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Active matter systems, due to their spontaneous self-propulsion ability, hold potential for future
applications in healthcare and environmental sustainability. Marangoni swimmers, a type of synthetic
active matter, are a common model system for understanding the underlying physics. Existing studies of
the interactions of active matter with passive particles have mostly focused on the modification of the
behavior of the passive particles. In contrast, we analyse here experimentally the impact on the self-
propulsion of camphor-infused agarose disks (active) of their interactions with floating hollow glass
microspheres (passive) within an annular channel. Two distinct regimes are observed: a steady regime
with unidirectional motion of the swimmer at low packing fractions (¢, < 0.45) and an oscillatory
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regime with to-and-fro motion at higher packing fractions (¢, = 0.45). In the former, the swimmer
pushes nearly the entire particle raft together with it, like towing a cargo, causing a decrease in
swimmer speed with increasing packing fraction due to the additional drag from the particle raft. A
simplified force-balance model is finally proposed that captures the experimental trend in swimmer
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|. Introduction

Active matter comprises systems that can spontaneously con-
sume energy, provided by internal sources or their environment,
in order to generate motion."” The intense research interest in
recent years on such systems has been motivated by their
intriguing collective and emergent behaviors, such as self-
organization®* instabilities,>*° clustering® and swarming,®
commonly observed in biological active systems such as bird
flocks, fish schools, insect swarms etc.>° Moreover, micro- and
nano-synthetic active systems offer potential applications in
targeted drug delivery'®™"* and environmental remediation."*"*

To investigate the rich physics of active matter systems,
researchers have developed and studied a variety of synthetic
active swimmers. Typically, these swimmers are either exter-
nally actuated, using electric fields (e.g. Quincke rollers'®),
thermal gradients’ or magnetic fields,'® or they are self-
propelled by releasing internally stored chemicals. Further-
more, these chemically-active swimmers can be categorized
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into two types: one with intrinsic asymmetry, such as Janus
particles'” which have a non-uniform chemical distribution on
their surface, and the other with intrinsic symmetry in terms of
the chemical distribution as well as geometry.”'®'® The latter
type self propels by spontaneous symmetry breaking emerging
from the non-linear coupling between the local chemical field
and fluid flow.>*® Among these, isotropic Marangoni swim-
mers, the focus of this study, are a classical system.>"**
Isotropic Marangoni swimmers trapped at a free surface self-
propel by releasing tensio-active molecules on the interface,
and spontaneously breaking the symmetry of surface tension
around them through the convective transport of these surfac-
tants by the Marangoni flows they generate.>® Several studies have
explored the dynamics of individual swimmers in different one-
dimensional channel geometries, such as linear channels®*** and
annular channels.'®?*?” In an annular channel, swimmers were
observed to perform unidirectional motion while introducing a
partition into the channel that altered it to back-and-forth
motion.'® Along with experiments, analytical®****° as well as
numerical models for reproducing the swimmer motion and
linear stability analysis for explaining the bifurcation in the
dynamics have been presented. Furthermore, experiments in
dumbbell shaped channels®**! revealed a mode-switching beha-
vior. More recently, experiments in a circular domain showed rich
dynamics dominated by motion along the boundary and circular
motion in the bulk.** The motion in the bulk was also shown to
be consistent with active chiral particle dynamics. Furthermore,
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‘run’, ‘tumble’ and ‘rest’ like states were shown to exist for a
swimmer in a flower-shaped container.>* There were also studies
on exploring the interaction of multiple swimmers and their
emergent behaviors.**°

Lately, there has been a focus on the interaction of active
swimmers with passive particles in their environment, aiming
to mimic more realistic conditions.” Studies with different
ratios of active to passive particles have been performed.
Dynamic clustering and surface melting behaviors have been
shown for a bath of colloidal particles with a small concen-
tration of active swimmers.*' Partial mixing and turbulent-like
spectra were observed for interfacial floaters in the presence of
a few Marangoni swimmers.”” Some numerical studies for
systems with equal amounts of active and passive particles
reported spontaneous segregation”” and phase separation-like
phenomena.®®™*® The motion of passive particles in a bath of
active swimmers (bacteria) was shown to be super-diffusive
at short timescales due to the collective dynamics of the
bacteria.’” Moreover, even the long time diffusivity of the passive
particles was enhanced in a suspension of active swimmers and
it showed a linear increasing trend with activity.’® The majority
of the focus has been on understanding the effect of the active
swimmers on the behavior and dynamics of passive particles.
Only a few studies have considered the coupled dynamics of an
active swimmer interacting with a passive particle, revealing
various pairing-induced motions - circular, straight and slalom,
in both experiments and simulations.*>*® Therefore, here, we
study the less explored side of the interaction problem, i.e. how
does the presence of passive particles influence the dynamics of
the active swimmer itself?

