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Biological and robotic systems often operate in confined environments where materials must be gathered
without centralized control. Inspired by the effective collection strategies of aquatic worms (Lumbriculus
variegatus and Tubifex tubifex), we investigate how active filaments autonomously aggregate dispersed
non-Brownian passive particles. We study this process across four platforms: living worms, a robotic chain,
Brownian dynamics simulations of active polymers, and a coarse-grained toy model. We show that
aggregation emerges from repeated contact and body deformation—effectively, a sweeping or brooming
motion—and demonstrate that clustering dynamics are governed by filament length and bending stiffness.
Across systems, particle gathering follows a shared aggregation-fragmentation process, where the steady-
state cluster size approximately follows a quadratic increase with the effective width of the path cleared by
the filament W relative to the domain size D. This scaling provides a minimal geometric baseline for
comparison across active filamentous systems. We find that filament flexibility modulates W, enabling
more flexible filaments to sweep larger areas and collect more particles. These results establish a unifying
framework for understanding how shape and flexibility influence transport and organization in active

filament systems and filamentous robots.
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I. INTRODUCTION

Active, flexible filamentous materials are essential to a
variety of biological and synthetic systems, where their
capacity for self-organization, mechanical force generation,
and adaptability drives critical functions such as locomotion,
resource collection, and environmental restructuring [1,2].
Examples span from microscopic systems—motor-driven
cytoskeletal filaments [3-8] and cilia [9,10]—to macro-
scopic organisms, including flagella [11-13], worms
[1,14], and snakes [15]. Synthetic analogs such as self-
propelled robots extend these concepts, utilizing flexibility
and activity to adaptively explore their surroundings [16—18].
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One striking manifestation of active material functionality
is particle aggregation, a process observed in both natural and
synthetic systems. For example, in freshwater ecosystems,
oligochaetes like Tubifex tubifex and Lumbriculus variegatus
(California blackworms) use coordinated motion and mucus
secretions to aggregate dispersed particles [19-23], enabling
nutrient cycling and habitat stabilization [24,25]. Similarly,
robotic systems exploit activity and flexibility to manipulate
inert (i.e., passive) materials, mimicking these natural behav-
iors to perform tasks like debris management and targeted
delivery [18]. These aggregation dynamics are governed by
the interplay between filament flexibility, activity, and the
environmental context, yet the precise mechanisms remain
elusive.

Beyond biological systems, active-passive mixtures pro-
vide a simplified yet insightful framework to explore
aggregation phenomena from an active matter perspective.
Active agents, such as bacteria, colloidal Janus particles, or
robotic systems, impose stresses and collisions on passive
components, giving rise to emergent behaviors like cluster-
ing [26], phase separation [27,28], and laning [29]. These
processes may influence nutrient flows, structural formation,
and ecosystem dynamics in natural habitats [30] while
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inspiring novel applications in material assembly and
robotics [18]. Notably, the role of filament flexibility in such
mixtures remains underexplored [31,32], despite its rel-
evance to both biological polymers [33] and synthetic
systems [18,34].

In this study, we bridge the gap between biological and
synthetic active systems by investigating the particle
collection dynamics of slender and flexible Tubifex tubifex
and Lumbriculus variegatus worms in a controlled envi-
ronment. We quantify the impact of their conformation and
dynamics on the aggregation of non-Brownian passive
particles. Extending these insights, we construct larger-
scale robotic filaments and perform simulations to examine
how variations in filament flexibility and length influence
performance across biological, robotic, and simulated
systems. Our findings suggest that flexibility and activity
are central to enhancing particle aggregation, offering a
general framework for designing adaptable, soft robotic
systems that can autonomously manipulate materials in
constrained or complex environments.

II. COLLECTING EXPERIMENTS

The particle collection ability of the worms in confined
environments presents both a biological puzzle and an
exciting potential application for tasks such as microplastic
collection, sorting, and cleaning [19]. To explore how this
natural behavior can be generalized to active filaments, we
investigate the collecting dynamics in three distinct active
filament systems: two living, centimeter-scale biological
worms, T. tubifex and L. variegatus, which differ in aspect
ratio; a meter-scale robotic filament, designed to isolate the
effects of filament parameters such as elasticity and length;
and a Brownian dynamics simulation of an active filament
with a tangentially propelling force [35-37] to validate and
extend our experimental observations. Despite the fact that
these two worms have similar appearances and quantita-
tively comparable collective behaviors [1,38], they exhibit
distinct locomotion-diffusion-dominated random walks in
T. tubifex and ballistic motion in L. variegatus, providing
the opportunity to study and compare their mechanisms of
dispersed passive particle collection [1].

A. Living biological filamentous worms

In our first quasi-2D experimental setup, we place a single
Tubifex tubifex (with typical lengths L. = 25-45 mm) or
Lumbriculus variegatus (L, = 15-35 mm) into a 35-mm-
diameter (D) Petri dish filled with thermostated water
(T =21°C) and N, randomly dispersed sand particles
(120 particles, d), png = 0.7 mm, total weight 50 mg,
Supplemental Material, Fig. S1 [39]). The particles are light
enough so that inertia does not influence their dynamics and
large enough so that they are macroscopic and not subject to
thermal fluctuations.

