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We present experiments on the collective dynamics of macroscopic photoactive self-propelled
particles subjected to spatiotemporally varying excitation. The particles move within an arena
divided into two regions with different illumination intensities, creating alternating bright (more
active) and dark (less active) zones. Under such conditions, the system exhibits a robust migration
from the more active region toward the less active region, demonstrating a strong response to external
modulation. This response depends sensitively on the frequency of the illumination pattern: at low
frequencies, particles follow the changing landscape, whereas at higher frequencies, the response
diminishes. We show that this behavior arises from the interplay between the imposed excitation and
the intrinsic dynamics of the particle clusters that form spontaneously. To explain these features, we
extend a kinetic model previously introduced in Lévay et al. [Phys. Rev. Lett. 135, 098301 (2025)],
hence revealing the most important parameters governing the transition between the responsive and

unresponsive regimes.

I. INTRODUCTION

Active matter represents a class of out-of-equilibrium
systems characterized by the collective behavior of nu-
merous interacting self-propelled agents that transform
energy into mechanical motion [1, 2]. Active agents can
originate from natural sources, such as microbial organ-
isms and animals, or can be artificially engineered, in-
cluding colloidal particles and robotic systems. Also,
they are diverse in scale (ranging from nanometer-sized
entities to those measuring meters in length) and imply
a wide range of interaction types, including physical con-
tacts, hydrodynamic forces, magnetic forces, and social
interactions. As a result, active matter has garnered sub-
stantial attention over recent decades, inspiring extensive
research and applications across different systems includ-
ing microrobots [3-7], colloidal particles [8-13], bacte-
rial systems [14, 15], vibrated granular materials [16-20],
robotic swarms [21], animal groups [22, 23], and pedes-
trian dynamics [24].

The motion of active particles arises either from intrin-
sic forces generated by the particles themselves or from
external stimuli. The latter case, when the motion is a
response to environmental cues, is called taxis. In partic-
ular, the terms phototaxis or photoactivity are used when
the activity is driven by light, an instance case that has
been extensively studied in systems composed of micro-
scopic particles [3, 7, 10, 11, 13, 14]. Here, we investigate
photoactivity at the macroscopic scale, where centimeter-
sized particles, which interact among them and the walls
only through direct physical contact, are activated by
light [25, 26]. In this context, the system can be re-
garded as photoactive granular matter. The dynamics of
the system can be manipulated by adjusting the intensity
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of illumination: enhanced light exposure increases the ac-
tivity of the agents, while reduced illumination leads to
diminished activity.

The advantages of using this type of system are
twofold. First, since agents are granular and their inter-
actions occur exclusively through direct physical contact,
hydrodynamic and social forces do not play a role in the
dynamics. This characteristic provides us with a higher
degree of control over experimental conditions, thus im-
proving reproducibility, a challenge often encountered in
microscopic systems. Second, the external modulation
of the agents’ activity allows testing the response of the
system to both spatial and temporal gradients of activ-
ity. This flexibility facilitates the simulation of various
scenarios, including gradient patterns and alternating il-
lumination. The latter is, precisely, the objective of this
research.

Our macroscopic photoactive agents exhibit persistent
directed motion with certain degree of chirality [27] as
the original hexbug nano®) [29] in which they are based.
These particles have been utilized in various studies ad-
dressing phenomena such as clogging [30], sorting [31-33],
traffic jams [34, 35], robotic superstructures [36], reset-
ting [37], actuation in active solids [38], emergent behav-
ior [39], and inertial dynamics [40].

Due to their shape and motion characteristics, particle-
particle and particle-wall interactions lead to the forma-
tion of clusters. Recently, we have shown that under
homogeneous illumination, thus homogeneous activity, a
transition from unstable to stable clustering can be ob-
served [26]. Specifically, we found that low particle pop-
ulations combined with high activity lead to the forma-
tion of small clusters that tend to dissolve rapidly. On
the contrary, high particle populations and low activ-
ity promote the emergence of stable clusters that endure
throughout the whole duration of the experiment. Based
on this knowledge, here we apply spatio-temporal alter-
nation of high and low intensities, then investigating the
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FIG. 1. (a) Schematic representation of the experimental setup with the photoactive agent, a hexbug equipped with a photo-
voltaic cell, moving on a glass sheet, while the external control is attained by an LED panel. (b) Initial, random configuration of
the agents. (c) Snapshot of the system: The right-hand side is illuminated with high intensity (Paigh = 72 mW, represented by
red), while the left-hand side is illuminated with low intensity (represented by gray). Note that we have applied an additional
gray shading on the left-hand side of the images to emphasize the different illumination of the two sides. Equally colored
hexbugs belong to the same cluster, defined as groups of at least four agents that remain in contact during at least one second.
(d)-(g) Time evolution of agent populations for both sides of the arena in experiments with stationary halved illumination.
The right-hand side illumination is Pyigh = 72 mW while the left-side illumination is always lower and different in each panel:
(d) Pow =23 mW, (e) Piow = 33 mW, (f) Pow =43 mW, and (g) Piow = 52 mW. Supplemental Material (SM) videos 1-4 [28]

represent these four example cases, respectively.

