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This Supplementary Material provides additional information on the different active filamentous systems
investigated, the experimental setup, and methodologies employed in this study, and on the polymer model and
simulation details used for our analysis.
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Figure S1. (A) Experimental setup for investigating particle collection by worms. A 35 mm diameter Petri dish is filled with fresh water and
50 mg of sand particles with a typical size of 1 mm. A webcam records all experiments at a frame rate of 20 FPS for four hours with fixed
lighting (B) A T. tubifex worm or (C) A California blackworm is introduced into the dish to study particle collection. (D) Snapshot of the sand
particles used in the experiments.

I. LIVING WORM EXPERIMENTS

We investigated particle collection using two different species of annelid worms, Tubifex tubifex (T. tubifex) and California
Blackworms (Lumbriculus variegatus). These species are widely available from commercial supplies and differ in their aspect
ratio, persistence length, and motility dynamics, providing a valuable basis for comparison. The schematic of the experimental
setup and images of worms are presented in Fig. S1. (A)-(C).

A. Tubifex tubifex worms

One of the species of living worms that we studied was Tubifex tubifex, a living biological system that has been the focus of
several recent studies [1–4](See Fig. S1. (B)). All batches of T. tubifex worms analyzed in this work were purchased from the
provider Aquadip (https://www.aquadip.nl/) and ordered in a prepacked configuration, where the worms were at adult
size. Their contour length ‘c varies between 20 and 40 mm and their width is typically 0.8 mm. The worms were maintained in
an aquarium at room temperature, constantly under filtered flow, with water consisting of demineralized water mixed with salt
solutions optimized for their needs. The salt solution consists of a mixture of: 50 g/L of NaHCO3; 10 g/L of KHCO3; 100 g/L
of CaCl2; 90 g/L of MgSO4. Worms were fed weekly with standard goldfish food, and the water was refreshed once per week
or more frequently if needed.

B. California blackworms

We purchased California blackworms (Lumbriculus variegatus) from Ward’s Science and were reared similarly as described
in past publications (Tuazon et al.[5–7]) (See Fig. S1. (C)).

https://www.aquadip.nl/
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C. Experimental setup

To investigate particle collection by worms, we mounted an ImageSource DFK 33UX264 camera (Charlotte, NC) on an
optical table using 80/20 parts (See the schematic in Fig. S1. (A)). The experimental protocol is described similarly in Tuazon,
et al. [6]. We recorded each experiment at a frame rate of 20 FPS for four hours with �xed lighting, where the �rst three hours
were used for data analysis. 50� 0.01 mg of 20# palmetto pool �ltered sand (Woodruff, SC) was used for the test materials
where� 0.7 mm grains were isolated using nylon mesh (See Fig. S1. (D)). The sand grains were transferred to a 35 mm Petri
Dish and submerged in 2 mm of �ltered water. Before worm transfer, the sand grains were manually dispersed using a pipet (to
ensure that the grains were evenly distributed). After undergoing one-hour habituation period, worms were transferred to the
Petri Dish with the sand grains. We repeated this experiment 11 times for blackworms and 3 times forT. tubifex. The center of
mass trajectory of both worms is shown in Fig. S2. (C).

Figure S2. (A) Center of mass trajectory of aT. tubifexworm over a period of 30 minutes. The worm spends most of its time near the boundary
but occasionally moves inward, crossing through the central region of the Petri dish. (B) Center of mass Trajectory of a blackworm over a
period of 40 minutes, showing movement along the periphery as well as crossings through the center of the Petri dish. (C) Superimposed
images of a blackworm, showing how the worms de�ects from the boundary of the Petri dish. The gray crosses indicate the center of mass and
get darker at consecutive timesteps.

D. Image analyses

In our image analysis, we pursued two main objectives: (i) measuring the size and location of the passive particles that
eventually form clusters and (ii) extracting the contour of the �lament. In both worm and robotic experiments, the �laments and
tracers have distinct colors, allowing for standard thresholding and contour detection algorithms from the Python OpenCV library
(https://github.com/opencv/opencv-python ) to be largely effective. However, in certain worm experiments,
achieving suf�cient color contrast proved challenging. In these cases, we employed machine-learning-based segmentation using
the YOLO package developed by Ultralytics (https://github.com/ultralytics/ultralytics ), which enabled
high-precision �lament contour detection (model available upon request).

