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Transition from partial to complete synchrony is generally governed in coupled oscillator networks by
systematic tuning of the coupling strength. In active matter systems, however, such controlled
progression is far more elusive, owing to the intrinsically weaker interactions and erratic motility of
particles. Here, we investigate the collective dynamics of three and four chitosan motors at the air-liquid
interface, where the effective coupling emerges from the competition between capillary attraction and
Marangoni-driven repulsion. By tuning the bead size, we modulate the coupling strength and thereby
the synchronization modes. For quasi-identical beads, chitosan beads exhibit collective synchrony with
breathing-like behavior, whereas size asymmetry gives rise to partial synchrony. In the four-bead
configuration, sensitivity to initial conditions leads to markedly different macroscopic trajectories,
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including switching between synchronization states. The temporal evolution of inter-beads distance and
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1 Introduction

Active constituents effectively harness environmental energy to
generate self-propulsion on micro to macro scales.' This phe-
nomenon is crucial for the migration and survival of living
organisms, allowing them to navigate complex environments
and adapt to dynamic ecological niches. Beyond individual
motility, these behaviors become particularly compelling when
viewed through the framework of collective behavior. Localized
interactions between individuals, often mediated by environ-
mental cues, can spontaneously generate highly organized
emergent group dynamics, ranging from the collective oscilla-
tions of cells® to swarming behavior in animals.® Inspired by
these natural paradigms, researchers have developed various
artificial motors that guide mimic such autonomous activities
and cooperative behaviors. These include artificial swimmers,
capable of propulsion in liquid phases, and artificial surfers,
which propel at air-liquid interfaces.

The motility of artificial particles arises from the spontaneous
breaking of symmetry in their surrounding environments driven by
mechanisms such as the Marangoni effect,™” bubble generation,®’
and self-phoresis.® Among these, the Marangoni effect, where
surface tension gradients drive autonomous motion, has emerged
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synchronization phases quantitatively confirms these transitions.

as a common mechanism for active surfer particles. Over the
years, numerous experimental and theoretical investigations
have reported intriguing behaviors exhibited by isolated surfers,
such as oscillatory motion,”™® rotational motion,"*"* filament-
like undulations,’® spontaneous splitting'’° and pathway
selection.>"** Although significant studies have focused on liquid
droplets and solid objects. Recent advances have also demon-
strated that sol-gel transitions in situ under non-equilibrium
conditions can program the self-propulsion of polysaccharide
polymer droplets, allowing for a range of dynamic activities through
controlled mass flux and polymer composition.***

In multibody systems, the emergence of collective behaviors
among artificial surfers is dictated by nonlinear physicochem-
ical interactions. These interactions arise from the interplay of
interfacial forces, chemical and flow-field distributions in the
vicinity of individual components. Typically, the localized distri-
bution of chemical fields and the outflow of the components
around individual Marangoni surfers result in repulsive forces
because in the confined space between the particles the lowering
of surface tension is greater than on the opposite side. Hence, the
intersection of these concentration fields repels neighboring
surfers and facilitates the emergence of ordered lattice-like
arrangements of camphor boats.>® The influence of confined
geometry and constraints leads to distinct synchronized behaviors
in camphor boats,>**” filaments,*® ribbons,**?° and active
droplets.®® Conversely, the attractive forces, driven by buoyancy
and surface deformations at the air-liquid interface, promote
aggregations of catalytic tubes.** The antagonistic interplay of
attractive and repulsive interactions underpins the wide variety of
patterns and dynamics, including spatial patterning in the
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surfactant droplet assembly,*® predator-prey dynamics,** quorum
sensing-like behavior,”> atomic-like behavior,***” dynamic
clustering,*** and collective oscillations in synchrony.*

However, most studies of collective behavior are focused on
interactions among quasi-identical particles. The role of het-
erogeneity in particle sizes and activity is expected to influence
their coupling strength, which can generate new forms of
patterns. Recent work by Roy et al.*' has demonstrated that
the interactions of mismatched volumes of pair droplets exhibit
the transition from in-phase to anti-phase synchronization.
Despite these advances, collective behavior in systems with
surfers of different sizes remains scarcely studied.

In this study, we investigated the collective dynamics of
three and four chitosan motors with varying size distributions
at the air-liquid interface. By varying the size of the beads, we
tuned both attractive and repulsive interactions between the
motors. We observed the collective oscillations in beads of
nearly identical size. In addition, we identified distinct patterns
of partial synchronization and frustration behavior in asym-
metric size configurations of the beads.