system response depending on the frequency of this ex-
citation.

Our objective is to rigorously analyze the interaction
among cluster formation, stability, and agent activity.
This exploration is particularly pertinent in light of the
increasing demand for precise control over the spatial and
temporal distribution of active agents. Applications of
this research include the strategic maintenance of spe-
cific agent densities in targeted locations, as well as the
prevention of undesirable clustering, which can be cru-
cial for effectively delivering loads to specific targets.
Through this work, we seek to enhance the understand-
ing of how variable activity landscapes influence agent
dynamics and spatial organization.

The manuscript is organized as follows: In Sec. I, we
present the experimental setup and the applied proto-
cols. Results obtained with a halved light intensity pat-
tern stationary over time are presented in Sec. III, while
the case of alternating activity patterns is discussed in
Sec. IV. In Sec. V we introduce an evolution of the pre-
viously presented kinetic model [26] describing the inter-
play of changing activity patterns and cluster formation.
Finally, in the Conclusion and Perspectives section, we
summarize our findings and discuss their relevance.

II. EXPERIMENTAL SETUP AND METHODS

The experimental setup is identical to the one pre-
sented in Ref. [26] with the uniqueness that here the il-
lumination is not homogeneous in space and may also
vary over time. Our photosensitive self-propelled parti-
cles [see Fig. 1(a)] are an evolved version of the hexbug
nano particles, which exhibit directed movement with
certain degree of chirality [27], although in this work we
have selected only the less chiral particles. Each particle
is equipped with ten asymmetric soft rubber legs and is
activated by a vibrating motor, which, in our configura-
tion, is powered by a photovoltaic cell. Under illumina-
tion, particles start moving with a velocity that depends
on the vibration frequency [26]: the higher the illumina-
tion intensity, the higher the vibrating frequency and the
larger the particle velocity. We stress that as hexbugs
have no information about their surroundings, collisions
are the only form of interaction, both between agents,
and among the agents and the arena.

The particles move on a horizontal glass sheet with
dimensions 80 x 80 cm? and are confined within a flower-
shaped 3D printed plastic enclosure, referred to as the
arena [see Fig. 1(b) and 1(c)]. This design is specifi-
cally tailored to guide the particles toward the center
and away from the boundaries [41]. Before each experi-
mental trial, the particles are randomly placed in vary-



ing positions and orientations within the arena, as illus-
trated in Fig. 1(b). The illumination panel, also mea-
suring 80 x 80 cm?, comprises LED strips mounted on
an aluminum plate positioned above the arena and con-
nected to ESP32 microcontrollers, making the panel en-
tirely programmable and enabling the application of illu-
mination fields with temporal and spatial gradients. An
Imaging Source DFK-37BUX250 camera (30 fps) is sit-
uated beneath the setup to capture video recordings of
the particles’ movements. Subsequent analysis employs
conventional image processing techniques combined with
object detection algorithms to extract trajectory infor-
mation for each agent.

Through this research, our objective is to gain insight
into the collective dynamics of agents under varying il-
lumination conditions. To this end, we implement two
types of experiments, termed stationary halved illumina-
tion and alternating light intensity. In both cases, we
place Ny = 100 agents in the arena and apply two dis-
tinct intensity levels, Phign and Py, to opposite halves
as illustrated in Fig. 1(b) and 1(c). The intensity is quan-
tified as the power received by the particles through the
solar cell. P = 72 mW represents the upper limit achiev-
able with our setup, yielding particle velocities in the
range of 12— 14 cm/s, while P=23 mW signifies the min-
imal illumination level that still permits particle mobility
with a typical velocity of 8 cm/s.

