior observed in
monodisperse systems. Instead, it shifts the transition thresholds
for different filament lengths, enabling spiral configurations to
persist at higher activity levels. This extended stability arises from a
cooperative trapping mechanism, where long filaments dynami-
cally wrap around and confine shorter ones. In Section 3.2, we
demonstrate that increasing activity drives a gradual transition
from multi-filament to two-filament nested spirals, reflecting the
fact that filaments of different lengths unwind at different Péclet
numbers. This structural reorganization is mirrored in the
dynamics: van Hove displacement distributions reveal coexisting
populations of confined and motile filaments, depending on their
length and degree of entanglement.

Together, these findings show that polydispersity promotes
a hierarchical mode of self-assembly, where structural diversity
enables cooperative confinement and the stabilization of col-
lective wrapping across activity regimes.

2 Model

We investigate a two-dimensional polydisperse system of self-
propelled filaments to study how length heterogeneity affects
their structural organization and dynamical behavior. Each
filament is modeled as a linear chain of Nb active beads. The
number of beads per filament remains fixed; filaments neither
break nor recombine. The system is simulated in the dry limit,
where long-range hydrodynamic interactions are neglected. The
surrounding medium exerts only local friction and thermal
noise. The motion of each bead follows the underdamped
Langevin equation:21,25

m€ri ¼ �g_ri þ RiðtÞ þ
X
jai

f ij þ fai ; (1)

where m and ri represent the mass and the position in space of
the bead i, dots indicate time derivatives, and g is the damping
coefficient. The term Ri(t) represents a delta-correlated random force,
characterized by a zero mean and a variance of 4gkBTdijd(t� t0), where
kB is the Boltzmann constant, and T is the temperature.

The interaction force is derived from the total potential
f(rij), such that fij = �rif(rij), where rij = |ri � rj|. The total
potential is decomposed as f(rij) = fB(rij) + fNB(rij), with fB

accounting for bonded interactions and fNB for short-range
non-bonded steric repulsion. Bonded interactions fB include a
stretching contribution modeled via the Tether potential41 and
a bending contribution given by a harmonic angle potential,25

such that fB = fbond + fbend. Non-bonded interactions fNB are
modeled via the Weeks–Chandler–Andersen (WCA) potential,42

ensuring purely repulsive excluded-volume effects. All details
related to the interaction parameters are provided in the SI.43

The self-propulsion force acting on bead i is defined as

fa
i = fati�1,i+1, where fa is the propulsion strength, and ti�1;iþ1 ¼
riþ1 � ri�1
riþ1 � ri�1j j is a unit vector approximating the local backbone

tangent.30,44,45 End beads (i = 1 and i = Nb) do not experience
propulsion, i.e., fa = 0 at the filament ends. Note that choosing
the push–pull active polymer model21,25 would yield similar
results, provided the mean active force is appropriately
normalized.28

Finally, the system contains N = 5� 104 particles of diameter
s. We consider filaments of various lengths, with the number of
beads per filament given by Nb A {3, 11, 20, 28, 37, 45, 54, 62,
71, 80}. The system contains an equal number of filaments for
each length. A single filament may slightly deviate from this set
to ensure that the total number of particles exactly matches N.
We uniformly sample the filament lengths within the interval
3 r Nb r 80 in order to explore the role of polydispersity
without any length bias. The choice of this interval is inspired
by the work of ref. 40, where active bifunctional Brownian
particles self-assemble into chains reaching lengths compar-
able to those considered in our simulations.

The length of a filament is approximated as L E b(Nb � 1),
being b = 0.86 the bond reference length. The stiffness of each
filament is characterized by the dimensionless persistence ratio
xp/L = 2bk/(LkBT), where k is the bending rigidity. Solving for k,
we obtain k = (xp/L)(LKBT/2b). We set xp/L = 1.3 for all filaments
and determine the corresponding k values accordingly. k values
are provided in the SI.43

The strength of active forcing relative to thermal noise is

quantified by the Péclet number Pe ¼ 3fas
kBT

. To explore different

activity regimes, we vary Pe at fixed packing fraction r = 0.3.
Periodic boundary conditions are applied in both directions of
the square box.