Once in the Petri dish, the worms, denser than water,
crawl along the bottom via wriggling motion. Unlike algae
or microplastics, which adhere to the worm’s mucus [19],
sand particles do not stick to the worm’s body. Instead, the
worm’s self-propulsion displaces sand particles upon con-
tact; otherwise, the particles remain stationary. This dis-
placement occurs only through direct physical interactions,
as the motion of the worm does not generate significant
fluid flow in the medium. As the worm moves through the
dish and reorients its direction at the boundaries, it actively
gathers particles into progressively larger clusters over
time, as shown in Fig. 1(a) (see Movie S1 [39] and
Fig. S2 in the Supplemental Material [39]). Fluctuations
arising from the worm’s motion continuously fragment
clusters, preventing unrestricted growth and maintaining a
quasisteady state in which clusters form and break. This
clustering behavior emerges from the interplay between the
worm’s flexibility and its dynamic adaptability, where the
activity is distributed along an extended, flexible filament
composed of many coupled active segments. This mecha-
nism is distinct from the phase separation typically
observed in dense active-passive mixtures [26,27], which
generally requires a finite fraction of independent active
particles to drive many-body demixing whereas, here, a
single extended active filament with correlated dynamics is
sufficient to generate large passive clusters.

To further analyze the clustering behavior and the role of
filament flexibility, we use image analysis to track worm
conformations and particle positions, allowing us to charac-
terize the distribution of cluster sizes over time (see Sec. I and
Fig. S3 of the Supplemental Material [39]). We define a group
of n number particles as a cluster of size s,, (for simplicity, we
refer to the cluster size as s unless otherwise specified), where
each particle is within a distance of one particle size d), sunq
from at least one other particle in the group.

A typical result of the cluster size distribution at different
times, P(s), is shown in Fig. 1(a), right. As in previous
studies looking at clustering in active systems [26,48,49],
we find that a power law with an exponential cutoff,
P(s) =Cs™7exp(—s/s*), where C is the normalization
constant ensuring » . P(s) = 1, describes our data well.
The fitted exponent y increases over time (Table S2 in
Ref. [39]), indicating reduced coarsening of the clusters.

Within a characteristic timescale of approximately
60 minutes, the cluster size distribution reaches a steady
state. The average cluster size (s) = > sP(s) at long times
is typically (s), ~ 10 particles for both species of worms.
Figure 1(a) shows results for one 7. fubifex worm, but our
results are comparable between worms. See Movie S1 in
Ref. [39] for an example of the experiments and a
comparison between the two studied worm species.

B. Active polymer simulation

We perform Brownian dynamics simulations using an
active polymer model [35,36,50] (for details, see Sec. II in
Ref. [39]), which has been shown to effectively capture the
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FIG. 1. Collection of passive particles by living, in silico, and robotic active filaments. (a) California blackworm (Lumbriculus
variegatus) (left panel) and 7. tubifex worm (right panels) in a Petri dish with sand particles. Over time, the worm gathers the sand into
larger clusters, eventually reaching a steady state, as shown by the evolution of the cluster size distribution over time in the right panel.
The mean value corresponding to the cluster size distribution is indicated on the x axis. Time is nondimensionalized by the characteristic
time of one full passage of the filament’s center of mass across the arena (*), allowing direct comparison across systems. (b) Active,
tangentially driven filament interacting with non-Brownian passive particles exhibiting similar clustering behavior, where the cluster
size distribution grows over time until reaching a steady state. The active force is applied to all monomers; for visual clarity, its direction
is indicated by arrows on alternate monomers in the left panel. (c) Robotic filament composed of connected Hexbug robots moving
within a circular arena, interacting with passive styrofoam cubes. The robotic filament collects particles into clusters, ultimately reaching
a steady state. (d) Design details of the robotic filament and a close-up view of the styrofoam particles. The robotic units are connected
via elastic rubber bands of tunable width &, allowing control over the persistence length (£,,) and contour length (£,) of the filament.

behavior of these worms [51]. Each monomer of size ¢ in stiffness k between neighboring bonds [Fig. 1(b)]. In addition
the polymer follows overdamped Langevin dynamics, driven  to the polymer length, the key parameters in our model are
by an active force of amplitude f¢ (the magnitude is 1)  therefore reduced to /¢ and «.

applied tangentially along the filament backbone. The In analogy with the living systems, we consider passive
flexibility of the active polymer is controlled by the bending  particles to be non-Brownian. These particles, with diameter
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d, sim = 0.50, are initially placed at a uniform concentration
throughout the simulation domain. As observed in the worm
experiments, there is no adhesion between the particles and
the worms, nor any fluid flow generated by the worm motion,
indicating that interactions are limited to short-range steric
repulsion. In the simulation, the passive particles remain
immobile until pushed by an active polymer segment, and
they interact repulsively with other particles within a cutoff
distance. The system thus represents a dry active environ-
ment, where the medium contributes only through single-
particle friction (y), and hydrodynamic interactions are
neglected. We also perform additional simulations exploring
more general scenarios, where particles exhibit attractive
interactions or undergo random motion. Outcomes of the
extended cases are compared in the discussion section, and
details are provided in Secs. 2.D and 2.E of the Supplemental
Material [39].