For the stationary halved experiments, the illumina-
tion pattern does not change over time. For these trials,
we carry out several 6-min-long experiments maintain-
ing Phigh at 72 mW and change P, over values of 23,
33, 43, and 52 mW. For each run, we track the hexbug
trajectories and characterize the system dynamics which
typically shows accumulation of particles in the lower-
illuminated area. In the alternating case, we focus on a
dynamic configuration where the illumination levels al-
ternate between Phigh = 72 mW and Pow = 23 mW at
the two halves of the arena, with a frequency character-
ized by the switching period T' = 5, 10, 20, 30, 40, 50, 60,
70 and 80 s. A series of experimental runs, each lasting
10 min, is executed for each frequency, then allowing the
analysis of the system response.

III. STATIONARY HALVED ILLUMINATION

As explained above, we imposed a static excitation
pattern in the arena, consisting of high illumination
on the right side and low illumination on the left side
[Fig. 1(b) and 1(c)]. We then explore the system dynam-
ics over the 6 min experiments by analyzing the tempo-
ral evolution of particle populations on both sides. Fig-
ures 1(d)—1(g) show four representative runs for a fixed
high-illumination level of Pz, = 72 mW, combined with
four distinct illumination levels on the darker side. The
corresponding experimental movies are provided in the
Supplemental Material (SM) videos 14 [28].

At the lowest illumination levels on the dark side
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FIG. 2. (a) Probability distribution functions (PDFs) of the
relative population size obtained for the left (low-activity)
side of the system (nrp = Np/Nr) for levels of Pow =
23,33, 43,52 mW for the stationary halved illumination. (The
deeper the color, the lower the illumination.) The right (high-
activity) side was always illuminated with Pyign = 72 mW.
(b) PDFs of the relative population measured on the left-
hand side when the arena is homogeneously illuminated in
the experiments of Ref. [26]. To facilitate the comparison, we
display the cases where the homogeneous illumination level is
the same as Plow of the halved case of panel (a). (c) Sepa-
ration times measured in the stationary halved experiments
corresponding to the four distinct Py levels. Each exper-
iment was repeated ten times. Gray dots show separation
times of individual experiments while blue diamonds repre-
sent the median.

[Figs. 1(d) and 1(e)], population separation occurs al-
most immediately. For Py, = 23 mW, nearly all parti-
cles migrate toward the darker side and remain there,
with the relative population approaching one at long
times. For Py = 33 mW, the system appears to reach
a stationary state in which the relative population fluc-
tuates around 0.7, occasionally exhibiting large fluctua-
tions [e.g., the one near ¢ ~ 180 s in Fig. 1(e)]. A sim-
ilar trend is observed for a slightly higher illumination
level, Pow = 43 mW [Fig. 1(f)], although in this case the
initial separation is delayed, with populations remaining
near n = 0.5 on both sides during the first ~ 150 s. For
the case with the highest illumination at the dark side
Piow = 52 mW [Fig. 1(g)], no sustained population sep-
aration is observed: both sides remain close to n = 0.5



throughout the experiment. This outcome is likely due
to the relatively small activity contrast between the two
halves of the arena.

The behavior shown in Figs. 1(d)-1(g) corresponds
to four representative examples of the dynamics taking
place. A better exploration requires the analysis of the
ten experiments repeated for each condition. To this
end, in Fig. 2(a) we represent the probability distribu-
tion function (PDF) of the fraction of particles located
on the dark side of the arena for different values of Py .
For these plots we consider the whole temporal series, in-
cluding the transient period. The differences between il-
lumination levels are pronounced and consistent with the
trends observed in Figs. 1(d)-1(g). For the largest Pow
(lightest blue), the distribution is only weakly asymmet-
ric, exhibiting a slight bias toward higher relative pop-
ulations on the darker side. As P, decreases (darker
blues), the asymmetry increases. In the lowest-intensity
case (Pow = 23 mW), the PDF displays a sharp peak
near ny, = 1, indicating that nearly all particles accumu-
late on the dark (left) side.

For comparison, Fig. 2(b) shows the PDFs obtained
from experiments reported in Ref. [26], where the arena
was homogeneously illuminated. In this case, the PDFs
are obtained counting the number of particles accumulat-
ing at the left-hand side for the same illumination levels
used as Py in Fig. 2(a). In all cases, the distributions
exhibit a pronounced peak at ny = 0.5, indicating equal
likelihood of finding particles on either side of the uni-
formly illuminated arena. This absence of population
imbalance contrasts sharply with the halved illuminated
experiments suggesting that the difference of intensity is
behind the stable and systematic accumulation of parti-
cles at one side of the arena.