In this manuscript, all quantities are expressed in reduced
units with s = 1.0, e = 1.0, and m = 1.0 (see SI43 for a more
precise definition of bead diameter s and energy scale e).

Hence, time is expressed in units of t ¼ s
ffiffiffiffiffiffiffiffi
m=e

p
. The thermal

energy is set to kBT = 0.1, and the damping coefficient to g = 1.0.
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All simulations are carried out using the GPU-accelerated
SAMoS molecular dynamics package,46 with time integration
performed using the BAOAB scheme for Langevin dynamics.47

We set the integration time step to dt = 10�3. For Pe Z 16.0, a
smaller time step of dt = 5� 10�4 is used to maintain numerical
stability. We first let the system relax for 8 � 104 time steps,
after which static properties are measured by averaging over
100 independent configurations sampled every 500 steps.

For further details, refer to the SI.43

3 Results and discussion
3.1 Structural characterization: turning number per filament
length

To characterize the system’s structural behavior, we compute
the turning number26,48 for each filament and then average
these values over filaments of the same length. The turning
number is defined as

c ¼ 1

2p

XNb�1

j¼1
yjþ1 � yj
� �

; (2)

where yj+1 � yj represents the angular variation between two
consecutive beads. This quantity measures the number of turns
that a filament makes between its two ends: for an elongated
filament, |c| = 0 (no turn); for a circular filament, |c| = 1 (one
turn); and higher values of |c| correspond to filaments in spiral
configurations (more than one turn).

Fig. 1(a) shows the average turning number, h|c|i, as a
function of the Péclet number for five representative filament
lengths: one short (Nb = 11), three medium (Nb = 28, Nb = 37 and
Nb = 54), and one long (Nb = 71). Turning numbers for all other
lengths are provided in the SI.43 Here, h�i denotes the ensemble
average over all filaments of the same length. Short filaments
(Nb = 11) exhibit a turning number close to zero across all Pe,
reflecting their inability to form spiral structures. In contrast,
medium and long filaments (Nb Z 28) display a non-monotonic
trend: the turning number increases at intermediate Pe, indi-
cating the formation of spiral structures, and decreases at high
Pe, indicating a transition back to elongated configurations.
This reentrant behavior is consistent with the monodisperse
case.23 Fig. 1(a) further indicates that longer filaments require
higher activity to undergo this transition, showing that fila-
ments of different lengths transition at different Péclet num-
bers. Thus, polydispersity does not qualitatively alter the
reentrant behavior observed in the monodisperse case, pro-
vided the filaments are sufficiently long to form spirals.

However, polydispersity shifts the activity level at which the
transition occurs for each filament length compared to the
monodisperse case. This is observed by comparing the results
of the polydisperse system with those of the corresponding
monodisperse systems at the same filament lengths (Fig. 1(b)).

In the monodisperse systems with relatively long filaments
(Nb = 54 and Nb = 71 in Fig. 1(b)), no clear reentrant behavior is
yet detected within the simulated range of Pe, whereas in the
polydisperse system the transition has already begun.

Specifically, at high activities (Pe \ 150), where these long
filaments still form stable spirals in the monodisperse system,
the presence of short filaments already in an open-chain state
perturbs their spiral configurations, promoting premature
unwinding (see SI43 for representative comparative snapshots).
A similar anticipation of the transition is also observed for
medium-long filaments (Nb = 37), which do undergo the
transition within the studied Pe range.