In this work, we performed experiments of Marangoni
swimmers interacting with interfacial passive particles inside
an annular channel geometry. The dynamics of the swimmer
with increasing passive particle concentration was investigated
by tracking the swimmer from recorded videos. The variation of
the swimmer’s speed was studied as a function of the particle
concentration. Finally, a simple analytical model, describing
the swimmer-raft system, was proposed to explain the trend in
the swimmer speed.

[l. Material and methods
A. Swimmer fabrication

Camphor-agarose disks were used as active swimmers in the
experiments. Based on previous studies,*®>! these disk-shaped
swimmers were prepared one day prior to the experiments
following a multi-step protocol. First, an agarose (Benchmark
Scientific, Inc.) in DI water solution (5% w/w) was prepared and
heated to boiling. It was subsequently poured into an SLA-
printed (Form 3+, FormLabs) rectangular pool of depth 0.5 mm
(Fig. S3). Excess liquid was skimmed off using a scraper for a
uniform layer height. Once cooled, the liquid formed an agar
gel sheet of thickness ~ 0.5 mm. Disk-shaped swimmers of
radius 2 mm (r;) were punched out of the sheet using a biopsy
puncher (Miltex Biopsy Punch with plunger, TED PELLA, Inc.).
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Next, the punched out swimmers were submerged in a pure
methanol solution (99.8%, Sigma-Aldrich, Co.) for at least 2
hours. Following that, the swimmers were transferred to a
methanol solution saturated with camphor (96%, Sigma-
Aldrich, Co.), i.e. 1.1 g ml™", and kept for at least 12 h. Finally,
approximately 5 min before the experiments, the swimmers
were soaked in water saturated with camphor (1.2 g 1) for at
least 1 min to induce the camphor to precipitate inside the agar
gel matrix. This turned the swimmer completely white and
opaque, making it ready for experiments. If the experiments
were not performed after 12 h of submerging the swimmers in
the methanol solution saturated with camphor, they were
stored in the same solution for a maximum of 24 hours.

B. Experimental protocol

The swimmer experiments were performed within an annular
channel (see Section V A for reasoning behind the choice of
geometry) formed inside a circular polystyrene Petri dish (VWR
International, LLC; diameter = 140 mm) (Fig. 1a and b). The
annular channel was created using two floating polycarbonate
films (McMaster-Carr, thickness = 0.005 inch): a circular ring as
the outer wall of the channel and an inner disk as the inner wall
of the channel (Fig. 1b). The Petri dish was filled with deionized
(DI) water. Since the speed of the swimmer is dependent on the
water depth £, for all our experiments z was fixed to approx.
20 mm, which is in the infinite-depth regime as per ref. 28. The
swimmer motion was recorded using an overhead DSLR camera
(NIKON) at 30 fps. An LED light with a diffuser was used to
uniformly illuminate the Petri dish from below. To study the
interaction with passive floating particles, hollow glass micro-
spheres (Fasco Epoxies, Inc; radius, r, & 74 & 26 um, details in
SI, Fig. S2) were gently introduced into the annular channel
before the swimmer. All experiments were performed in a dark
environment to improve image contrast and avoid any reflec-
tions from the background. Moreover, all experiments were
performed in the same room to minimize variability due to
changes in humidity and temperature.

Multiple experiments were performed sequentially for each
swimmer to measure different aspects of its dynamics. Prior to
each trial, the amount of passive particles was precisely
weighed using a benchtop weighing scale (Mettler Toledo).
First, before the swimmer was introduced at the air-water
interface, a recording of the channel uniformly filled with
hollow glass microspheres was captured using a macro lens
(NIKKOR 105 mm, 1:2.8 D) to measure the initial particle
concentration (¢jy;), henceforth referred to as the initial pack-
ing fraction. Here, the packing fraction was defined as the
fraction of the interface area covered by the passive particles.
Next, the swimmer was quickly cleaned (~5 s) in a Petri dish
filled with DI water to remove any camphor particles adhered to
its surface. Then, the swimmer was introduced into a Petri dish
with no passive particles at the interface and the motion of the
swimmer was recorded for 30 s. Following this step, the
swimmer was transferred to the Petri dish with passive parti-
cles, where its motion was recorded for 1 minute. A second
video of the swimmer motion in the same Petri dish was

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) A schematic of the experimental setup used for recording swimmer motion. The Petri dish was positioned on an acrylic sheet to permit
illumination from below. The tiny gray spheres at the air—water interface are the passive particles; (b) top view schematic of the Petri dish illustrating a
swimmer interacting with the passive particles in the annular channel geometry. The swimmer is moving in the counterclockwise direction. Circles in
varying shades of gray indicate the swimmer's previous positions in the channel. w is the width of the annular channel. ro is the radius of the outer ring
and ri, is the radius of the inner circular wall forming the annular channel (values in Table 1); (c) optical microscope image showing the passive particles

(hollow glass microspheres).

recorded with a macro lens (NIKKOR 105 mm, 1:2.8 D) to
measure the mean packing fraction in the raft (¢a¢) in front of
the swimmer. Finally, the swimmer was transferred back to the
Petri dish with no passive particles and its motion was recorded
again for 15 s. Since, the speed of the swimmer is known to
gradually decrease over time (ref. 28), the total experimental
duration for each swimmer was kept under 3 min.