2 Experimental
2.1 Solution preparation

Chitosan was adequately homogenized in an aqueous acetic
acid solution with ¢ = 1.0 mol dm™>. The gelation process,
which induces the formation of the movement patterns, is
driven by an acid-base reaction in an aqueous environment.
Therefore, double-purified deionized water was used to prepare
the required mixtures. In a 1:4 volume ratio acetic acid-water
mixture, 0.0750 g of medium molecular weight chitosan and
0.3717 g of GdCl;-6H,0 was added. To facilitate the evaluation
of the measurements, a small amount of solid methylene blue
dye was added to the sols. To achieve homogeneity of the sol,>*
the solid polysaccharide was slowly stirred in the acidic mixture
for 24 hours using a magnetic stirrer in a closed system. The
subsequent rest period in a cool environment (4 °C) for a few
hours allowed the proper polymer structure to develop. The
positively charged long-chain molecules formed complexes
with the negatively charged acetate ions, resulting in a more
viscous chitosan sol (1 = 46 mPa s at 25 °C). To the prepared
chitosan sol, 1.60 ml of absolute ethanol was added and the
mixture was stirred for another two hours. The ethanol-
containing sol was then stored in a properly sealed container
in a cool place for one day until use.

The gel-state beads formed from the ethanol-containing
sol were referred to as active particles, while those formed
without ethanol were called inactive particles. In the experi-
ments, sols containing chitosan were added to an alkaline
NaOH solution with a given volume and a concentration of
3.00 mol dm 3.

2.2 Experimental setup and evaluation procedure

The dynamics of the beads had been studied in a 13.5 cm
diameter plexiglass Petri dish and a 6.5 cm diameter glass Petri
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dish at 24 4+ 1 °C. The smaller dish contained 17 cm?, while the
larger one held 110 cm® of a 3.00 M sodium hydroxide solution.

From the sol with the desired composition, a peristaltic
pump was used to disperse a similar amount of polymer into
the NaOH-containing Petri dishes for the various measure-
ments. The pump was set at a constant flow rate required to
produce particles of a specific size. A 0.51 mm inner diameter
medical injection needle was attached to the pump, where
the accumulating liquid eventually formed a droplet, which
detached and fell into the alkaline solution. The aminopoly-
saccharide chains were cross-linked by an acid-base reaction
with hydroxide ions, resulting in deformed boat-shaped hydro-
gel particles or beads. Beads with two different sizes were
generated reproducibly: The small droplets (2-3 mm in dia-
meter) detached from the tip of the injection needle at a flow
rate of 0.2 rpm, while the large droplets (4-5 mm in diameter)
from the end of a plastic casing (1.16 mm inner diameter) fit
onto the injection needle at a flow rate of 1.2 rpm. For each set
of arrangement, the experiments were repeated at least five to
seven times.

The experiments were recorded with a GoPro camera
mounted on a stand and positioned 12.5 cm from the stage.
The motion of the beads was determined from the images by
in-house software. The file generated by the program contained
the image sequence numbers along with the corresponding
parameters for each bead: the area of the red-marked circle
found using the global maximum search function, the area of
the blue-drawn circle fitted to the detected points, the x- and y-
coordinates of the center of the circle, and the radius calculated
from the fitted circle. At each time, the distance between the
individual beads was determined from the x- and y-coordinates
of the bead centers using the following equation:

dij = \/(x[ — )+ (i = 3)%, 1)

where i and j denote the beads’ number whose distance was
calculated. To illustrate synchronization, the distances between
particles were plotted as a function of time. Then, to quantita-
tively characterize the periodic motion, the period was calcu-
lated from the local maxima of the inter-bead distances. To
quantify the synchronization, cross-correlation, phase locking
values, and mean coherence were determined with an in-house
Python script.