For medium-short filaments (Nb = 28), polydispersity pro-
motes spiral formation, as indicated by a higher average turn-
ing number than in the monodisperse case where spirals, if
they form, must be few relative to the total number of filaments
(see SI43 for the fraction of spirals in the monodisperse and
polydisperse systems). In the polydisperse system, at lower
activities (Pe E 10–30), short filaments can be assisted in the
spiral formation by nearby longer filaments which are already

Fig. 1 Average turning number, h|c|i, as a function of the Péclet number
for different filament lengths: red circles for Nb = 11, orange diamonds for
Nb = 28, green down triangles for Nb = 37, blue up triangles for Nb = 54,
and purple squares for Nb = 71. While panel (a) illustrates the results for the
polydisperse system, panel (b) shows for the corresponding monodisperse
systems. (a) For short filaments (Nb = 11), the turning number remains close
to zero across all Pe values, as the filaments are too short to form spiral
structures. For longer filaments (Nb Z 28), the turning number first
increases and then decreases with Pe, indicating a reentrant behavior.
The longer the filament, the higher the activity required to transition from
an open-chain configuration to a tightly wound spiral configuration and
back to an elongated one. (b) Qualitatively, the same reentrant behavior
observed in the polydisperse system is recovered. Quantitatively, however,
longer filaments (Nb Z 37) require more time to unwind than in the
polydisperse system, whereas most of the shorter filaments (Nb = 28) do
not form spirals in regimes where they did so under polydisperse condi-
tions. (c)–(e) Snapshots of the polydisperse system at steady-state: (c) at
low (Pe = 10), (d) intermediate (Pe = 70), (e) and high Péclet number (Pe =
190). Filaments are colored according to the legend in the top panel.
Filaments in gray correspond to those whose length is not reported in the
top panel.
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in loose spiral configurations and can coil around them (see
SI43 for the fraction of spirals that are part of nested spirals in
the polydisperse system). At higher activities (Pe E 50–90), the
presence of spirals among short filaments can also be facili-
tated by the fact that longer chains are in stable, compact and
slow spiral configurations, which reduces disturbances and
allows smaller filaments to maintain their spiral structures (see
SI43 for representative comparative snapshots).

All these observations highlight a dual effect of polydisper-
sity depending on filament length. For longer filaments, poly-
dispersity anticipates the reentrant spiral-to-open transition,
while for short filaments it instead promotes the stabilization
of spirals that would otherwise not emerge with this intensity in
the monodisperse system due to their intrinsic size-related
instability. Length heterogeneity facilitates the onset of the
reentrant transition for medium and long filaments, likely by
enabling interactions between filaments of different stability
and coiling state. In the monodisperse case, filaments of equal
length undergo the spiral-to-open transition simultaneously at
a well-defined activity level. In contrast, in the polydisperse
system, this transition is staggered: shorter chains unwind
earlier, while longer chains remain spirals until higher Péclet
numbers. The coexistence of open short chains and still-spiral
long chains introduces additional interactions in the system.
Consequently, the transition for long filaments becomes antici-
pated. Length heterogeneity facilitates spiral formation in short
filaments thanks to the presence of longer filaments in spiral
states. At lower activities, when these longer filaments are in
loose spiral states, they wrap around shorter ones and assist
their spiral formation. At higher activities, when the longer
filaments adopt more compact spiral states, they provide a
stable environment that allows shorter filaments to maintain
their spiral structures.

We also tested an exponentially decaying filament length
distribution, inspired by the self-assembly of active bifunc-
tional Brownian particles,40 and arguably more biologically
relevant.49–52 Such a distribution inherently yields very uneven
statistics, with short filaments being abundant and long ones
rare, which prevents a systematic quantitative comparison. The
results are qualitatively similar to those obtained with a uni-
form distribution (see SI43); therefore, we hereby focus on the
uniform case.

The structural phases described above are illustrated in the
system snapshots shown in Fig. 1(c)–(e). At low Pe (Fig. 1(c)),
filaments loosely wind into spiral structures. As Pe increases
(Fig. 1(d)), these spirals become more tightly wound. Finally, at
high Pe (Fig. 1(e)), only long filaments form tightly wound
spirals, while shorter filaments are fully unwound. Notably,
Fig. 1(c)–(e) also shows that, regardless of Pe, the system contains
not only individual spiral filaments but also clusters of filaments
that are interwound or wrapped around each other.