An alternative way of analyzing the temporal series of
Figs. 1(d)-1(g) is by means of obtaining a characteris-
tic separation time, denoted 7. This is defined as the
time at which the population on the lower-intensity side
exceeds, and then consistently remains above 0.5. Note
that, as the population imbalance does not occur for all
runs, there are a number of events where we only know
that 7 > 360s. For this reason, and provided that the
average is not well defined, in Fig. 2(c) we report the
known values of 7 together with the median of the mea-
surements (blue diamonds). For P, = 23 mW (dark-
est blue), all experiments exhibited immediate and clear
separation. For P, = 33 mW most of the experiments
show quick separation, yielding a median below 20 s. For
Pow = 43 mW, 7-s are more disparate, with a median
around 3 minutes. Finally, for Pow = 52 mW (i.e. the
smallest intensity contrast), the median is around 6 min
as only half the experiments displayed clear population
separation. The remaining ones resembled the behav-
ior in Fig. 1(g), with populations fluctuating around 0.5
and no persistent separation during the duration of the
experiment.
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FIG. 3. (a) Relative population (nr) measured at the left-
hand side of the system with a switching period of T=60 s, in
a 10-min-long experiment. The dashed lines mark the differ-
ent periods of illumination. The gray background represents
a period with Py on the left-hand side. Time intervals I
and II correspond to the first two periods whose snapshots
are presented in (¢). (b) Similar to (a) but for an experiment
with T=70 s switching period. In the first five periods, we
have a strong response, particles are accumulating at the low
illumination sides (see snapshot I1I), and in the fifth period,
the cluster on the left-hand side stabilizes. After this point,
the response stops completely, and the population stays larger
on the left-hand side, even when the illumination is high, as
shown in snapshot IV. See SM videos 5 and 6 [28] for the
experiments presented in (b) and (c), respectively. (c) Snap-
shots of the experiments with alternating low and high inten-
sities at the two halves of the system. Note that we apply
an additional gray shading on the low-illuminated side of the
images to emphasize the difference between sides.

IV. ALTERNATING LIGHT INTENSITY

Next, we analyze the system response to changes of
the activity landscape over time. To this end, we pe-
riodically switch the high (Phyign = 72 mW) and low
(Pow = 23 mW) illumination between the two sides of
the arena at every T' = 5, 10, 20, 30, 40, 50, 60, 70 and 80
s. Based on our findings from the stationary case, a pref-
erential accumulation of particles on the darker side can
be anticipated; however, it is not clear whether this accu-
mulation will take place in a responsive manner (i.e., fol-
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FIG. 4. Analysis of permanent clusters. Dark red represents
the probability that a permanent cluster forms during the
texp = 10 min-long experiments as a function of period T'.
Experiments with 7" < 60 s were repeated 5 times, while ex-
periments with 7" > 60 s were repeated 6 times. Light brown
represents the proportion of the total experimental time that
the system spends in a state of permanent clustering (like
snapshot IV in Fig. 3).

lowing the imposed pattern) for all frequencies explored.
Indeed, it can be naively thought that for the highest fre-
quencies the crowd may not have time to migrate from
the highest to the lowest intensity side. Differently, for
the lowest frequencies, it could also occur that the for-
mation of very large and stable clusters at the dark side
prevents their dissolution when the intensity is switched.

In Fig. 3 and SM videos 5 and 6 [28], we illustrate
two of the most typical scenarios observed. In Figs. 3(a)
and 3(b), we present the evolution of the number of
particles on the left-hand side N; when T = 60 s and
T = 70 s, respectively. Note that the gray backgrounds
denote periods with lower illumination on the left-hand
side. Therefore, in a responsive scenario, these should
correlate with higher values of N, whereas white back-
grounds should display lower values of Ni. For the case
presented in Fig. 3(a), the agents accumulate rapidly on
the left (darker) side of the arena [snapshot I of Fig. 3(c)].
Following the first switch, the particles migrate to the
right side, resulting in a decrease in the population on
the left [Fig. 3(c), snapshot II]. This responsive behavior
is maintained throughout the whole experiment, indicat-
ing a stable feedback mechanism between illumination
and population dynamics. In contrast, in the case of
Fig. 3(b), different dynamics develop. We observe five
responsive periods at the beginning of the experiment
[see, for example, snapshot IIT of Fig. 3(c)]. Then, the
response stops coinciding with the formation of a large
stable cluster which is not destroyed when the light in-
tensity augments in the region of the large cluster [see
snapshot IV of Fig. 3(c)]. In successive light switches, the
accumulation of particles on the left side persists, even-
tually congregating nearly all of them. From now on,
this scenario in which the system falls in a state where
a cluster incorporates at least 75% of the particles and
does not dissolve throughout the experimental time will
be referred to as permanent clustering. There is an alter-
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FIG. 5. Analysis of the influence of cluster dynamics on sys-
tem response. An, the increment of the number of agents in
the dark side of the arena during a period, is plotted against
the relative size of the largest detected cluster, ciargest, for
experiments with 7" > 5 s. Data points are color-coded: blue
indicates that the largest cluster resides in the low-activity
region, while orange signifies its presence in the high-activity
region of the arena. Two distinct behavioral regimes are iden-
tified, highlighted by ellipses and background colors. The
right-hand regime is associated with large, stable clusters that
exhibit a significantly low dynamic response, whereas the left-
hand regime corresponds to smaller and medium-sized clus-
ters that display an enhanced dynamic response.