3 Results and discussion

Once formed upon contact, the gel beads exhibit self-propelled
motion and meander independently on the entire liquid sur-
face as discussed in ref. 23. This period, characterized by
constant motion, later evolves into the stop-and-run phase
because of the decrease in the ethanol content. At this stage,
the lowering of surface tension around the individual beads is
not sufficient for self-propulsion; they begin to form clusters
due to capillary attraction. In the clustering stage, the entire
group exhibits a slow motion, mainly driven by the bulk fluid
flow, remnant of the initial stage. More interesting is the

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sm00857c

Open Access Article. Published on 21 October 2025. Downloaded on 1/22/2026 12:49:39 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Soft Matter

motion within the cluster on a shorter time scale, controlled by
attractive and repulsive forces and this is what we explore here.
The close-packed cluster, shown as a grayscale image in Fig. S1(a),
for multiple beads without ethanol supports the presence of
capillary attraction among them. To examine the effect of ethanol
release from the beads, we added ethanol (without the gadoli-
nium salt) to the polymer. In this case, the chitosan beads do not
develop any air-liquid interface deformations*® and exhibit self-
propulsion in an unsynchronized manner (see Fig. S1(b) in SI).
Finally, the beads come to rest while remaining spatially sepa-
rated by a characteristic interparticle distance, indicating the
effect of Marangoni repulsion (see Fig. S1(c) in SI).

3.1 Collective behavior of three active beads

First, we studied the interactions of three quasi-identical beads
of small size (2.91 mm diameter). To identify the motion of
individual beads, each bead is represented by a number, as
indicated in the grayscale image in Fig. 1.

After forming the cluster, all particles oscillate with a max-
imum inter-particle distance of about 0.2 mm. The local maxima
and minima of the distances between the particles coincide, as
shown in Fig. 1, corresponding to the so-called breathing motion,
that is, the three particles move away from each other and towards
each other simultaneously with a period of 0.20 £ 0.04 s. In-phase
synchronization is also proven in Fig. 2 which illustrates that
within 10 s approximately 50 cycles take place and the phases of
the distances between different beads coincide as depicted in the
inset figure. In Fig. 2 the number of cycles is obtained by locating
each maximum in the inter-particle distance. From these maxima,
a phase value (¢) can be assigned to each measured data point
according to

L=l
@ =2m : (2)

tm,H—l - tm,i7
where t,,; and ¢,,;, represent the maximum separation before
and after time ¢, respectively, i.e. t,,; < t < t,,.1. This is presented

in the inset. The phase angle of the corresponding inter-particle
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Fig. 1 Dynamics of three small motors: distance between beads i and j
(d;;) as a function of time. Phases of oscillation at t = 42 s indicated by
vertical dashed line shown in the inset in a small circle along with the
corresponding top view of the beads with field view of 13 mm x 13 mm.
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Fig. 2 Dynamics of three small motors: temporal evolution of the number
of cycles for the distances between beads i and j (dj;) with the corres-
ponding phases of oscillation shown in the inset figure.

separations at selected times is also presented by small circles in
the figures as the angle of rotation with respect to the x-axis.

This synchronized behavior of beads with phase locking
values >0.9999 and mean coherence of 1.0, and heat map of
maximum cross-correlations in Fig. S2 in SI is in excellent
agreement with our earlier findings,*® where we attributed such
collective phenomena to the interplay between capillary-driven
attractions and ethanol-mediated repulsive forces.

An increase in the size of the beads has a multiple effect on
the interaction between them. A larger bead creates a larger
depression on the liquid surface, resulting in greater capillary
attraction, i.e., greater coupling strength (see Table S1 in SI). It
also affects the time scale as a larger bead experiences a greater
viscous drag that tends to slow it down. However, the larger
bead contains more ethanol, therefore, its diffusion can pro-
vide fuel longer to lower surface tension that can drive repul-
sion, the counteracting force. To study these size effects, we
investigated the dynamics of the system where the size of one
bead is increased by 70% to 4.25 mm, while the others are kept
small (2.45 mm). A continuous approaching-retreating motion
developed between the two smaller particles, which is shown in
Fig. 3 as oscillations between beads 1 and 2 with a period of
0.32 £ 0.04 s (¢f Movie S1 in SI). The capillary attraction
between the large and small beads is strong, so the small ones
oscillate around the big one at an almost constant distance.

If we increase the size of one more bead, we observe another
form of movement (see movie S2 in SI). In the experiment
shown, the bead sizes are 4.45 mm (1, 2) and 3.24 mm (3), as
numbered in the grayscale image of Fig. 4.

No oscillation occurred between the two nearly identical,
larger beads, as seen in the smaller amplitude (0.08-0.06 mm)
of the black solid curve around 5.68 mm in Fig. 4. The smaller
bead performed a dynamic, continuous back-and-forth motion
between the two larger particles, which can be observed in the

Soft Matter, 2025, 21, 8803-8810 | 8805
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Fig. 3 Breathing dynamics of one big and two small motors: distance
between beads i and j (dj;) as a function of time. Top view of beads with
field of view of 12 mm x 11 mm.