Such structures also appear in the monodisperse case;22

however, while in monodisperse systems they vanish at high Pe,
they persist longer in the polydisperse case. This persistence
arises from longer filaments, not yet uncoiled, winding around
shorter ones (Fig. 1(e)). Eventually, at very high Pe, even these

two-filament structures break down, as long filaments also
uncoil. In the next section (Section 3.2), we characterize these
‘nested’ structures using both structural and dynamical
measurements.

3.2 Nested spirals as emergent collective structures

The coiling behavior of filaments at intermediate activities
(Fig. 1) coexists with the formation of structurally organized
assemblies, driven by filament–filament interactions. These
assemblies consist of clusters of interlocking filaments
arranged in spiral configurations, in agreement with the obser-
vations reported in ref. 22. Although filament roughness can, in
principle, enhance interlocking between neighboring chains,
we expect that smoother filaments would display a qualitatively
similar behavior, with only minor differences in the stability
and lifetime of spiral configurations.21,22 We refer to these
collective structures as nested spirals, defined as clusters in
which the centers of mass of all constituent filaments lie within
a threshold distance %r. The exact threshold value (with an
analysis of its variation) and a detailed explanation of the
identification procedure are provided in the SI.43

Fig. 2 shows an example of how a nested spiral forms. The
process begins with open-chain configurations (Fig. 2(a)), and

Fig. 2 Snapshots illustrating the typical mechanism of formation (a)–(d)
and transition to a two-filament state of a nested spiral (e) and (f). Snap-
shots show a short (orange), a medium (green), and a long (purple) filament
during system equilibration at Pe = 10. (a) Filaments start in open-chain
configurations. (b) Driven by activity, the medium and long filaments begin
to coil, initiating spiral formation. (c) As they coil, they capture and
incorporate the smaller filament encountered along the way, forming a
nested structure. (d) The nested structure becomes more compact,
providing a relatively stable configuration for the long filament. (e) The
medium filament becomes unstable and uncoils. (f) This results in a two-
filament nested spiral composed of a long and a short filament. The green
arrow in each panel indicates the self-propulsion direction of the medium
filament.
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as activity drives motion, medium and long filaments begin to
coil, initiating spiral formation (Fig. 2(b)). During this stage,
smaller filaments become trapped in the coiling structure,
leading to the formation of a loose nested spiral (Fig. 2(c)).
This nested structure then transitions to a more stable configu-
ration, in which filaments are more tightly wound (Fig. 2(d)).
However, depending on the activity, medium filaments may
become unstable and uncoil (Fig. 2(e)), ultimately leading to a
two-filament nested spiral composed of one long and one short
filament (Fig. 2(f)). We anticipate that, at higher activities, even
these two-filament structures eventually break down, as long
filaments uncoil, and return to an open-chain state.

The structure and composition of nested spirals vary mark-
edly with increasing activity. We begin by examining the
average number of filaments per nested spiral, hNfi. As shown
in Fig. 3(a), at low Pe, nested spirals typically comprise more
than two filaments, while at high Pe, the average converges to
two, indicating that they ultimately consist of filament pairs.
This trend is further supported by the probability distributions
of the number of filaments per nested spiral across different Pe
(see SI43). Moreover, the filament lengths involved in these
nested structures change with the Péclet number. This effect is
quantified by measuring the average ratio of the shortest, lmin,
to the longest filament, lmax, in each structure, hlmin/lmaxi
(Fig. 3(b)). At low Pe, this ratio is close to one, indicating that
nested spirals are typically composed of filaments of similar
length. As Pe increases, this ratio decreases toward its mini-
mum, reflecting a transition to structures formed by one short
and one long filament. What we observe here is consistent with
the monodisperse case:22 as Pe increases, nested spirals
composed of filaments of similar lengths progressively disap-
pear. Additionally, long filaments dominate at low Pe, as
indicated by the increased average filament length in this
regime (see SI43). Overall, as the Péclet number increases,
nested spirals transition from a state in which they typically
consist of multiple long filaments to one where they are
composed of only two filaments, one long and one short.