While transferring the swimmer between different Petri
dishes, a clean metal spatula was used to avoid any contamina-
tion. After all experiments with each swimmer, all Petri dishes
were thoroughly cleaned and then refilled with DI water in
order to minimize any effects of contamination of the interface
due to remnant camphor particles or dust. Cases where the
swimmer would not self-propel without any particles, even after
the Petri dish had been cleaned and refilled, were not consid-
ered for analysis. Following the above protocols, a total of 44
swimmers were tested for this study.

C. Image analysis

The swimmer tracking, from the recorded videos, was per-
formed using a custom MATLAB code based on masking and
circle detection algorithms. The particle packing fraction was
measured using a custom MATLAB code that first binarized the
images based on a fixed intensity threshold and then counted
the black pixels, representing particles, within the annular
region of interest (Fig. 4a, details in Section V C). The individual
particles were not resolved in the images, so within each
detected black pixel the particles were assumed to be at random
close packing, i.e. ¢ = 0.82.°> Hence, a correction factor of 0.82
was applied to the packing fraction directly obtained from the
image analysis. The passive particles within the raft were
tracked using the PIVLab app® on MATLAB. For experiments

This journal is © The Royal Society of Chemistry 2025

with very low packing fraction (¢in; < 0.1), a few particles
within the raft were tracked using the DLTdv8 app on
MATLAB>* to measure the mean speed (Section V B).

I1l. Results and discussion
A. Swimmer dynamics

When the camphor disk (referred to as the swimmer later on)
was introduced into a channel uniformly filled with certain
initial passive particles (¢;n;), the particles first got more packed
due to the sudden radially outward Marangoni flow setup at the
interface by the swimmer. Within a few seconds, the swimmer
started steady (with small fluctuations) unidirectional motion
at a mean azimuthal speed vs(¢) (Fig. 2b, e and Movie S2),
hereafter referred to as the speed of the swimmer, which was
slower than the mean speed of the same swimmer in the
channel without any particles, vs(¢ = 0).

Up to a critical packing fraction ¢;,; ~ 0.45, a steady
unidirectional motion was observed with the mean swimmer
speed vy(¢) decreasing with increasing packing fraction (¢in;).
Note that the speed of the swimmer below the critical packing
fraction was never perfectly steady and has small fluctuations
due to wall hitting and radial motion (Fig. 2e), yet we still refer
to it as steady to distinguish it from the oscillatory behavior
observed above the critical packing fraction.

For ¢, = 0.45, the swimmer motion transitioned from
steady unidirectional motion to oscillatory motion in the
channel (Fig. 2c¢, inset in Fig. 2f and Movie S3). More precisely,
the swimmer was trapped between the two ends of the raft of
particles and performed back and forth motion between these
extreme positions (Fig. 2c) in the channel. During the oscilla-
tory behavior, the swimmer’s peak speed was close to the mean

Soft Matter, 2025, 21, 8811-8823 | 8813
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(a)—(c) Representative sequential images of the swimmer motion in the annular channel with (a) ¢, = O (steady unidirectional motion at mean

speed vs &~ 65 mm sY), (b) ¢ ~ 0.35 (steady unidirectional motion at mean speed v ~ 25 mm s™2) and (c) ¢ini & 0.6 (oscillatory motion). At is the time
difference from the first frame (i) in each image sequence. The colored line in the channel represents the swimmer trajectory over the last 1.33 s; (d)—(f)
time evolution of the swimmer speed corresponding to the cases shown in (a)-(c), respectively. Insets show the time evolution of the swimmer's

azimuthal position (x). The scale bar is 16 mm.

speed of the swimmer in the absence of particles. This is
attributed to the annular channel being almost free of any
particles in-between the two extreme points, where the swim-
mer undergoes back and forth motion. Although not explored
in this study in detail, for packing fractions approaching the
random close packing in 2D, ie ¢in; =~ 0.82, the swimmer

8814 | Soft Matter, 2025, 21, 8811-8823

motion became dominantly stationary with sporadic intervals
of motion (Fig. S4 and Movie S4).

B. Swimmer-raft interaction in the steady regime

Now, we will focus on understanding the motion of the swim-
mer in the steady regime. Since the swimmer self-propels by

This journal is © The Royal Society of Chemistry 2025
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generating local surface tension gradients, one might expect its
interaction with the passive particles to be limited to short
range. However, the 1D confinement in the annular channel
resulted in the interaction being quite long range. Conse-
quently, while the swimmer performed steady unidirectional
motion, it not only displaced the particles nearby, but also
transported the majority of the particles in the channel in the
same direction, effectively pushing them like cargo (Movie S5).