Once the �lament contour was identi�ed, the midline—required for measuring the effective persistence length—was ex-
tracted using the skeletonization algorithm implemented in the Python scikit-image library (https://github.com/
scikit-image/scikit-image ). Clusters of tracer particles were detected by identifying the contours of segmented
tracers; adjacent tracers sharing a common contour were classi�ed as a single cluster.
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Figure S3. Image analysis protocol for particle tracking and active �lament conformation and dynamics. (A) Original experimental
image with a white background, black tracer particles, and a blue robotic chain. (B) By selecting the appropriate color channels, the robotic
chain is separated from the tracer particles and background. (C) After thresholding and noise �ltering, a binary mask of both the �lament and
tracer particles is obtained. (D) Clusters are identi�ed by detecting the contours of connected tracer particles, while the �lament's midline is
extracted using a skeletonization algorithm. (E) Example of the segmentation of a worm, with the use of a machine learning model.
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II. SIMULATION DETAILS

In this section, we discuss the details of the simulation used to study a system of passive particles and active polymer. We
consider a 2D polymer made ofN active monomers andNt passive particles con�ned to a circular wall made of stationaryNb
particles.

A. Active polymer

The equation of motion for the particles is,

g�r i = � ÑiUWCA+ A(� ÑiUstretch� ÑiU
bend+ Fnoise

i + Factive
i ) (1)

The �rst term corresponds to the steric interactions between all the particles in the systems and is modelled via Weeks-
Chandler-Anderson potential [8],
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which vanishes beyond any distance greater than 21=6s. Heree measures the strength of the repulsive interaction and is set to
1:0. s is the size of the particles, we set to monomer size to 1 and the size of passive particle to 0:5s. r �
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distance between two beads. The interaction prevents the polymer from crossing different segments of its chain as well as makes
passive beads repulsive. Even though wall particles are stationary, when any other particles come within the distance (21=6s),
they experience theUWCA interaction and avoid any leakage of the particles through the wall.

Now, we discuss the last term in Eqn. 1 containing contributions from four interactions and is experienced by the polymer
beads solely asA is set to 1 for the polymers andA = 0 for tracer particles. Since these interactions are absent for passive
particles, we setA to zero for such particles. Each connected pair of the polymer interacts via a harmonic potential [9],

Ustretch(r) = kb
�
r � R0

� 2: (3)

HereR0 = 1:0s is the maximum bond length, andkb = 4000kBT=s2 is the bond stiffness. Bending interaction is experienced
by any connected triplet in the polymer, and it is given by the potential,

Ubend=
k
2

�
q� q0

� 2 (4)

Herek is the bending stiffness and is related to the continuum bending stiffness,k̃, ask � k̃=s, q is the angle between any
consecutive bond vectors andq0 is set top. These parameters make the chain effectively inextensible with bond lengthb � 1s
and polymer lengthL = ( N � 1)bs.

The stochastic termFnoise
i represents the thermal �uctuations and is modelled as white noise with zero mean and variance

proportional to
p

4kBTg=Dt.
We measure length in units of particle sizes, energies in units ofkBT.
Finally, the last term represents self-propulsion force for the polymer,

Factive
i =

fp

2
(t̂ i� 1;i + t̂ i;i+ 1) (5)

Here, fp is the strength of the force andt̂ i;i+ 1 = r i;i+ 1=r i;i+ 1 is the unit tangent vector along the bond connecting beads i and i +
1. This is experienced by the beads (i = 2;3;4:::N � 1) of the polymer. The active forces for the end beads (i = 1 andi = N), as
they have only one nearest neighbour, are

Factive
1 = t̂1 fp & Factive

N = t̂N� 1 fp (6)

We set the friction coef�cientgfor polymers to be 1.0 andg= 10:0 for the particles.
We also create a con�nement using a set of repulsive particles that are stationary. In our simulations, the circular con�nement

is modeled using stationary boundary particles that interact with active �lament and passive particles viaUWCA potential. These
boundary particles are �xed in space and do not respond to collisions, effectively acting as a rigid wall. It captures the essential
physics of the experimental setup involving worms in a Petri dish, where the walls exert forces without recoiling and the reaction
forces are absorbed by the surrounding medium.
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Figure S4. Mean square displacement of the center of mass of an active polymer with N = 37 monomers and varying �exibility. The MSD
generally peaks at̃t = 70, de�ning the average crossing timet �

.

In experiments, sand particles are stationary until moved by the worm. Thus, the equation of motion of such particles, modeled
as an athermal passive particle of size 0:5s, is given by,

g
dr i

dt
= å

j

(
� Ñr iU

WCA(r i j ); r i j < 21=6s i j

0; r i j � 21=6s i j
(7)

In our simulation, we usedDt = 0:0001̃t , wheret̃ = s2g=(kBT) sets the integration time unit. We varied the number of
monomersN = 9;18;28;37, and the number of passive particlesNt = 50;100;250;500;600. Unless otherwise speci�ed, the
results presented in the manuscript correspond toN = 37;Nt = 600. Magnitude offp = 1. Figure S4 shows the center-of-mass
mean square displacement in time for an active polymer of N=37 monomers and varying �exibility.