These results highlight a second key effect of polydispersity:
it stabilizes the presence of nested spiral at high Pe by facil-
itating a trapping mechanism between filaments of different
lengths. Longer filaments can wrap around shorter ones, pre-
venting their escape and maintaining the integrity of the nested
structure. The coexistence of short and long filaments thus
promotes the persistence of nested spirals well beyond the
regime where they typically vanish in monodisperse systems. In
addition, short filaments themselves benefit from this trapping
mechanism, as the confinement imposed by longer chains
helps them to remain in a coiled state.

Finally, we observe that the number of nested spirals,
Nnested, initially increases with activity and then decreases, as
shown in Fig. 3(c). This decrease exhibits a two-stage behavior:
a rapid initial decay followed by a more gradual reduction,
reflecting the formation and disruption mechanisms of nested
spirals described earlier (Fig. 2). At low Pe, multi-filament
nested spirals are common, as medium and long filaments
tend to form coiled structures (Fig. 3(d)). As Pe increases,

medium filaments progressively unwind, destabilizing these
structures. This results in a transient regime where two-
filament nested spirals dominate, typically formed by a long
filament wrapping around a short one (Fig. 3(e)). At even higher
Pe, long filaments also unwind, leading to the eventual break-
down of nested spirals.

In addition, the SI reports the probability distribution of the
normalized lifetime of nested spirals (ts), showing that these
structures remain stable within the simulated time window.
This suggests that unwinding most likely occurs during the
equilibration stage after increasing Pe.

To isolate the effect of polydispersity, the persistence ratio xp/L
was kept fixed throughout the previous analysis. In what follows,
we are going to vary the persistence length and construct a phase

Fig. 3 Structural properties of nested spirals as a function of the Péclet
number. Panels (a) and (b) report ensemble-averaged quantities computed
over all identified nested spirals. (a) Average number of filaments per
nested spiral, hNfi. At low Pe, nested spirals typically contain more than
two filaments, while at high Pe, they are predominantly composed of
filament pairs. (b) Average length ratio of the shortest to the longest
filament in each nested spiral, hlmin/lmaxi. The dashed black line at y = 3/
80 denotes the minimum possible ratio based on the set of filament
lengths in the system. At low Pe, filaments within nested spirals tend to be
of similar length, while at high Pe, they exhibit pronounced length
disparity. (c) Total number of nested spirals, Nnested. This quantity increases
at low activity, reaches a peak, and then decreases with further increasing
Pe. The decrease occurs in two stages: a sharp decay for 30 o Pe r 110,
followed by a more gradual reduction for Pe 4 110. Initially, nested spirals
form from the winding of medium and long filaments (Pe r 30). As Pe
increases, medium filaments begin to unwind, breaking apart multi-
filament spirals. Concurrently, long filaments wrap around short filaments,
forming predominantly two-filament nested spirals. At high Pe, these
structures dissolve as long filaments themselves unwind. (d) and (e)
Representative snapshots of the system in steady state at Pe = 10 (d)
and Pe = 110 (e). Filaments belonging to nested spirals are colored
according to the length ratio lmin/lmax of the corresponding structure.
Filaments not participating in nested spirals are shown in gray.
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diagram in the (Pe, xp/L) plane to systematically assess its
influence on the nested spirals formation (see Fig. 4).