To quantify this observation, we performed particle image
velocimetry (PIV) analysis on the passive particles in the chan-
nel to extract local particle velocities from the recorded videos.
Fig. 3a shows the velocity vectors (blue) from the PIV analysis
for a representative case. The mean azimuthal component of
the particle velocities is plotted in Fig. 3b as a function of the
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azimuthal angle from the swimmer (), where this mean was
calculated over all velocity vectors along the width of the
channel at each discrete azimuthal angle. Note that particles
close to the channel walls (inner and outer) had a slower
velocity due to slower fluid velocity near the walls, but we
ignore this for simplicity. The plot shows that the mean speed
of the particles in the channel is nearly constant up to a certain

. . . 3n
azimuthal distance from the swimmer (6 = T for the repre-

sentative case in Fig. 3b). Beyond that azimuthal distance, the
speed of the particles suddenly drops indicating that these are
not pushed by the swimmer. Based on this observation, we
henceforth refer to all particles moving with the swimmer (at
nearly similar speed) as the raft. The mean speed of all the
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Fig. 3 (a) Image illustrating the particle raft being pushed by the swimmer. The swimmer is moving in the counter-clockwise direction. The blue arrows
are local velocity vectors of the particles obtained from PIV. Scale bar is 8 mm; (b) the local speed of the particles (Vparticies) @s a function of azimuthal
angle (0) measured from the swimmer, corresponding to the case shown in (a). The blue shaded portion highlights the particle raft being dragged at a
speed close to the swimmer's speed (vs). The dotted horizontal line in orange represents the swimmer speed. The dotted horizontal line in black is the
mean speed of the particles within the raft (U,an). INnset shows the time evolution of U, and 0,41, (C) mean speed of the raft (U,an) plotted against the
swimmer speed for all experiments. The black dotted line is x = y. The blue dashed line is a linear fit to the data. The shaded area around it represents
the 95% confidence interval.
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particles in the raft was defined as Uy, (referred to as the mean
speed of the raft later on). Furthermore, 0..; and L., were
defined as the angular length and arc length of the raft,
respectively. Both 0.,¢ and Usag remained nearly constant over
time for an individual experiment (inset in Fig. 3b). Note that
particles right behind the swimmer are pushed in a direction
opposite to the swimmer motion because of the outward
Marangoni flow near the swimmer, Fig. 3a. Furthermore, for
some experiments with very low packing fraction, particle
tracking was performed since PIV yielded poor results due to
void regions in the channel (Section V B).

Finally, the mean speed of the raft is plotted against the
mean swimmer speed for all experiments in Fig. 3c. This
indicates that although the mean speed of the raft is linearly
proportional to the swimmer speed, it has a smaller magnitude
(i.e. Urage ~ 0.78v). This is due to the local leakiness of the raft
described earlier.

We then explored the speed dependence of the swimmer on
the packing fraction in the steady regime. The mean swimmer
speed is not uniform across swimmers even without any
particles at the interface, potentially due to irregularities in
the geometry or variations in the thickness during the agar disk
fabrication. Therefore, to remove the effects pertaining to the
fabrication process, here the mean speed of each swimmer in
the presence of particles (vs) was rescaled with its mean speed
without any particles (v5(¢ = 0)). In Fig. 4b, the rescaled speed of
the swimmer is plotted against the mean packing fraction of
the raft (¢ae), illustrated in Fig. 4a. It reveals that the rescaled
speed monotonically decreases with increasing ¢ The
decrease is faster for lower packing fractions than for higher
values close to the transition to oscillatory mode, indicating a
non-linear dependence. Here, the deviation for the mean
packing fraction of the raft is measured as its standard devia-
tion over time (~2-4 s). Note that here the mean packing
fraction of the raft (¢raz) is chosen as the horizontal axis over

(i)

original image

(ii)
image after
intensity
thresholding

Fig. 4
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initial packing fraction (¢;y,;) since it provides more direct knowl-
edge of the swimmer-raft interaction during self-propulsion.
Moreover, since the packing fraction of the raft in the oscillatory
experiments varies with time, increasing as the swimmer
approaches the raft and decreasing as it turns around to swim
away from it, ¢.re Wwas measured right before the swimmer
changed direction. Following this measurement protocol, the
minimum packing fraction of the raft (¢..r) across all experi-
ments which transition to oscillatory was measured as 0.66,
plotted in Fig. 4b as the vertical line between the two regimes.

C. Analytical model for swimmer speed

In order to explain the velocity dependence of the swimmer on
the packing fraction in the steady regime (Fig. 4b), we present a
simple model for the interacting swimmer-raft system.