native scenario where the system does not display per-
manent clustering but the responsiveness is not totally
perfect. This occurs when, during a transient time, Np,
does not go above 0.5 in a darker period or below 0.5 in a
brighter one. After this nonresponsive time during which
a permanent cluster is not formed, the system recovers
the responsiveness. In what follows we will quantify and
analyze these two behaviors and its dependence on the
light switching frequency.

We start by quantifying the prevalence of permanent
clustering as a function of the period T'. To this end, in
Fig. 4 we show both the probability that an experimen-
tal realization ends up in a clustered state (Pperm, dark
red) and the proportion of experimental time the system
remains in the permanent clustering phase (light brown).
Both plots show a similar trend: an initial grow of both
magnitudes when going from 7" = 5 to T" = 10 s, and
then a stabilization for 7" > 10 s. This result suggests a
rather constant probability of getting a permanent clus-
ter formed, provided that the switching is not too fast.

Next, to better quantify the system responsiveness, we
compute An, defined as the difference between the par-
ticle populations in the first and last second of a given
period at the dark side: An = nj.st — Nfrst- Note that,
in principle, An should be positive if the particles get
attracted to the dark side. Then, provided that the pres-
ence of large clusters may significantly influence the sys-
tem response, in Fig. 5 we represent An as a function
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FIG. 6. (a) Box plots of the values of An* for different switch-
ing periods T. (b) Probability of An* > Any;, as a function
of the switching period. Different curves correspond to differ-
ent values of Anyj;,, as indicated in the legend. The dashed
black line corresponds to P(An* > 0) = 0.5, representing the
expected behavior of a system conformed by randomly mov-
ing, noninteracting particles.

of the size of the largest cluster ciargest, for experiments
with 7" > 5 s. Points are colored blue if the largest clus-
ter resides in the low-activity region, and orange if it is
located in the high-activity area. The segregation of the
data reveals two distinct regimes, as indicated by the
black ellipses, identified by the Gaussian mixture model.
A similar separation is identified by k-means clustering,
illustrated by the background shading.

The regime on the left-hand side corresponds to a sce-
nario in which the largest cluster in the arena ciargest
agglutinates less than half the population. This regime
exhibits an enhanced dynamic response, with 30% of the
clusters on the high-activity side (orange points) and 70%
on the low-activity side (blue points). Also, there is a
clear positive correlation between An and cjargest imply-
ing that the larger the largest cluster, the more likely
that a considerably large group of particles moves from
the bright to the dark region. This points toward a global
dynamics in which clusters successively form (in the dark
region) and destroy (in the bright one).

On the contrary, the regime on the right-hand side of
Fig. 5 is mostly characterized by the existence of large
clusters (those accounting for more than 60% of the total
population). This regime is associated with permanent
clustering and/or lack of responsiveness, as evidenced by
the same number of blue and orange points (thus the
same probability of having large clusters at the high and

low activity regions). In this regime, An seems to nega-
tively correlate with the size of the largest cluster ciargest,
a feature that we attribute to the fact that the larger
Clargest, the smaller the number of particles moving freely
in the arena, so the lower the probability that the amount
of particles in the dark side of the arena grows.

In summary, from Fig. 5 we learn that the presence
of large, stable clusters correlates with reduced dynamic
response; once established, large clusters maintain their
stability independently of their location within the arena
(bright or dark regions). In contrast, if the clusters
formed at the low-intensity region are small, they tend
to dissolve when the intensity increases. In this scenario,
larger clusters lead to an increase of the response (mea-
sured in terms of An) as indicated by the red line rep-
resenting the smoothed average of the An values. The
transition among the two regimes (small to medium size
dissolving clusters and large permanent clusters) leads to
a maximum of An for clargest = 0.5; above this value, the
risk to get a very large (stable) cluster becomes increas-
ingly important and reduces the system responsiveness.