The phase diagram shows that, for all xp/L considered, the
system exhibits the reentrant behavior described in Fig. 3(c):
nested spirals are absent at high Pe (in blue) and only appear at
intermediate Pe (in red), where filaments can coil efficiently
without becoming unstable. Moreover, the lower the persis-
tence ratio, the earlier nested spirals emerge, since more
flexible filaments require less activity to coil (in agreement
with ref. 25). At low persistence ratios, nested spirals also
disassemble at lower Pe, as filaments are flexible enough to
transition to compact and single-filament spiral states with less
activity.

The structural reorganization of filaments into nested spir-
als has a strong impact on their dynamics. In particular, the
formation of nested spirals gives rise to distinct displacement
behaviors that depend on filament length and structural orga-
nization. To quantify these effects, we analyze the self-part of
the van Hove distribution,53,54 which describes the probability
distribution of filament displacements. Specifically, it mea-
sures how far the center of mass of each filament has moved
after a time lag Dt. The van Hove distribution is defined as

GsðDr;DtÞ ¼
1

Ntot
f

XNtot
f

i¼1
d Dr� rcmi ðtþ DtÞ � rcmi ðtÞ

�� ��� �* +
; (3)

where Ntot
f is the total number of filaments in the system, rcm

i (t)
denotes the position of the center of mass of filament i at time
t, Dr represents the magnitude of the displacement between
time t and time t + Dt, and d(. . .) is the Dirac delta function. The

time average h�i is computed over a single simulation trajectory
using t = nDt, with n = 0, 1, 2, 3, 4, and 5, after equilibration. In
addition, we average over 10 independent simulations with
different random seeds. We compute this distribution for
different filament lengths at Pe = 110 and show these values
in Fig. 5 for two representative lag times: a short lag time, Dt =
1.5, and a longer one, Dt = 150. The Péclet number is set to Pe =
110, corresponding to an activity at which the transition to two-
filament nested spirals has just occurred (Fig. 3).

Short filaments (Fig. 5(a) and (b)) exhibit a bimodal struc-
ture at both Dt = 1.5 and Dt = 150, indicating the coexistence of
two distinct dynamic behaviors. This is reflected in the
presence of two peaks in the displacement distribution: one
at smaller Dr and one at larger Dr. The peak at larger
Dr corresponds to filaments in elongated configurations under-
going directed motion, while the peak at smaller Dr arises from
filaments incorporated into nested spiral structures. These

Fig. 4 Number of nested spirals in the (Pe, xp/L) plane. The number of
nested spirals presents a reentrant behavior with increasing Pe for almost
all values of xp/L. While qualitatively the reentrant behavior is unvaried
when varying xp/L, activities at which nested spirals appear and disappear
are affected by it. Specifically, the lower xp/L, the lower Pe at which nested
spirals emerge, since more flexible filaments require less activity to coil. For
the same reason, at lower xp/L, nested spirals also break up at lower Pe,
since filament flexibility promotes the transition to compact and single-
filament spiral states.