The time unit of the simulations is set by 7 = %y / (kzT).
We systematically vary the number of monomers N =9,
18, 28, 37, the number of passive particles N, = 50, 100,
250, 500, 600, and the magnitude of bending stiffness x in
the range 0.01-10 to explore different filament flexibilities.
These variations allow us to cover a broad range of contour
lengths, particle densities, and filament flexibilities.

To ensure realistic boundary conditions, we place sta-
tionary particles along the circumference of a circular
boundary of diameter D = 50¢. These boundary particles
impart a steric repulsion to the active polymer and passive
particles. Additionally, three-bead triangular “re-injectors”
are positioned along the circular boundary at regular angular
intervals @ = 30°, with their apexes pointing toward the
center of the confining circle (see Fig. S5 in Ref. [39]). This
approach, commonly used in persistent active systems,
prevents the filament from getting trapped along the walls
[52,53]. When gliding near the wall, the tangentially driven
filament is reoriented into the bulk of the arena by these
triangular re-injectors, closely mimicking the behavior
observed in biological worms (Supplemental Material,
Fig. S2 [39]); different spacing of the re-injectors has no
significant effect on the cluster formation (Supplemental
Material, Fig. S5 [39]).

We find that the dynamics of the simulated active
filament closely resemble those of the living worms, and
the particles aggregate into clusters over time in a similar
fashion [see the sequence of pictures in Fig. 1(b) and Movie
S2 [39]]. This finding is confirmed by the cluster size
distribution, which exhibits the same power-law behavior
as in the worm experiments, with the distribution shifting
toward larger values as time progresses [Fig. 1(b), right].

C. Robotic filament

In our second experimental setup, we scaled up the worm
experimental platform to the meter scale and turned the worm
into a robotic filament enclosed within a fixed arena of meter
diameter [Fig. 1(c)]. Our active filament is composed

of N commercially available self-propelled microbots
(Hexbug Nano v2 with a characteristic size 6,,;; =45 mm)
[17,18,34,54,55], encased in a 3D-printed frame around each
individual bot and elastically coupled by laser-cut silicone
rubber connectors (Fig. 1(c); see also Supplemental Material
Sec. Il and Figs. S9 and S10 [39]). Adjusting the width of the
connections [0 in the close-up of Fig. 1(c)], we can fine-tune
the bending stiffness of the filament, «.

We enclose the robotic filament using a rigid, circular
metal boundary with a 120-cm diameter. To ensure con-
sistency with our simulations, we incorporate re-injectors at
the boundary to redirect the robotic filament into the bulk of
the arena. The initially dispersed N, = 120 passive cubic
particles of size d, .. =20 mm, made of lightweight
styrofoam, ensure that their weight does not play a role in
the dynamics of the active robotic filament.

Interestingly, we observe that the robotic filament
interacts with the particles in a manner similar to the
biological and simulated systems, as confirmed by the
probability distribution of cluster sizes over time [see
Movie S3 [39] and Fig. 1(c), right]. This observation raises
the question of why and how these active filaments,
seemingly displaying universal behavior, manage to collect
particles when confined in a circular arena. To address this
issue, we next investigate the underlying factors that govern
this particle collection process.

III. DYNAMICS OF AGGREGATION AND
SPATIAL DISTRIBUTION

A. Aggregation-fragmentation dynamics and long-time
average cluster size

To investigate the mechanisms driving particle clustering
across our different active filament systems, we track the
aggregation dynamics by measuring the average cluster
size (s) over time. We also examine the influence of two
key filament parameters: contour length (£,.) and bending
stiffness (k) [Fig. 2(a)]. In our robotic system, the bending
stiffness « is controlled by adjusting the width of the elastic
bonds (0), with larger d corresponding to increased stiff-
ness. In simulations, in contrast, stiffness is controlled
directly by tuning the bending potential parameter «. In all
systems, we measure the effective persistence length (£,)
of the filaments by analyzing tangent-tangent correlations
along the contour of the filament. In experiments, ¢, is
extracted from image sequences, while in simulations, it is
computed directly from the filament configuration data.
This quantity correlates nontrivially with the initial bending
stiffness k [51], but it also captures changes in filament
conformation due to activity and boundary interactions,
where filaments tend to curl while following the arena
edge. By normalizing the persistence length by the contour
length of the filament (¢,/¢.), we obtain a common
stiffness quantity that allows direct comparison between
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FIG. 2. Effect of filament length and flexibility on collecting dynamics and long-time average cluster size. (a) Active filamentous
systems characterized by their flexibility (£,,) and contour length (7). The cluster size s is defined by the number of touching particles.
(b) Larger cluster formation resulting from successive fragmentation (shown in red) and aggregation (shown in blue) processes, driven
by interactions between the particles and the active filaments’ conformations as they move through the arena. (c) Effect of the active
filament’s normalized stiffness (£,/Z.) on the average cluster size. For all systems, the average cluster size grows over time before
reaching a steady-state value (s), at long timescales, following Eq. (2). Lower filament stiffness leads to larger final cluster sizes.
(d) Steady-state average cluster size increasing with the normalized filament length (£, / D) for fixed flexibility. (e),(f) Long-time steady-
state cluster size (s); and characteristic aggregation timescale = k_, plotted as a function of filament stiffness (7 »/€). Values are
obtained by fitting Eq. (2) to the data shown in panels (c) and (d). In panel (f), (s), is normalized by the total number of particles N, to
enable direct comparison across systems. The gray line in panel (e) shows the mean value across all data points (n = 138); shaded
regions indicate standard deviation.