~0.2 mm amplitude changes of the solid green and red curves
in Fig. 4. The repulsion between the beads pushes the smaller
particle out of the neighborhood of the larger ones, but
the attractive force pulls it back to its original position. The
temporal stability of the in-phase synchronization is also
characterized by a constant period of 0.31 £ 0.04 s in the time
frame shown.

Finally, we investigated the collective behavior of three large
beads, approximately 6.5 mm in size (see Movie S3 in SI). Fig. 5
illustrates a similar in-phase synchronization to that depicted
in Fig. 1 with a slightly longer period of 0.29 + 0.04 s. The
increase in the time period of their back-and-forth rhythmic
activity involving larger beads is expected to be affected by the
drag force.

The heat maps of maximum cross-correlations in Fig. S2 in
SI show that the complete synchronization seen for three small
beads is retained for the big beads.
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Fig. 4 Dynamics of one small and two big motors: distance between
beads i and j (d;j) as a function of time. Phases of oscillation at t = 65 s
indicated by vertical dashed line shown in the inset in a small circle along
with the corresponding top view of the beads with field view of 15 mm x
13 mm.
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Fig. 5 Dynamics of three big motors: distance between beads i and j (dj;)
as a function of time. Phases of oscillation at t = 33.2 s indicated by vertical
dashed line shown in the inset in a small circle along with the corres-
ponding top view of the beads with field view of 18 mm x 16 mm.

3.2 Collective behavior of four active beads

First, we have investigated the synchronized motion between
four chitosan beads of the same small size (~2.60 mm). After
forming the square-shaped cluster as shown in the grayscale
image in Fig. 6, all beads oscillate periodically with a time
period of 0.38 £+ 0.02 s in full synchrony (see heat map of
maximum cross-correlations in Fig. S3 in SI) and exhibit
breathing motion similar to that in Fig. 1, producing a final
equidistant assembly as the equilibrium state. When cluster
formation occurs at a later stage, significant depletion of
ethanol affects the activity of the beads. This change in the
local environmental conditions influences the clustering pat-
terns of the beads following collisions, as the altered conditions
can prevent them from organizing into favorable square con-
figurations. Instead, beads tend to assemble in atypical pat-
terns, as illustrated in the grayscale image in Fig. 7, suggesting
that the timing of the cluster formation critically influences the
resulting assembly.

60— T
50 ;lw ' [ iy
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'534.0 I M
30F . ) "l\ B L
20 25 30 35

t(s)

Fig. 6 Dynamics of four small motors: distance between beads i and (d;;)
as a function of time. The dashed lines at t = 23 s and 30 s indicate that the
oscillations of the beads are in phase. Field of view of grayscale image is
11 mm x 10 mm.

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sm00857c

Open Access Article. Published on 21 October 2025. Downloaded on 1/22/2026 12:49:39 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Soft Matter

L B B L B LI 777 B BB B B L
5.8¢ 3 |2
E ] dis
5.6 VWM ; drs
5.4F 4 | T das
: (o MMM ANA A
g 5.2? \_ f E —dss
gy " 1@
i | 29
28 i AAJK)’/\)\’M'\/\WV\WNVV\WV N}
_||A|||A|||\|||1|||\/f|l||||||| i
5 6 7 30 32 34
t(s)

Fig. 7 Dynamics of four small motors: distance between beads i and (dj))
as a function of time. Phases of oscillation at t = 6.2 s indicated by vertical
dashed line shown in the inset in a small circle along with the corres-
ponding top view of the beads (field view: 12 mm x 11 mm) and at t =
30.7 s indicated by vertical dashed dotted line.

The unusual cluster developed exhibits small-amplitude
oscillations, where beads 1 and 4 are synchronized through bead
2. The distance between beads 2 and 4, shown by the solid cyan
curve, is smaller than the distance between beads 1 and 4 due to
the proximity of the beads, resulting in oscillations with an
amplitude of ~0.1 mm and a period of 0.36 &+ 0.04 s. The period
of oscillations between beads 1 and 4 is the same within the
experimental error, and the amplitude is also similar. The two
periodic behaviors indicate a synchronized behavior with the same
phase, which occurs at the green turning part of the trajectory in
Fig. 7 and does not significantly affect the motion of the four
particles. The heat maps in Fig. S4 in SI, however, reveal that the
change in motion pattern results in partial synchrony only.