Fig. 5 van Hove distribution for filaments of different lengths at Pe = 110.
Each pair of panels corresponds to a filament length: red circles for Nb = 11
(a) and (b), orange diamonds for Nb = 28 (c) and (d), green downward
triangles for Nb = 37 (e) and (f), blue upward triangles for Nb = 54 (g) and (h),
and purple squares for Nb = 71 (i) and (j). Left panels (a), (c), (e), (g) and (i)
correspond to a short time, Dt = 1.5, while right panels (b), (d), (f), (h) and (j)
correspond to a longer time, Dt = 150. (a) and (b) The distribution for short
filaments (l = 11) displays a clear bimodal structure, indicating the presence
of two distinct dynamical populations: one corresponding to filaments in
elongated, motile configurations and another to filaments confined within
nested spirals. When encapsulated by longer filaments, short filaments
inherit the constrained dynamics of the nested structure. (c)–(f) Medium-
length filaments (Nb = 28, Nb = 37) also exhibit a bimodal distribution,
reflecting their coexistence in both spiral and elongated states. At this
activity, medium filaments begin to unwind, resulting in a mixture of
dynamical behaviors within the population. (g)–(j) For long filaments
(Nb = 54, Nb = 71), the distribution shows a single peak, indicating a single
dynamical mode. At this activity, long filaments are tightly wound and
display a single, confined dynamical mode, either as isolated spirals or as
part of nested structures.
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confined filaments behave like spirals and exhibit limited
mobility, resulting in smaller displacements. A similar bimodal
distribution is observed for medium filaments (Fig. 5(c)–(f)),
but the origin of this behavior is different. In this case, the
filament length is sufficient to form spirals, but at this Péclet
number some spirals, whether single or nested, begin to unwind.
As a result, medium filaments can be found in either spiral or
open-chain configurations, each associated with distinct displa-
cement statistics. In contrast, the distribution for long filaments
(Fig. 5(g)–(j)) displays a single peak, consistent with the fact that
these filaments are mainly in tightly wound spiral conformations
at this activity level, either as one filament spirals or part of
nested spirals. In both cases, their dynamics is similarly con-
strained and do not exhibit the fast, directed motion character-
istic of open-chains. Across all filament lengths, we observe
consistent dynamical behavior at both short (Fig. 5(a), (c), (e),
(g) and (i)) and long times (Fig. 5(b), (d), (f), (h) and (j)),
indicating that the underlying dynamics is robust over time.

The van Hove function analysis goes beyond the expected
observation that spiral structures move more slowly. In parti-
cular, it highlights that short filaments display a clear bimodal
displacement distribution as a consequence of being trapped
by longer, slowly moving spiral chains that wrap around them.
These interactions generate two distinct dynamical populations
within the short-filament ensemble: freely moving open chains
and trapped filaments behaving as part of nested spirals. The
van Hove analysis thus provides quantitative evidence for the
formation of such wrapped configurations and their impact on
the dynamics of the system elements.

The mean-square displacement of short filaments at differ-
ent Péclet numbers is reported in the SI,43 where it confirms the
expected average scaling behavior but fails to capture the above
described dynamical heterogeneity of short filaments.

4 Conclusions

In summary, our work shows that while a system composed of a
distribution of polymer lengths behaves qualitatively similarly
to a monodisperse system, some differences still emerge.

Understanding how structural diversity influences collective
behavior in active matter is key to bridging idealized models
and real-world systems, where heterogeneity is often unavoid-
able. In this work, we investigated how filament length poly-
dispersity affects the self-organization of active semiflexible
filaments. Our work demonstrates that while nested spiral
structures can form in both monodisperse and polydisperse
systems, polydispersity profoundly alters their stability and
organization, promoting hierarchical wrapping and persistent
confinement at high activity. These effects arise from dynamic
interactions across length scales: long filaments can trap and
stabilize shorter ones, extending the lifetime and robustness of
spiral assemblies beyond what is observed in monodisperse
populations.

In particular, by varying the Péclet number, we observe the
same structural phases seen in the monodisperse case:22,23,25 a

polymer melt phase at low Pe, a transition to a pure spiral
phase at intermediate Pe, and a reentrant unwinding of spirals
at high Pe. Thus, polydispersity does not fundamentally alter
the reentrant behavior observed in the monodisperse case,23

provided filaments are sufficiently long to form spirals. How-
ever, it can shift the Pe at which these transitions occur. For
relatively long filaments (Nb = 54 and Nb = 71), the transition
appears anticipated in the polydisperse system, as in the
monodisperse case it is not yet observed at the highest simu-
lated values of Pe. A similar anticipation is found for medium-
long filaments (Nb = 37), which exhibit the transition within the
simulated Pe range. This occurs because, at Pe values where
spirals are stable in the monodisperse system, the coexistence
with shorter motile chains (already open) introduces additional
interactions that destabilize the spiral configurations of longer
filaments, leading to their premature unwinding. This behavior
arises because filaments of different lengths respond differ-
ently to activity, causing the onset of the reentrant phase to
extend over a range of Pe rather than occurring at a single
threshold, making the transition staggered across filament
lengths. This effect promotes the early onset of the reentrant
behavior in mixed-length populations. At the same time,
medium-short filaments (Nb = 28), which would remained open
in the monodisperse system, can instead form and maintain
spiral states in the polydisperse case, thanks to the presence of
longer and still-coiled neighboring filaments.