different systems, particularly useful for worms, whose kq(mm')
bending stiffness cannot be controlled externally. (sl + 5] kf(:n_m’) (5 + S (1)

As shown in Fig. 1, all three systems exhibit strikingly
similar behavior. When an active filament is introduced into
an enclosed arena with randomly distributed particles, it
sweeps particles along its path, driving both aggregation
and fragmentation events [Fig. 2(b)]. This dynamic leads to
the progressive formation of larger clusters, reminiscent of
an aggregation-fragmentation process similar to polymeri-
zation reactions [56,57]. After a transient period, the system
reaches a steady state where the average cluster size
stabilizes, indicating that the aggregation and fragmenta-
tion rates have been balanced. In this analogy, the active

The time evolution of the cluster size distribution is known
to be sensitive to the functional dependence of k, and k on
the cluster sizes [56], which is generally difficult to
measure accurately. Instead, we choose a simpler way
and model the average cluster size (s) with a saturating
exponential behavior:

(s(0)) = 14 (s),(1 = e7er?), (2)

filament acts as a dynamic reactor, driving both the
aggregation and fragmentation of particle clusters.

From a theoretical perspective, the evolution of the
system could, in principle, be treated as a binary process,
where aggregation and fragmentation occur with rates k,
and kg, which are typically functions of the sizes of the
clusters m and m':

which is compatible across all the systems we studied
[Figs. 2(c) and 2(d)].

By fitting our data to Eq. (2), we extract both the long-
term average cluster size (s), and the effective growth rate
kest = ko + k¢, determining the timescale for the system to
reach the steady state. In particular, we find that this
characteristic timescale 7 is nearly independent of filament
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length and stiffness across the different active filament
systems studied here [Fig. 2(e)]. The system reaches a
steady state after approximately z/¢* ~ 30 sweeps, where *
is the typical time for a filament to cross straight (i.e.,
sweep) through the circular confinement (worms:
*~ 120 s; robots: "~ 5 s; simulations: ** ~ 707). See
Supplemental Material [39], Figs. S4 and S11, for an
example of the determination of ¢* [39]. It must be noted
that defining #* by a single value is an oversimplification
since robots, and especially worms, follow trajectories
more complex than repeated straight crossings (see
Supplemental Material, Fig. S11 [39]). This simplification
is likely the main cause of the large spread observed in 7.

Interestingly, both the flexibility and the contour length
of the active filaments influence the final cluster size (s); .
As shown in Figs. 2(c) and 2(d), the filament stiffness
(¢,/¢.) and the ratio of filament contour length to system
size (Z./D) both affect the long-term cluster size: Longer
and more flexible filaments tend to generate larger clusters.

While particle density and size also impact steady-state
cluster sizes, we normalize these values by removing
single-particle clusters and scaling by the total number
of particles, defining ((3), = [((s) — 1)/(N,)]), to facilitate
comparison across systems in the dilute limit
(Supplemental Material, Fig. S6 [39]). Plotting this nor-
malized long-time average cluster size allows us to com-
pare biological, robotic, and simulated systems on equal
footing. Figure 2(f) shows that the ratio #,/7, captures a

(2)

general trend: More flexible active filaments (i.e., lower
Z,/¢.) tend to form larger steady-state clusters. However,
this trend does not yield a single collapsed curve across all
systems, suggesting that an additional parameter governs
clustering dynamics, which we explore in the next sections.
Beyond characterizing the average cluster size, we also
investigate how particles redistribute spatially within the
arena as clustering evolves.

B. Spatial distribution

Figure 3(a) shows a typical sequence illustrating how
clusters form preferentially near the arena center. To
quantify this spatial distribution, we measure the mean
radial position (r) of particles over time and compare it to
the expected values for two limiting cases. In the case of
full centralization, the mean radial position of particles is
(ry m1d,\/N, (with d, the particle diameter), compared to
(r) =2 ryrena for an initially uniform distribution, which is
highlighted by the gray line.

As shown in Fig. 3(b), long active filaments
(Z./D Z 0.8) tend to aggregate particles toward the center
of the arena across all active filamentous systems studied.
In contrast, shorter filaments (Z./D < 0.3) tend to accu-
mulate particles away from the center. In the limit of short
filament length, this behavior resembles that of active
pointlike particles in a bath of passive particles, which
typically accumulate near boundaries or form a dispersed,

(b) 1.0
0.8 —
g N
3 0.6 <&
= 2
= 04 2
= 2
— &/D~08 0.2 @

—- 0./D ~0.3
04 T T 04 T T 04 T T 00
0 50 100 0 100 200 0 200 400
t/t* t/t* t/t*

FIG. 3.