1. No particles at the interface. First, a set of equations
which describe the motion of the swimmer in the absence of
any particles, based on the point-source model for isotropic
swimmers,>***?® are presented. For modeling purposes, an
idealized 1D geometry, neglecting curvature effects in the real
geometry (annular channel), is considered (Fig. 5a). The motion
of the Marangoni swimmer is governed by two coupled equa-
tions: (1) force balance between surface tension (F,) and viscous
drag on the swimmer (Fy), assuming steady state motion

F, = Fq, @)

where F, = §y(c)d/ and Fy = E,ursvs(d)mi =0),%® neglecting lat-
eral confinement effects, where y is the surface tension at the
air-water interface and p is the dynamic viscosity of water. (2)
Convection-diffusion equation for the camphor at the interface

a )
0—;+J~VC:DV2c—kc+J5(F’), )
where c is the concentration of camphor at the air-water interface,

u is the velocity field of water at the interface, D is the diffusion

steady
=
e
Y
3
% 3
04 0.6 0.8
Praft

(a) Binarized image (below) obtained from the original image (above) for calculating the mean packing fraction in the particle raft (¢,as). Scale bar

is 8 mm. (b) Variation of the rescaled swimmer speed with the mean packing fraction of the particle raft (¢,ar). Each data point corresponds to an
individual experiment. N = 37 indicates the total number of data points in the steady regime. The light blue shaded portion indicates the steady regime, i.e.
unidirectional motion of the swimmer, while the darker blue indicates the oscillatory regime. The error bars are standard deviation values.
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Fig. 5 A schematic for the idealized 1D model of the swimmer within confined channels (a) without particles and (b) with particles.

coefficient of camphor in water, k is the rate of sublimation of
camphor at the interface, J is the flux of camphor release from the
swimmer, and 7 is the radial vector from the centre of the camphor

disk. Since, here the Peclet number (Pe = % ~ 105) is quite

high, the transport of camphor is advection dominated. In the
frame of the moving swimmer, assuming constant speed v, the
convection-diffusion equation simplifies to

—v5-Ve = DV?c — ke + JS(7), (3)

Furthermore, an order-of-magnitude analysis revealed that
the sublimation term is negligible compared to the advection
term due to swimmer motion in eqn (3)

[kc] —4

— 1077, 4

[vs - V(] ’ (4)
where k= 1.8 x 107> s~ .?? Finally, the equation —v,-Vc¢ = DV’c
+ J4(7) is analytically solvable based on the point-source model
for a symmetric swimmer moving at a constant speed.”® The
concentration distribution around the swimmer is given by

—Vsr

J
c(r,0s) = mexp[ D
position in the azimuthal direction (Fig. 5a). Note that the
concentration distribution is independent of time since we
assumed the swimmer speed to be a constant for modeling
purposes, although not perfectly true in experiments.
Then, the net surface tension force on the swimmer can be
calculated using®®

(1 + cos 95)} ,*® where 0, is the angular

F, = f{)ydl = —2;chJ ¢(rs, 05) cos 05db, (5)
0

where x is the concentration dependence of surface tension.
S . . KJ
Substituting for c(rs, 0s) and integrating, F, :Ee*"ell (Pe).

Further replacing the Bessel function with its asymptotic behavior
at Pe — o0, since Pe is very high in experiments, the expression for
surface tension force on the swimmer simplifies to

kJ | D
F}" - E nrsvs(d)ini = 0) (6)

2. With passive particles at the interface. First, the
presence of passive particles at the interface (Fig. 5b)

This journal is © The Royal Society of Chemistry 2025

necessitates a reformulation of the swimmer’s force balance.
The force balance equation on a swimmer pushing the particle
raft in the steady regime is eqn (1) modified with a reaction
force term from the interaction with the raft i.e.

F, = Fq * Fq ra, (7)

where Fq raf is the reaction force on the swimmer from the raft,
which is equivalent to the viscous drag experienced by the raft.
Here, F, and F4q have the same expression as described in the
previous section, with only the velocity vy(¢;n; = 0) replaced with
Vs(¢ini), which is the speed of the swimmer in the presence of
particles. Any dependence of the sublimation coefficient, k on
the packing fraction is ignored in the surface tension force
term, since, although the particles might reduce the rate of
sublimation from the interface, the contribution of the sub-
limation term to the camphor concentration distribution is
negligible compared to advection, as revealed in eqn (4). More-
over, the Brownian diffusion of camphor molecules is not
expected to be affected due to the presence of passive particles
(micrometer scale) which are orders of magnitude larger than
the diffusing molecule (nanometer scale) itself. Also, we
assume that the flux of camphor release (J) is constant for a
swimmer (given that the total experiment time for each swim-
mer is much smaller than the timescale of reduction in J>%) and
unaffected by the presence of particles at the interface.