As the relationship between permanent clusters and
response has been established, in the following we re-
strict the analysis to intervals where permanent cluster-
ing has not developed. In Fig. 6(a) we represent the
system response for these intervals (named An* to dis-
tinguish from An) as a function of the switching period
(T). As T grows, both the mean and the span of An*
grow. Then, for T ~ 50 s the value of An* seems to
saturate. Moreover, the box plots of Fig. 6(a) reveal
an important dispersion of the data, including instances
where An* is negative; i.e., particles departing from the
low-activity region rather than accumulating there.

Aiming at a better characterization of the way in which
switching frequency affects system response, in Fig. 6(b)
we represent the probability that within a period, the
number of particles accumulated at the dark region ex-
ceeds a given threshold Anj . Anj, = 0 indicates the
simple scenario in which the population of the dark side
is larger at the end of the period than at the beginning.
For this particular case, the probability of response is
almost one for all switching periods, with the only ex-
ception of T' = 5 s, for which the probability reduces to
0.85. This reduction for small values of T becomes more
evident when Anj = increases, indicating that very fast
switching frequency does not allow the accumulation of
particles in the dark side of the arena. As anticipated
before, it seems that the curves saturate for T~ 50 sec-
onds suggesting that this time should not be overcame
when looking for an optimal system response.

All in all, the experimental results show that the re-
sponsiveness of the system to the external excitation
landscape is conditioned by the presence of clusters.
When clusters are small, the population distribution fol-
lows the external pattern; i.e., population is larger at the
dark region. Indeed, the system responsiveness positively
correlates with the cluster size evidencing that clusters
continuously form and destroy at each light switching.



When clusters are exceedingly large (above half the pop-
ulation), they become stabilized and cannot be destroyed
by the increase of energy during the high intensity inter-
val. Then they absorb the majority of the agents in the
arena, further increasing the stability and becoming per-
manent. Clustering is also behind the observed depen-
dence on the switching period. When the period is short,
the system is less responsive as clusters do not have time
to form and destroy. Increasing the period improves the
responsiveness, but this behavior stops when T =~ 50 s.
Above this value, the responsiveness becomes indepen-
dent of the period and even reduces a little bit; probably
due to the formation of very stable, permanent clusters.

As presented in the snapshots of the system [e.g.,
Fig. 3(c)], cluster formation is clearly favored along the
system perimeters. This is an expected phenomenon in a
finite system where boundaries serve as nucleation points,
an effect that is only partially mitigated by the custom
arc-shaped (flowerlike) boundary geometry originally de-
signed to reduce this effect [26]. This boundary-induced
stabilization is particularly relevant for the macroscopic
agents used here. Recent works have demonstrated that
in such systems, the combination of inertial effects and
self-alignment can actually suppress the formation of
dense clusters in the bulk, potentially promoting flock-
ing or homogeneous phases instead [42, 43]. In this con-
text, the boundaries provide the necessary geometric con-
straints to facilitate the clustering observed under the al-
ternating excitation patterns, counterbalancing the sup-
pressive effects of inertia and self-alignment observed in
larger, unbounded systems.

V. MODEL

Aiming for a better understanding of the experimen-
tally observed coupling between clustering and the sys-
tem’s response to external excitation patterns, we ex-
pand a kinetic model that has been recently introduced
to explain clustering dynamics under uniform illumina-
tion [26]. In short, the model reproduced the time evo-
lution of the cluster size by considering two processes:
adsorption, which accounts for the arrival of new parti-
cles to the cluster, and desorption, which accounts for the
leaving of particles from the cluster. Under homogeneous
illumination, it was found that the stability of clusters
was entirely determined by a single kinetic parameter,
depending on the density and activity of the agents. The
model also predicted a critical cluster size below which
the development of stable clusters is not feasible, a fea-
ture that was experimentally confirmed posteriorly.

Now, with the aim of reproducing the alternating ac-
tivity pattern observed in our experiments, it is necessary
to account for the interchange of agents traveling between
the two reservoirs (left and right side of the arena). In our
closed system, the total number of agents N is constant,
and it includes agents on the left- N, (¢) and right-hand

Ng(t) sides, namely, Ny = N + Ng, and as a result:

dN.
P e

Then, within each reservoir, agents can be in two different
states: motile free particles (IV g, N };) or immobile clus-
tered particles (N, Ng). Consequently, Ny, = Ng + N¢
and Np = N}; + Ni. The model has two main com-
ponents: a set of equations describing the interchange
between the left- and right-hand sides of the arena, thus
determining Ny, and Npg, and a set of equations account-
ing for the cluster dynamics, determining N7 and Ng.