Evolution of the cluster’s average location over time. (a) Sequence of images (¢; = t/t* = 0; 52; 120) showing the spatial

evolution of particle positions over time. (b) Average radial position of the particles as a function of time for the three different active
filamentous systems. Long filaments (¢./D ~ 1) tend to accumulate particles at the center of the arena compared to short ones
(¢Z./D ~ 0.3), while stiffer filaments seem to be slightly more efficient at gathering particles to the center. Data shown for worms and
robots are for representative single experiments, smoothed with a Savitzky-Golay filter. The shaded area indicates the magnitude of the
noise. The horizontal line indicates the theoretical value for a uniform distribution in the arena, and the shaded area on the simulation

data indicates the standard error.
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gaslike state [34,58]. Stiffer filaments (£, /¢, % 0.5) appear
more effective at centralizing clusters than flexible fila-
ments of the same length, likely because more flexible
filaments (¢,/¢. < 0.3) spend more time in the center of
the arena, thereby pushing clusters outward (see
Supplemental Material Fig. S10 for more details on typical
trajectories of the filaments and Fig. S12 for snapshots of
all experiments depicted in Fig. 3 [39]).

IV. ACTIVE SWEEPING COLLECTING
MECHANISM

The striking similarities between the three filamentous
systems suggest a general underlying physical process,
which we aim to elucidate in this section. A detailed
analysis of the conformation of active filaments during
exploration reveals that they actively sweep particles away
from their path as they move through the arena. As shown
in the sequence of snapshots obtained from the simulation
in Fig. 4(a), the trajectory of an active filament over time
leaves behind a cleared path of effective width W. A
probability density map of the filament’s center-of-mass
position over the entire course of its motion further reveals
that the filaments spend a significant portion of their time
near the boundary, effectively pushing particles away from
it [Fig. 4(b)].

As mentioned before, despite the influence of filament
length and flexibility on clustering [Fig. 2(f)], this relation-
ship does not lead to a system-independent collapse across
the different systems we studied here, which suggests that
an additional parameter more directly controls the cluster-
ing dynamics.

We propose that the clustering process is better charac-
terized by the effective width of the footprint, W, defined as
the (average) transverse extent of the pathway cleared by
the trajectory of the filament. As shown in Fig. 4(a), W
depends on the filament’s flexibility and length, with longer
and more flexible filaments generally generating wider
pathways. To quantify W, we first superimpose all con-
secutive contours of a filament in the period of time that the
filament takes to cross the arena in order to find the
footprint of the filament. Next, we fit the largest circle
that can be inscribed inside this footprint and take the
diameter of this circle to be the footprint width
(Supplemental Material, Fig. S14 [39]). Systematic mea-
surements (Supplemental Material, Fig. S15 [39]) confirm
that more flexible filaments tend to exhibit larger transverse
fluctuations relative to their tangential motion, leading to
wider footprints. These fluctuations result from the com-
plex conformation of the active polymer due to the inter-
play between filament activity, flexibility, and interactions

(b)

(d

L o
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M T TRy
INEEC A Y, . Ty
S R q F
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[T B B

N |
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FIG. 4. Simplified “sweeping” model for particle aggregation dynamics. (a) Brownian dynamics simulation of an active filament
(¢,/¢. = 0.29) sweeping through a field of particles, progressively clustering them into larger aggregates over time. (b) Heatmap of the
filament’s trajectory, showing the regions it has traversed [color bar indicates the probability density of the center of mass of the filament,
p(r)]. As the filament moves, it clears particles along its path of width W, leaving unvisited areas where particles accumulate. (c) Particle
displacement using a simplified system where bands of width W (representing the filament) sweep particles at each timestep within a
confined arena. The sweeping bands are randomly placed and oriented either horizontally or vertically (see Supplemental Material,
Sec. V [39]). (d) Steady-state cluster formation. The inset shows the evolution of the average cluster size over time, showing that this
simplified model captures the aggregation dynamics observed in experiments and simulations [Figs. 2(c) and 2(d)] (see also

Supplemental Material, Fig. S16 [39]).
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with the arena boundaries. In particular, flexible simulated
filaments with smaller #, display variable, curling trajec-
tories that produce scattered values of W, whereas worms
generate wider footprints because moderate flexibility
enhances lateral excursions compared to both very stiff
and very flexible limits. Filament length #, further mod-
ulates the footprint: Longer filaments sweep larger areas
but also experience more self-interactions that reduce
trajectory persistence. Finally, the confinement size D
may constrain the range of accessible trajectories, such
that larger arenas allow broader exploration and therefore
relatively bigger footprint widths, while smaller ones limit
both the effective W/D ratio and the characteristic time-
scale of final cluster formation.

When the final average cluster size (s); is plotted as a
function of W, normalized by the system dimension D, all
data from Fig. 2(f) collapse reasonably well onto a shared
scaling curve, Fig. 5. This process establishes W as the key
parameter governing the clustering process: The larger the
effective footprint width, the larger the final average cluster
size. Since W is set by filament flexibility and length, these
properties indirectly dictate the clustering dynamics.