Next, a model for the viscous drag on the raft is proposed.
The Reynolds number (Rej, = 2pUrasp/pt) of individual passive
particles was approximately 1, where p is the density of water.
Hence, the drag on each particle in the raft was estimated using
Stokes drag for a sphere moving at the air-water interface, i.e.
610t UrpUpage.”>>° Here, o = (8/9m)sin 0,[1 + (4/3m)cot(6,,/2)] is the
pre-factor dependent on the contact angle of the particle (0p,
details in SI, Fig. S1). Previous studies on rafts or aggregates of
particles (with Re, ~ 1) estimated the total drag by either
summing the drag on individual particles®” or by calculating
the drag on the effective sphere formed by the aggregate.’®>°
However, in all these scenarios, the total particle count in the
rafts was less than 400, resulting in raft sizes on the order of
millimetres. In contrast, the rafts in this study are at least an
order of magnitude larger in size. Consequently, a different
modeling approach is adopted here. It is worth noting that the
particle raft in our experiments can be viewed as a cluster of
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between model predictions, i.e. egn (12) and experimental data representing the variation of the rescaled velocity of the swimmer with initial packing

fraction. The error bars represent standard deviation.

many spheres with void spaces in between, described by the packing
fraction. Previous studies on the drag on a cluster of particles in
Stokes flow have shown that the drag on the particles at the
perimeter is much higher than the particles in the core of the
cluster.’* In other words, the particles in the core experience a
shielding effect due to a reduced local flow speed. As a first order
approximation of this shielding effect, we here assume that the drag
on the raft is dominated by the drag contribution on the particles at
the perimeter only, as illustrated schematically in Fig. 6(a). Under
this approximation, the total drag on the raft becomes drag on each
particle times the number of particles at the perimeter of the raft
(Nperi)- To estimate the number of particles at the perimeter of the
raft, thin rectangular strips of width 2r;, were considered along each
edge of the raft (Fig. 8). Assuming that the packing fraction in these
strips is equal to the mean packing fraction of the whole raft, ¢ as,
the number of particles at the perimeter is given as

4(mel + W)

Nperi =
pe Trp

¢raft . (8)

This leads to the total drag force on the raft given by Fg raf =
24/"0(\\ Uraft¢raft(Lraft + W)

8818 | Soft Matter, 2025, 21, 8811-8823

Further assuming that w « Ly,s, based on experiments, the
total drag on the raft simplifies to Fq rare = 2410 UragcPraseLrate-
This is plotted in Fig. 6b as the blue dotted line. It indicates that
the model for the drag on the raft follows a similar trend but
overestimates the experimental expectation. The experimental
estimation of drag on the raft is based on the swimmer motion
from videos and force balance (Section V E). Potential reasons for
the overestimation are - (a) the drag on the particles at the
perimeter is less than the theoretical estimate from Stokes drag
due to walls on one side, (b) passive particles are not perfect
spheres, and thus experience less drag, (c) inaccuracy in the
image based measurement of the contact angle due to obscured
downward curvature of the meniscus near the passive particle
and (d) deviation of the theoretical estimate of «; from reality.
Hence, a prefactor (K) is incorporated resulting in

Fd,raft = 24K/40CH Uraft(/)raftLraft' (9)

The prefactor is calculated by fitting the theoretical drag law
to the experimental estimation (Fig. S5). The best fit gives K =
0.14 £ 0.01. The solid blue line in Fig. 6b is the theoretical
expression for drag on the raft with the prefactor included.
Also, note that the drag on the raft based on Stokes drag on all

This journal is © The Royal Society of Chemistry 2025
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Table 1 Numerical value of parameters used in this study

Parameters Symbol Value Ref.
Radius of inner circular wall Tin 5.55 cm

Radius of outer ring Tout 6.35 cm

Width of annular channel w 8 mm

Dynamic viscosity of water u 10%Pas

Radius of swimmer Ts 2 mm

Rate of sublimation of camphor k 1.8 x 1072 57" 28
Diffusion coefficient of camphor D 0.72 x 10 °m*s ™! 28
Concentration dependence of surface tension K 3 x 107* N m* mol™* 28
Density of water p 1000 kg m™*

particles within the raft (F5°< = 610t UrageLragePrasW/Tp) OVET-
estimates the experimental estimation by two orders of magni-
tude, plotted as an orange dotted line in Fig. 6b. This is a
justification for the shielding effect assumption used in the
model above.

Second, an equation relating the speed of the raft to the
speed of the swimmer is given by

Upage = Cvs. (10)

since the swimmer pushes the raft in the annular channel. The
coefficient C was empirically set as 0.78 + 0.04 (95% confidence
levels) based on experimental measurements, shown in Fig. 3c.
Lastly, a conservation equation for the total number of passive
particles in the raft, assuming that all passive particles intro-
duced to the interface at the beginning of the swimming
experiment stay within the raft, is given by

(11)

The rationale behind this assumption is the observation of a
small amount of particles in the channel outside the raft
compared to the total number of particles inside the raft (Movie
S2). But, since experiments indicated some leakage in the
proximity of the swimmer (Movies S2 and S6), the number
conservation equation is not perfect. Nevertheless, Fig. 6c
indicates that based on experimental measurements it is a
reasonable assumption.