To describe the time evolution of the population on
each side, we assume that only free agents can move be-
tween reservoirs. Thus, the rates of inflow and outflow
determine their number. As a first linear approximation,
the population change of the left-hand side reads

dNp,

—r = —aN + aaN, (2)

where the first term represents the decrease in Ny, due
to free particles leaving the reservoir with rate ay > 0,
while the second term represents the increase in Ny due
to free particles entering the reservoir with rate as >
0. The coefficients, «;, will be referred to as transport
coefficients.

For simplicity, we assume that only one cluster devel-
ops at a time on each side, and its dynamics is described
by the model introduced in Ref. [26]. Thus, the variation
of the cluster size on each side can be written as

dNE U1 Ap f Dléc
=——,/=2 N} /N¢ - 3
dt — Ap\ @, LVTL A7 ®)
N—_—— N .
B1 Y1
dNIC:i (%) Ap f DQ(I)C
_— = —— N NC - 4
at ~ Ap\ @, RVIURT T4 @
—— N /
B2 Y2

with

- (Y Ap - Difpc
Bi= oy 3o and v = (5)

where ¢ € {1,2}, and subscripts 1 and 2 refer to the
low and high intensity sides, respectively. As in [26], at a
given reservoir, v; is the velocity of the free particles, and
D; is the coefficient of diffusion of particles located at the
surface of a cluster. Specific values of v; and D; depend
on the agents’ activity, which is externally controlled by
the light intensity at each side. All the other parameters
are fixed and related to the experimental conditions. For
instance, A7 is the area of the arena available for the
agents, A, is the area of a single particle, and @, is the
packing fraction within a cluster, close to one and con-
stant for simplicity. Therefore, the kinetic parameters 3;
and ~; fully govern the adsorption and desorption pro-
cesses, respectively. For the detailed description of the
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FIG. 7. Results of the model describing the dynamics of the
system with alternating activities. (a)-(c) Temporal evolution
of the relative population (red) and cluster size (green) on the
left-hand side of the arena when 7' = 40 s. Panel (a) is an
example in which clustering is nor present (8;,v; = 0) and
interchange occurs only due to the difference among a; = 0.3
and a2 = 0.5. (b), (c) Temporal evolution when clustering
is present. We use the same transport coefficients «; as in
(a) and we set 81 = 0.03, B2 = 0.05, and 1 = 2. The only
difference among the two plots is the value of the dissolution
rate on the high-intensity side, which is v2 = 10 for (b) and
v2 = 4 for (c). (d) Response of the system for different ~;
ratios and switching periods (T') for a1 = 0.3, az = 0.5, 51 =
0.03, and B2 = 0.05. The blue rectangle and triangle indicated
by the black arrows represent the case of panel (b) (7" = 40 s,
v2/71 = 5) and (c) (T =40 s, v2/71 = 2), respectively.

interplay between adsorption and desorption, we refer the
reader to Ref. [26].

To reproduce the experimental periodic switching of
the light intensity and the corresponding alternation of
particle activity, we periodically switch « (transport co-
efficient), as well as 8 and « (adsorption and desorption
coefficients) between the two sides of the system:

(o1, B1,m) & (a2, B2,72)  at every T. (6)
By convention, we set a1 < ag, f1 < B2, and 1 < 7o,
meaning that coefficients with index 1 represent the low
activity, and 2 the high activity regions. Also, we always

start the simulation with the lowest activity at the left-
hand side of the arena.

Based on experimental observations, we constrain the
transport and adsorption coefficients by assuming pro-
portionality to the measured particle velocities: vy /vy =
ay/ag = B1/B2. Also, as it was experimentally observed
that v /ve = (8 cm/s)/(14 cm/s), we will use this pro-
portion for both, a;/as and B1/f2, and will explore the
effect of varying the 71 /v2 desorption ratio in the emerg-
ing dynamics.

With these premises, we analyze the dynamics of
the system over successive switching periods by solving
Eqgs.(2)—(4) numerically for different scenarios. First, as
a reference, we present the temporal evolution of the pop-
ulation at the left-hand side of the arena for a situation
with no clustering; i.e., 81 = B2 = 71 = 72 = 0 [Fig. 7(a)].
Clearly, there is a net increase-decrease of the number of
particles resulting from a net flux of particles between
the two sides of the arena following the imposed period
T = 40 s. This is an obvious consequence of the differ-
ence in « coefficients (in this case, a1 = 0.3 and ay = 0.5,
but this is robust for any combination of values).