To understand the scaling behavior of (s);, with W
observed in Fig. 5, we propose a coarse-grained sweeping
model (see Supplemental Material, Sec. V [39]). In this
model, we start with a box of size L x L with N, passive
particles. Clustering occurs as particles are swept away
from a region of size L x W, representing the effective path
cleared by the active filaments [see Fig. 4(c)]. Initially, the
particles are uniformly distributed throughout the arena.
Over time, repeated filament sweeps along both axes push
particles away from these regions, leading to two compet-
ing effects: aggregation, where particles accumulate into
larger clusters as they are displaced from swept regions, and
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FIG. 5. Steady-state normalized cluster size as a function of

filament footprint width. The long-time average cluster sizes from
all experiments and simulations collapse onto a single master
curve when plotted against the average active filament sweep
width W. The dashed line shows the predicted scaling {s);, ~ W?2.

fragmentation, where clusters can be fragmented when the
filament path crosses an aggregate (see Movie S4 [59]).

This minimal particle sweeping model quantitatively
reproduces the experimentally observed clustering dynam-
ics, as confirmed in the inset of Fig. 4(d), where the
predicted cluster growth dynamics aligns with the exper-
imental and simulation data of Figs. 2(c) and 2(d).
Additionally, the timescale to reach a steady state also
aligns very well with our experimental findings: After
about 30 iterative sweeps, we converge to the steady state
(see Supplemental Material, Sec. V and Fig. S16 for more
details on the results of this model [39]).

Aggregation and fragmentation of particle clusters can
generally be described by the Smoluchowski aggregation
equation [40,56], which applies to irreversible aggregation
and thus has inherent limitations in the context considered
here (Supplemental Material, Sec. VI and Fig. S17 [39]).
This theory relies on a mean-field approximation, assuming
that each cluster interacts equally with all others, regardless
of their relative separation. However, this assumption
breaks down in our system, where the aggregation and
fragmentation processes are governed by the motion of the
active filament, which introduces spatial correlations and
disrupts the equivalence between clusters. To account for
these spatial effects, we propose a scaling relation using
typical cluster separation and mass conservation.

Let a be the typical distance between two clusters and R
the typical cluster size. If the cluster size distribution is
sufficiently narrow, that is, the clusters are approximately
the same size, the typical mass of a cluster M scales as R.
Denoting by n,. the number density of clusters, mass
conservation implies that n.M is constant and that
n. ~1/R?. The distance between two clusters is typically
1/\/n., which yields a ~ R. In a steady state, the clusters
remain unaffected by the sweep process when separated by
a distance on the order of W, giving a ~ W. Combining
these two conditions, we obtain R ~ W. Since the number
of particles per cluster scales as R?, this immediately leads
to the scaling law (s), ~ W2 which rationalizes the
experimental and simulation data collapse shown in Fig. 5.

As shown in Fig. 5, our sweeping model (black circles)
and scaling argument (dashed line) predict that the long-time
average cluster size scales as W?, providing a minimal
geometric baseline for comparison. This agreement between
theory, simulations, and experiments highlights that the
effective sweeping width W is a key parameter governing
the clustering process. We also note that simulation results
deviate from the predicted scaling at larger values of W,
likely because our argument holds only when the sweep
width remains small compared to the domain size, i.e., for
W/D < 1. Even at moderate values, W/D ~ 0.2, deviations
appear in simulations, whereas worms and robots generally
follow the baseline trend. In this regime, active polymer
simulations frequently adopt curling conformations [36],
which reduce particle collection. Such conformations are less
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prevalent in the experimental systems: Robots explore a
broader range of normalized persistence lengths and exhibit
systematic directional biases due to actuation, maintaining
efficient sweeping; worms, while constrained to a narrower
persistence length range, adapt their meandering, intermit-
tent trajectories through biological sensing, avoiding trapped
curled states and enhancing collection. These differences in
conformational accessibility and trajectory control explain
why worms and robots remain closer to the minimal geo-
metric baseline than simulations in this domain.

Additionally, our sweeping model represents an ideal-
ized situation in which sweeping bands are randomly
placed and oriented orthogonally across the domain,
clearing particles in a simplified manner. In contrast, the
worms, robotic filament, and tangentially driven filament
sweep their surroundings via more complex trajectories,
with finite-size effects associated with filament conforma-
tion, cluster size, and interactions with boundaries. These
aspects warrant further detailed investigation.

V. DISCUSSION AND CONCLUDING REMARKS

A. Summary

Our work integrates biological experiments, robotic
realizations, and computational modeling to uncover
how flexible active filaments collect passive particles in
confined environments. Through our investigation of
Tubifex tubifex and Lumbriculus variegatus worms, as
well as robotic analogs and simulations, we demonstrate
that active filaments can autonomously cluster dispersed
particles by dynamically sweeping (or brooming) across
their surroundings. Our results highlight how filament
flexibility, activity, and the dynamic footprint width W
collectively govern the efficacy of particle aggregation,
revealing a consistent scaling behavior. These findings not
only highlight fundamental mechanisms underlying bio-
logical organization but also suggest design strategies for
adaptable robotic systems and programmable active mate-
rials. It is therefore worthwhile to explore the broader
implications of our study, particularly in the contexts of
living systems, active-passive polymer mixtures, flexible
active filament systems, and robotics, as discussed below.