We have also investigated the appearance of new behaviors
in systems consisting of four self-propelled chitosan motors
arising from the size changes. When two smaller and two larger
chitosan beads form clusters, depending on the initial condi-
tions, a different behavior is observed. The in-phase synchro-
nized oscillations are embedded in translational motion (¢f
trajectory in Fig. S9 in SI), where the larger beads (beads 1 and
2) had diameters of 4.29 mm, while the smaller ones (beads 3
and 4) had 3.05 mm.

Due to their size, oscillations between large beads are
negligible, as indicated by the almost constant distance
between them (black solid line) in Fig. 8. The temporal evolu-
tion of their inter-particle distance is distinct from the rest, as
shown by the heat map of Fig. S5 in SI. However, a significant
oscillation with a 0.5-0.7 mm amplitude and a period of 0.42 +
0.04 s occurs between the two small beads, as shown by the
magenta curve. This spatial and temporal periodic motion also
affects the further interactions: oscillation with the same
periodicity occurs between beads 1 and 3 (red line) and between
beads 2 and 4 (cyan line). This partially synchronized behavior,
where only smaller beads are synchronized, and ejection-
retraction is formed by a pair of beads of different sizes, was
also observed in the three-bead system (see Fig. 3).

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

- d1,z
- d1,3
d1,4
- dz,s
d2,4

- d3,4

41 B Qa
3]

3 L | L | 1 | L | L
33 34 35 36 37 38

t(s)

Fig. 8 Dynamics of two small and two big motors with translational
motion: distance between beads i and j (d;;) as a function of time. Phases
of oscillation at t = 35.5 s indicated by vertical dashed line shown in the
inset in a small circle along with the corresponding top view of the beads
(field view: 12 mm x 11 mm).

Changing the initial conditions slightly by increasing the
diameters of the larger beads to ~3.70 mm, while keeping the
smaller ones at ~2.18 mm, as shown in Fig. 9, leads to a
different form of collective behavior. Unlike the previously
observed case (Fig. 8), where the cluster exhibited translational
motion, the present configuration gives rise to rotational
motion of the assembly, as illustrated by the representative
x-y trajectories in Fig. S10 in SI. During this rotational motion,
a switching in the synchronized behavior is observed. Similarly
to the earlier scenario (Fig. 8), the larger beads (labeled as 2
and 3 in the grayscale image in Fig. 9) do not oscillate, resulting
in constant inter-droplet distances over time (see the blue curve
in Fig. 9). In the first stage (around 100 to 110 s), the distances

LIRS S S B B B B B B 7 B B B B B B B B B B
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Fig. 9 Dynamics of two small and two big motors with rotational motion:
distance between beads i and j (dj;) as a function of time. Phases of
oscillation at t = 100.5 s indicated by vertical dashed line shown in the
inset in a small circle along with the corresponding top view of the
beads and at t = 117 s indicated by vertical dashed dotted line (field view:
11 mm x 11 mm).
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between diagonally placed pair of beads of different sizes,
namely (1,3) and (2,4), as well as between the smaller beads
(1,4), vary periodically with a period of 0.52 + 0.04 s. In
contrast, the distances between the pair of beads (1,2) and
(3,4) remain constant, as shown by the black and magenta time
series in Fig. 9. This dynamic state corresponds to oscillations
of the smaller beads 1 and 4, which move in and out (as
indicated by the arrow in the grayscale image), while remaining
in contact with the larger beads 2 and 3.

Furthermore, the activities of the beads switch to a new
dynamic state, as indicated by the temporal evolution of their
pairwise distances d;; after approximately 115 s in Fig. 9. The
gradual decay in the amplitude of d;; for the oscillating beads
demonstrates that this new state emerges progressively, most
likely influenced by the depletion of ethanol. In this regime, the
distance between the smaller beads 1 and 4 (green line) reaches
a steady state, while the asymmetric bead pairs (3,4) and (1,2)
begin to oscillate periodically with a period of 0.47 + 0.04 s, as
shown by the corresponding magenta and black curves. The
phases of these oscillations coincide, indicating that the cluster
attains a phase-synchronized state (see Fig. S11 in SI), which is
also apparent on the heat maps of maximum cross-correlations
in Fig. S6 in SI.