Finally, a theoretical expression for the speed of the swim-
mer in the presence of passive particles as a function of the two
initial conditions for the system, i.e. vs(dini = 0) and ¢ini, was
calculated by solving eqn (1), (7), (10), and (11), given as

Tt(rout2 - rin2)¢ini = Lraftd’raft(rout - rin)-

16 2/3

—
=0 |16 =
?rs + 16.8moy K (rin + Fout) Pini

Vs(Pini) = Vs(Pini

(12)

A comparison of the expression from the model and experi-
ments is presented in Fig. 6d. The simple first order model
captures the overall trend in the speed of the swimmer from
experiments. The deviation of the experimental data from the
theoretical estimate roots from secondary effects, such as radial
motion of the swimmer, intermittent wall hitting and local
leakiness of the particle raft, which are not incorporated in the
model presented in this study for simplicity.

This journal is © The Royal Society of Chemistry 2025

IV. Conclusion

In order to understand the effects of interaction of an active
swimmer with passive particles in its environment on its self-
propulsion, in this study we performed experiments of camphor-
agarose swimmers interacting with hollow glass microspheres at
the air-water interface within the confinement of an annular
channel. The experiments revealed two distinct behaviors of the
swimmer (Fig. 2) in the presence of different initial particle
packing fraction (¢jp;). For ¢, < 0.45, the swimmer motion was
nearly a steady unidirectional motion. The steady speed of the
swimmer decreased with increasing ¢;,;. On the other hand, for
¢ini = 0.45 the swimmer motion transitioned to oscillatory type,
where the swimmer performed to and fro motion between the
two ends of the raft. The major observation from experiments in
the steady regime was that under the confinement of the annular
channel the particle raft is pushed by the swimmer along with it,
slowing down the swimmer. While, in the oscillatory case, the
swimmer goes back and forth in a particle-free zone except near
the two ends of the region. Consequently, the peak speed during
the oscillatory behavior was close to the mean speed of the
swimmers without any particles at the interface. Moreover, the
swimmer increased the packing of the particles as it approached
either end of the raft, simultaneously slowing down and even-
tually turning around to propel in the opposite direction. While,
as the swimmer propelled away the particles in the raft gradually
relaxed from a packed state. Additionally, although not the focus
of this study, a theoretical estimation of the time period for the
oscillations can be proposed under two simplifying assump-
tions. First, the whole raft is in random closed packing (i.e.
Drafe = Pacp = 0.82). Second, the swimmer speed is constant and
equivalent to its particle-free speed, vs(¢ = 0) throughout the
oscillation. Estimating the time the swimmer takes to traverse
the void region in the channel gives an expression for the
oscillation time period, T,s as

T — 2Tl:("out + rin)
. vs(¢ =0)

(13)
w ¢%{%P

(rout — rin)¢ini]

The model estimation is within 5% error of experimentally
measured time periods. This theoretical estimation under
predicts the experimental time period because of the two
assumptions involved. The mean speed during the oscillatory
regime is smaller than the particle-free speed due to the slower
motion of the swimmer near the two extremes. The mean
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packing fraction across the particle raft is also less than the
random closed packing fraction in 2D. A more accurate model
for the oscillation time period requires a deeper understanding
of the swimmer turning motion at the end points of the raft and
the packing fraction distribution in the raft, which can be
addressed in future works.

In the steady regime, the particle raft speed was linearly
proportional to the swimmer speed but smaller by a factor of
0.78. This reduction was attributed to the local leakiness of the
raft near the swimmer. A plot of the rescaled speed of the
swimmers against the mean packing fraction of the raft
revealed a monotonic decreasing trend (Fig. 4b). Furthermore,
it highlighted a faster decrease at low packing fraction and a
slower decrease at higher packing fractions close to the transi-
tion to oscillatory mode.

Finally, we proposed a simple model to explain the swimmer’s
speed dependence on packing fraction in the steady regime. The
model solves the force balance on the swimmer under a 1D
assumption, while incorporating velocity constraints between the
swimmer and raft as well as conserving the number of particles at
the interface. The swimmerraft interaction was captured as a
reaction force term, equivalent to the viscous drag on the raft, in
the force balance equation on the swimmer. Due to the shielding
effect on the particles in the raft, particles at the perimeter
experience significantly higher drag compared to the ones in the
core. Hence, as a first order approximation, here we considered drag
from only perimeter particles. Although, the theoretical drag follows
a similar trend as the prediction from experiments, it overestimates
the value. A prefactor was used to capture this. Overall, the final
theoretical estimate of the speed of the swimmer (eqn (12)) matches
the general trend of the experimental data (Fig. 6d).