B. In�uence of boundary-located “Re-injectors” on Particle collection

In order to prevent the active �lament from spending prolonged time near the boundary, we introduced triangular re-injectors
at the boundary to de�ect it back toward the center. We investigated the impact of varying the number of such re-injectors on
particle collection in our simulations. Each re-injector consists of three stationary particles arranged in a triangular con�guration.
They were positioned at regular angular intervals,q, measured from the x-axis. As shown in Fig. S5, the number of re-injectors
does not have a signi�cant effect on the passive particle collections. It suggests that while the re-injectors locally redirect the
active �lament, they do not substantially in�uence the overall collecting behavior.

C. Effect of particle density

We examined the effect of initial passive particle density on the long-time average cluster sizehsi L using simulations. The
results are presented in Fig. S6. By normalizing the long-time average cluster size as(hsi L � 1)=Nt , we achieve a collapse of all
data onto a single curve, effectively capturing the in�uence of the initial total number of passive particles within the con�nement.

D. Effect of attractive passive particles in cluster formation

We introduced the Lennard-Jones (LJ) interaction potential,U(r) = 4ess

h
( sss

r )12 �
� sss

r

� 6
i

with a cut-off 2:5 sss (longer than
WCA), to account for the attractive interaction between the passive beads. Here,ess sets the interaction strength between sand
particlessss is the bead diameter. We emphasize that, unlike the WCA interaction, tuning the value ofess naturally modi�es
the strength of both the attractive and repulsive parts of the interaction simultaneously. It is evident from Fig. S7(D-E) that the
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Figure S5. Effect of the number of boundary re�ectors on particle collection. (A) Particle collection dynamics for a �exible �lament
` p=`c = 0:08 for different number re-injectors, The inset illustrates the simulation setup and indicates the angular spacingq between re-
injectors. (B) Particle collection dynamics when` p=`c = 0:24

Figure S6.Effect of initial particle density on the long-time average cluster size.(Left) The long-time average cluster size from simulations
is plotted as a function of the normalized persistence length` p=`c. We examined densities ranging from 50 to 600 passive particles. (Right)
Same data as in (Left), but rescaled as(hsi L � 1)=Nt , allowing collapse of all the data on the same curve.

stronger attraction between particles clearly promotes the formation of larger and stable clusters in comparison to purely repulsive
particles. Moreover, the interaction with such stable clusters causes the active �lament to undergo a conformational transition
from an extended state to a rotating spiral-like state [see Fig. S7(A) and (B)]. Such rotation of the �lament leads to cluster
breakup, and therefore we do not analyze quantitative data in this regime, which explains the absence of long-time evolution
for larger interaction strengths. At high attraction, the passive particles bind more �rmly and form larger clusters, making the
�lament motility insuf�cient to break them apart, as a result, the �lament gets trapped by the large cluster [Fig. S7(C)]. We
discard this regime also from further analysis. We also observe that stronger attraction promotes the more crystalline-like order
within theses clusters.

E. Role of passive particle �uctuations

In realistic scenarios, passive particles may be subject to random kicks from the environment due to �uctuations, �ow currents,
or other perturbations. To account for this, we modi�ed the equations of motion of the passive beads to include stochastic
�uctuations (see Eq. 7): We have added a supplemental termFnoise

i (with zero mean and variance determined by the noise
strengthhpass. beads) to the equation of motion of the passive particles initially dispersed in the closed arena. Consequently,
the passive particles experience stochastic �uctuations. We then performed simulations where only the noise strength of the
passive beads was varied, such that the ratio of stochastic force strengths between passive beads and the �lament was set to
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Figure S7.Role of attractive passive particles on clustering(A) Attractive interactions between particles lead to the formation of larger
clusters. (B) These interactions also drive a conformational transition of the �lament from an extended state to a rotating spiral-like state. (C)
At stronger attraction, more stable and bigger clusters form and �lament motility is insuf�cient to disrupt them, resulting in �lament trapping.
(D)-(E) Evolution of cluster size (` p=`c = 0:19 ) for different attraction strength and large clusters are formed wheness is higher.

h̄ = hpass. beads=h�lament in the range 10� 6–1:0, while keeping all other parameters �xed.
At large noise strengths (h̄ > 10� 3), clusters become transient as thermal �uctuations and bead-bead collisions dominate, and

the �lament motion has only a minor effect. At small but �nite noise strengths (h̄ < 10� 3), the �lament motion modi�es bead
organization, indicating that the aggregation mechanism remains robust under weak �uctuations. These results highlight the
competition between passive bead diffusion and active �lament motion, with noise determining whether clusters remain stable
or transient.

Figure S8 shows the time evolution of the average cluster size for different values ofh̄. It is evident that the cluster size
decreases with increasingh̄, demonstrating that stronger thermal noise suppresses cluster growth and stability.

The con�nement radius is also expected to play a signi�cant role, as it modi�es the time taken by the active �lament to revisit
a given region of the arena. Other parameters such as propulsion strength, �lament length, and passive bead density may further
in�uence cluster stability under �uctuations; a systematic exploration of these aspects is left for future work.
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