B. Implications for living systems

Ecosystems continuously evolve through dynamic inter-
actions between living organisms and their surrounding
physical structures, as first illustrated by Darwin’s seminal
observations of earthworms gradually reshaping landscapes
through sustained biological activity [60].

Across diverse ecosystems, the activity of animals,
including trampling [61], grazing [62], and burrowing
[63], can generate large-scale patterns, illustrating how
biological interactions with the environment can give rise to
ordered structures without centralized control [64]. Among
aquatic ecosystems, similar spatial patterns emerge from

the activity of benthic organisms that modify sediments
through burrowing and feeding. For instance, aquatic
worms such as Tubifex tubifex and Lumbriculus variegatus
naturally engage in particle aggregation, influencing sedi-
ment structure, nutrient cycling, and oxygenation proc-
esses [20,65].

Previous studies have largely attributed this behavior in
benthic macroinvertebrates to biological adhesion mech-
anisms, such as mucous secretions that facilitate the
collection of organic and inorganic matter, including
microplastics [19]. Our additional experiments and sim-
ulations, which introduce short-range attractive inter-
actions between passive particles (Secs. 2.D and 3.C,
Supplemental Material [39]), demonstrate that stronger
attraction clearly promotes the formation of larger and
more stable clusters compared to purely repulsive par-
ticles (Figs. S7 and S13, Supplemental Material [39]).
Moreover, interactions with such stable clusters can
induce conformational transitions in the active filament,
from an extended to a rotating spiral-like state [Fig. S7(b),
Supplemental Material [39]]. However, the results pre-
sented here indicate that the flexible body and active
motion of worms alone are sufficient to reorganize their
environment effectively, even in the absence of adhesion
or long-range attractive interactions. Similar mechanisms
are observed in other organisms, including marine poly-
chaete worms [66], snakes [67], and nematodes (C.
elegans) [68], which actively restructure granular or soft
media through body undulations and locomotion. These
findings suggest that the interplay between flexibility,
activity, and physical interactions with the environment
may represent a general principle for environmental reor-
ganization, beyond species-specific adhesive mechanisms.

C. Implications for active-passive mixtures

From an active matter perspective, the results presented
here offer new insights into the behavior of active-passive
mixtures under confinement, where self-propelled agents
navigate among passive, nonmotile components. In
classical active matter systems, such mixtures often display
clustering [26], phase separation [27,28], and pattern
formation [29]. Here, we specifically examined a distinct
regime in which activity is embedded within flexible chains
and active filaments that interact mechanically with a
collection of non-Brownian passive particles. This fila-
mentous architecture introduces internal degrees of free-
dom such as bending and lateral fluctuations, which are
absent in systems of pointlike or rigid active particles.

These transverse fluctuations play a central role in the
reorganization of non-Brownian passive particles. The
dynamic undulations of the filament laterally extend the
effective swept area over time, continuously displacing and
aggregating passive particles across the confined space. In
the absence of adhesion, attractive interactions, passive
particle motion, or external control, the filamental motion
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alone is sufficient to generate emergent structures such as
voids, clusters, and spatial heterogeneity in an otherwise
dilute and disordered system. In real-world settings, envi-
ronmental conditions such as flow or noise can lead to
fluctuation of the passive particle motion, thus introducing
a supplemental parameter in the aggregation process. In the
presence of random noise, our simulations reveal that the
average cluster size decreases with an increasing ratio of
stochastic force strengths between passive beads and the
filament, showing that stronger thermal noise suppresses
cluster growth and stability (Fig. S8 in the Supplemental
Material [39]). Here, further work could systematically
investigate the effect of noise on the aggregation dynamics
but also on the role of confinement, particle density, and
propulsive force that may impact the dynamics of aggre-
gation and the stability of the clusters.

This sweeping mechanism extends previous strategies
that used rigid active colloids [69] or chiral bacterial baths
[70] to control passive assembly. Our results demonstrate
that flexibility enhances the capacity of active agents to
manipulate their surroundings. This finding has implica-
tions for biological systems where active filaments must
navigate and reorganize dense passive environments. In
cells, for instance, cytoskeletal filaments such as actin and
microtubules operate within crowded spaces filled with
organelles and macromolecular assemblies. While motor-
driven transport along filaments is well studied, the role of
intrinsic filament motion in spatial reorganization remains
poorly understood [71]. In addition, our work adds to the
existing literature on active polymer research that has
shown how the interplay between activity, flexibility, and
propulsion mechanisms [72] can lead to conformational
changes and facilitate exploration [73], contributing to
dynamic organization in crowded [74] and complex envi-
ronments [75-77], by revealing how these effects emerge
under confinement and through interactions with passive
particles.

By showing that activity and flexibility alone can drive
large-scale restructuring, our findings suggest a mechanical
route to organization in both biological and synthetic
systems. More broadly, they highlight how flexible active
filaments reshape active-passive interactions, offering prin-
ciples for designing self-organizing materials that adapt to
and reconfigure their environment.