Although the model presented here captures the general
trend of the swimmer speed, there is some deviation of experi-
ments from the model. This is potentially because it ignores 2D
effects such as radial directional motion and collisions with the
channel boundary. Also, a rigorous model of the shielding effect
on the drag, considering the variation in the extent of shielding
based on the particle location within the raft, could likely explain
the prefactor. This calls for future studies to build on the model
presented here. Moreover, the regime transition to oscillatory
behavior needs to be investigated to understand the critical
condition. Furthermore, from an experimental perspective, it
would be interesting to study the dynamics and interactions with
passive particles in a two-dimensional pool. A recent work high-
lights the richness of the dynamics even without passive
particles.’® Also, the diverse emergent behaviors when multiple
swimmers interact with particles are worth exploring. Overall,
this article highlights the cargo transport potential of Marangoni
swimmers under 1D confinement and inspires further work on
designing active swimmers for controlled manipulation of cargo.
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Appendices
A. Reasoning behind choice of the annular channel geometry

In a circular geometry, the motion of the swimmer is known to be
random with some dominant behaviors, such as circular motion
along the boundary and active chiral motion when away from the
boundary.** Instead, when confined in a one-dimensional infinite
channel (annular channel) the swimmer moves at a steady speed
in a particular direction (Fig. 2a, d, inset in Fig. 2d, Movie S1),
which is randomly picked at the moment the swimmer was
introduced to the channel. Moreover, in the annular channel,
the radial direction of the swimmer was negligible (Fig. 2a and
Movie S1). Therefore, due to a more controlled behavior and a
single dominant degree of freedom in the annular channel it was
chosen over a circular channel, for understanding the interaction
with passive particles at the air-water interface.

B. Particle tracking using DLTdv8a for low packing fraction

In order to calculate the mean speed of the raft (Uyq) for very low
packing fraction experiments, individual particle patches within
the raft were tracked from the videos using a MATLAB based app,
DLTdv8a> (Fig. 7a). For each video, multiple particle patches,
located at different azimuthal positions from the swimmer, were
tracked (Fig. 7b). The mean of the speeds of all patches was defined
as Upg for these experiments. For this definition, we neglect the
temporal variation of the speed of individual patches. Also, the
deviation of speed across patches located at different azimuthal
locations from the swimmer is considered small.

C. Steps of custom image analysis for packing fraction
measurement

For calculating the packing fraction of particles in-front of the
moving swimmer from the original image (Fig. 4a), first the two

This journal is © The Royal Society of Chemistry 2025
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circular arcs, corresponding to the inner and outer channel
walls, were detected by locating three distinct points on the arc
circumference. Each point was detected by searching for inten-
sity spikes along the vertical direction at a fixed horizontal
position in the image (after removing small unnecessary objects
in the original image). Once detected, the portion of the image
outside the channel walls was masked out. Next, the swimmer
was searched using inbuilt functions in MATLAB based on
circular Hough transform. Then, a region of interest (ROI), based
on the direction of motion of the swimmer, was defined corres-
ponding to the particle raft in-front of the swimmer. The start of
the ROI was considered at a fixed azimuthal distance of 1.5r
from the swimmer center. The end of the ROI was defined where
the speed of the particles drops (Fig. 3b), for short rafts, or until
the end of the channel in the image, for long rafts. Before
counting the fraction covered by particles in the ROI, the image
was binarized using a fixed intensity threshold. Finally, the ratio
of the black pixels, corresponding to particles, to the total pixels
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Fig. 8 Schematic illustrating the simplified picture of the particles at the
perimeter of the raft. The circles in black represent the particles at the
perimeter. Other circles and regions in grey represent particles in the core
of the raft. The red boxes are the four rectangular strips of width 2r;, along
each edge, considered for counting the particles at the perimeter.

This journal is © The Royal Society of Chemistry 2025

within the region of interest was calculated as the average
packing fraction of the raft.

D. Estimation of the number of particles at the raft perimeter

As mentioned briefly in Section III C, a simplified picture of the
raft is employed for estimating the number of particles at the
perimeter of the raft. Thin rectangular strips of width 2r, were
considered at each of the raft’s edges (highlighted as red boxes
in Fig. 8). The packing fraction in these thin strips is assumed
to be equal to the mean packing fraction across the whole raft,
¢rare- Based on this assumption, the equation for packing
fraction along the longer edge of length L, is given by —

Ny ()

¢raft = m

(14)

Similarly, the equation for packing fraction along the
shorter edge of length w is given by -
Ny ()

w(er)

Thus, the total number of particles along all four edges of
the raft perimeter is given by —

¢ral‘t = (15)

4(Lraft -+ W)

Npcri - 2(NL + NW) - o
p

¢raft . (16)

E. Estimation of drag on the raft from experiments

The drag on the particle raft was estimated from the experi-
ments using the mean speeds of the swimmer in the presence
of particles vy4(¢in;) and in the absence of particles vy(¢in; = 0).
Eqn (1) and (7) were considered for force balance on the
swimmer under steady state motion in the absence and in
the presence of particles, respectively. Substituting eqn (1) into
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eqn (7) yielded the experimental estimate of the drag on the
raft as

16 Vs3/2(¢im =0) - Vs3/2(¢ini)

expt 19 -
draft = FHI's v ()

. (17)
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