Moreover, in monodisperse systems, it has been shown that
at intermediate Pe, filaments can form interlocked or wrapped
configurations, i.e., nested spirals. However, these structures
disappear as Pe increases.22 In the polydisperse case, by con-
trast, such nested structures persist even at high Péclet num-
bers. As in the monodisperse case, nested spirals composed of
filaments of comparable length vanish at high Pe. In the very
high Pe regime, the most common nested spirals consist of a
long filament wrapped around a much shorter one. This occurs
because short filaments become trapped inside the tightly
coiled spirals. We anticipate that at even higher Pe, these
nested structures will eventually break down as the long fila-
ments themselves uncoil and transition to open-chain
configurations.

Nested spirals emerge in a comparable activity regime with ref.
23, once the different definitions of the Péclet number and the
activity models (push–pull versus tangential) are taken into
account.28 Unlike the monodisperse case, where single spirals
dominate at high Pe, polydispersity broadens the stability range of
nested spiral structures by enabling the formation of two-filament
nested spirals, with longer filaments enclosing shorter ones.

This dual role of polydispersity highlights its non-trivial
impact on active filament self-organization. On one hand,
heterogeneity enhances structural resilience by stabilizing the
presence of nested spiral assemblies at high activity; on the
other hand, it destabilizes long filament spirals at high activity,
where the motion of short filaments in an open-chain state
promotes their premature unwinding, and at the same time
enable short filaments, which would remain open in mono-
disperse systems, to form and maintain spiral configurations
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due to their interactions with the more stable longer coiled
chains. Both effects emphasize that polydispersity is not a mere
perturbation to an idealized model, but a key factor shaping the
stability of emergent states in active filamentous matter.

Finally, we analyzed the dynamics of nested spirals with the
van Hove distribution. For short filaments the distribution is
bimodal, revealing two distinct dynamical behaviors: filaments
trapped inside nested spirals show small displacements char-
acteristic of confined spirals, whereas open-chain filaments
move more freely and display larger displacement. Medium
filaments exhibit a similar bimodal profile because, at this
Péclet number, they begin to unwind and can exist either
in spiral (single or nested) or open-chain configurations. In
contrast, long filaments remain almost exclusively in tightly
wound spiral conformations, leading to a single narrow peak in
the van Hove distribution that reflects their constrained
dynamics.

We discuss possible experimental implications and exten-
sions of this work. A potential extension of this work would be
to introduce length-dependent propulsion, allowing filaments
of different lengths to self-propel at different speeds.40 This
modification would better reflect biological conditions and
further clarify the role of polydispersity in active filament
systems.

From an experimental perspective, synthetic colloidal poly-
mers provide a promising platform for testing our predictions.

Synthetic colloidal (passive) polymers have been built in the
laboratory to form either chains or rings,55 with the goal of
designing materials with multifunctional switchable properties.56

To this day, experiments on active polymer chains or rings have
been reported only by few authors. Wei and Kraft57 have built
micrometer-scale polymer integrating activity and flexibility. The
structures are actuated by an AC electric field and display rotation,
beating mechanism and undulatory locomotion, besides an emer-
gent sense-response ability.

In this context, our numerical results may serve as guidance
for experiments on synthetic active polymers whose shapes
adapt to their environment. Introducing length polydispersity
emerge as an effective strategy to promote inter-filament
wrapping and nested spiral formation. The resulting cooperative
multi-filament structures could potentially be exploited in
applications such as active mixing or transport at the microscale.
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