To further investigate the influence of bead size, we exam-
ined a system consisting of three larger chitosan beads with
diameters of ~3.55 mm and one smaller bead with a diameter
of ~2.26 mm, as shown in the grayscale images of Fig. 10. No
significant oscillations are observed between the larger beads
(i.e., between motors 2 and 3, and between motors 3 and 4), as
indicated by the nearly constant lines of d,; and d;,4. In
contrast, the separation between the larger beads placed diag-
onally (motors 2 and 4, d,,) initially shows small-amplitude
oscillations (cyan line), which after approximately 158 s,
increase in amplitude and result in a longer oscillation period.
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Fig. 10 Dynamics of one small and three big motors: distance between
beads i andj (d;)) as a function of time. Phases of oscillation at t = 152.5 s
indicated by vertical dashed line shown in the inset in a small circle along
with the corresponding top view of the beads (field view: 12 mm x 12 mm)
and at t = 169.0 s indicated by vertical dashed dotted line. The orange
arrows depict the oscillatory motion between beads.
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Fig. 11 Dynamics of four big motors: distance between beads i and j (d;))
as a function of time. Phases of oscillation at t = 45.8 s indicated by vertical
dashed line shown in the inset in a small circle along with the corres-
ponding top view of the beads (field view: 18 mm x 18 mm).

The horizontal dotted lines passing through the centers of
these oscillations indicate that the beads progressively move
farther apart.

This change occurs simultaneously with the activity of the
diagonally positioned unequal-sized beads (1 and 3), where the
mean value of d; ; decreases. Such variations in separation are
expected to affect the capillary attraction: for beads 2 and 4, the
attraction weakens, whereas for beads 1 and 3, it strengthens. We
expect these variations to cause the oscillations of the smaller
bead (1), relative to the larger beads, to transition to a new state.
The corresponding phase evolution is shown in Fig. S12 in SI,
which highlights the coexistence of synchronized and unsynchro-
nized distance variations that is characterized with a decrease in
the maximum cross-correlations (see Fig. S7 in SI).

Finally, we investigated the collective behavior of nearly iden-
tical, larger (4.53 mm diameter) chitosan-based self-propelled
motors. As shown in Fig. 11, the distances between all beads vary
approximately in phase, indicating a breathing-type motion. During
this breathing motion, characterized by the synchronous “open-
close” movement of the beads, the separations d;; fluctuate
significantly, leading to irregular oscillatory dynamics of the system
with smaller maximum cross-correlations (see Fig. S8 in SI).

4 Conclusions

The collective behavior of three to four active surfers, in the
form of chitosan beads, has been investigated on an aqueous
solution. The rich dynamics of their motion at the air-liquid
interface is governed by their size distribution. The interplay
between capillary attraction and Marangoni-driven repulsion,
when they have similar magnitudes, can lead to oscillatory
motion between two beads. When more surfers are brought
together, either by their self-propulsion or by external stimuli,
the oscillators can interact via modifying the ethanol concen-
tration, and hence, the surface tension of the liquid, driving the
repulsion, and via depressing the liquid surface needed for

This journal is © The Royal Society of Chemistry 2025
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capillary attraction. Both mechanisms are size-dependent and
provide an effective coupling, giving rise to diverse synchroni-
zation states. Assemblies of three or four beads of equal size
generally form symmetric configurations that exhibit breathing
motion, where each bead oscillates back and forth relative to
the center of mass in phase. In rare cases, when the assembly
forms at a later stage with weaker Marangoni expulsion, the
beads lack sufficient motility to regenerate the symmetric
configuration and instead become trapped in an asymmetric
state, although some oscillatory activity persists.

Introducing size asymmetry profoundly alters the dynamical
states: pairs of smaller beads display oscillations, while larger
beads act as stabilizing anchors, leading to partial synchrony or
dynamical frustration. In our experiments, the system showed
sensitivity to initial conditions, attributed to asymmetry at the
edges of the beads,” the time of assembly, and the relative
positioning of the beads within the cluster. These factors led to
qualitatively different cluster movements (translational or rota-
tional) and modes of collective motion. They also influenced the
local environment, giving rise to distinct dynamical regimes,
including switching between synchronized states and the coex-
istence of synchronized and unsynchronized states. This work
provides insights into how tunable attractive-repulsive interac-
tions serve as a model platform for exploring routes to synchrony
in active systems, with implications for designing controlled
collective behaviors in artificial self-propelled particles.
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