D. Implications for soft robotics

Tubifex tubifex and Lumbriculus variegatus worms
occupy a region of relatively large final average cluster
size (Fig. 5), indicating that their particle aggregation
strategies are mechanically well optimized. Our sweeping
model predicts that active filaments with a larger effective
footprint width W can form even larger clusters. Guided by
this principle, we extended the approach to our robotic
filaments. By tuning their flexibility, we effectively con-
trolled their footprint width W, offering a direct strategy to

influence the final cluster size. This mechanical adapt-
ability highlights a simple design rule for improving the
collecting performance of soft robotic filaments.

Additional strategies can be employed to enhance the
collection efficacy of an active filament, as illustrated in
Fig. 6 and Movie S5 [59]. One approach involves modi-
fying the filament topology by introducing branching
structures, which increases the overall footprint of the
active filament [Fig. 6(b)]. Another approach consists of
tuning the self-propulsion velocity along the filament,
which can be achieved by locally varying the activity of
the bots or, in our case, by changing the weight distribution
of the leading bots. This approach induces dynamic
oscillations of the filament, resembling flagellar beating
or snakelike motion, which effectively increases its foot-
print width as it moves through the arena [Fig. 6(c)].
Finally, tuning the bending stiffness of the filament to
impose a local curvature allows particles to be scooped
along the path of the active filament [Fig. 6(d)].

All of these strategies can be understood as ways of
modifying the effective sweep width W of the robotic
filament. By increasing or redistributing W, the filament
explores a larger area and thereby collects more particles,
leading to an increase in the long-time average cluster size
(s), compared to a simple linear chain [Fig. 6(e)]. However,
the design space introduced here does not provide direct
control over the number of clusters: Repulsive particles still
organize into several coexisting aggregates, i.e., a form of
microphase separation. This outcome mirrors the biological
scenario observed in worms but also highlights that achiev-
ing single-cluster collection remains an open challenge. Our
goal here is not to optimize filament geometry but to
demonstrate that W is a tunable design parameter. Future
robotic designs could systematically vary branching, pro-
pulsion asymmetry, or curvature to maximize W and achieve
more targeted control. Figure 6 should therefore be viewed as
aproof of principle that filament geometry can bias clustering
outcomes through systematic variation of W, providing a first
step toward rational design of shape-adaptable soft robots for
targeted collection tasks.

We also note that there are limits to this design space.
When the filament becomes too wide, for instance, by adding
branches to the front or by increasing the size of its
monomers, it can become irreversibly stuck at the boundaries
[see inset of Fig. 6(b)]. This limitation points to another way
in which worms appear to be well adapted to their environ-
ment. The footprint width of a worm is not fixed but adjusts
dynamically through transverse fluctuations. This polymer-
like flexibility allows the worm to remain narrow in confined
regions and broaden when space permits, enabling effective
exploration and collection.

The strategies that we propose here open several direc-
tions for future work and extend recent studies showing
how geometry and internal activity can enable soft robotic
materials to perform tasks without the need for external
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(a) (b) Introducing branching

(©) Pushing a load (d)  Tuning linking design (&)

)
.

FIG. 6. Active filament atlas: design strategies for particle “brooming” and collection. (a) Baseline linear polymer configuration. The
dark blue trails represent the trajectory of the robot over time, indicating the area explored. (b) First strategy, which modifies the chain
topology by introducing branches, altering sweeping dynamics. Trajectories of each robotic unit within the chain illustrate distinct
collection strategies. The split-tail design increases the effective footprint via a rear branch. The inset shows other branched
configurations (starfish, shuttle, jellyfish) that exhibit disorganized or rotational motion and fail to collect particles effectively.
(c) Second strategy, which adjusts the speed of the leading bot by increasing its weight, inducing self-oscillatory motion along the path.
This snake configuration dynamically broadens the swept area, as reflected in the curved trajectories. (d) Tuning the elasticity of
individual bonds enables the imposition of complex, preprogrammed curvatures during motion. This scoop configuration uses its
intrinsic shape to steer particles along the inner arc as it moves through the arena. () Comparison of the resulting collection efficacy,
quantified by the long-time average cluster size (s),. This case demonstrates that geometry can bias clustering outcomes: While the
linear chain (star symbol) produces small clusters, alternative designs achieve larger aggregates by sweeping particles more effectively,
which illustrates proof-of-principle design strategies, showing that filament shape provides a tunable parameter to modulate clustering
behavior. This finding establishes a first taxonomy of robotic active filaments, highlighting that geometry, not only activity, can be
exploited as a control knob for programmable particle collection.
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control or feedback [18,78,79]. While our results show that Foundation (NSF) Grant No. PHY-2310691, NSF
active filaments hold promise for simple environmental =~ CAREER i0S-1941933, and Schmidt Sciences, LLC.
manipulations, achieving reliable and targeted control

remains a key challenge. For instance, guiding the transport DATA AVAILABILITY

of passive particles requires control over the filament’s
trajectory. Strategies such as creating predefined pathways
for filament motion or using controlled stimuli, such as
light, to locally actuate the filament represent promising,
yet largely unexplored, solutions.

All data depicted in the figures of this text can be found
in Ref. [59]. Raw data and computational models are
available upon request.
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