Moving forward to scenarios in which clustering is
present, in Figs. 7(b) and 7(c) we display two different
examples. We set a; = 0.3 and ay = 0.5 as before, but
now we use 31 = 0.03, 82 = 0.05, and y; = 2 and vary o
(the desorption rate at the bright side of the arena). In
Fig. 7(b) we show the dynamics for 72 = 10 (thus, a des-
orption rate on the high-activity side 5 times larger than
the low-activity one), evidencing a responsive behavior,
with a rapid population and cluster size change following
every switch. By the end of each low-activity period on
the left-hand side (gray regions), around 80% of the parti-
cles accumulate there, forming a cluster that incorporates
most of them. By the end of each high-activity period,
however, population decreases drastically, and the cluster
size is reduced nearly to zero. This solution of the ex-
tended kinetic model resembles the responsive behavior
found in experiments, presented in Fig. 3(a).

On the contrary, when the desorption rate on the high-
activity side is decreased to v, = 4, 72 > 71 still holds
but a significant fraction of particles become trapped in
stable clusters, as shown in Fig. 7(c). The trends of Ny,
and N7 indicate the accumulation of agents on the ini-
tially low-activity (left) side. Indeed, accumulation hap-
pens already during the first period. Then, although the
population and cluster size decreases a little during high-
activity periods, the majority of the agents remain on the
left-hand side, in the clustered phase. This is analogous
to the case of permanent clustering observed in our exper-
iments [Fig. 3(b)], where subsequent intensity switches
do not significantly affect the situation, and most agents
remain trapped in an immobile, permanent cluster.

Next, aiming a most exhaustive analysis of the role of
both the ratio among the desorption coefficients vo/v1
and the switching period T, in Fig. 7(d) we present the
response of the system as a function of these two param-
eters. To characterize the response, we first neglect the
transient (first 30% of the periods). After this time, if the
relative population at one side is permanently above 0.5,



we say that the system is in a state of permanent cluster-
ing (gray points). Otherwise, if the relative population
of both sides alternate above and below 0.5 following the
imposed switching period, we say that the system is re-
sponding (orange points). Remarkably, for small values
of the switching period T', the model predicts a strong de-
pendence of the responsiveness on this parameter. This
correlates with the fact that, for small values of T, the
system becomes non-responsive as clusters may develop
but do not have time to destroy. For larger values of T,
the responsiveness becomes less dependent on this value.
In this region, the system becomes responsive as soon
as the ratio of the desorption coefficients is above a cer-
tain value. This result, compatible with what is shown in
Figs. 7(b) and 7(c) highlights, once more, the importance
of clustering in the collective dynamics of the system.

Importantly, qualitatively similar behavior to the one
shown in Fig. 7 is obtained for other parameter val-
ues. Nevertheless, a further, more detailed and extended
study of all possible parameter combinations is pertinent
and will be presented elsewhere.

VI. CONCLUSION AND PERSPECTIVES

In this work, we have presented experimental results
of the response of a system of macroscopic photoactive
particles under several spatiotemporal illuminating fields.
In particular, we implement two types of experiments,
termed stationary halved illumination and alternating
light intensity. In the stationary case, we impose high
illumination on the right-hand side and low illumination
on the left-hand side. When the contrast between the
two halves of the arena is high enough, we observe that
the agents tend to migrate toward the darker side. Even-
tually, the system seems to reach a stationary state with
small fluctuations in the relative population on each side.
On the contrary, when the difference in illumination be-
tween the two sides is small, no sustained population
separation is observed.

The analysis of the system response to the alternat-
ing light intensity pattern evidences that, generically, the
migration patterns can be faithfully controlled; i.e., the
concentration of particles follows the externally imposed
spatiotemporal pattern moving from the high activity to
the low activity region. The system responds to the ex-
ternal spatiotemporal excitation as soon as the switching
period is sufficiently long, and no large clustering de-
velops within the arena. Indeed, we discover that the
system response is strongly coupled to the cluster devel-
opment, which strengthens the connection between light
intensity and population if clusters are not too large. In
this scenario, clusters formed at the low-intensity region

dissolve when the intensity increases; hence allowing an
effective transport to the other (now darker) side of the
arena. On the contrary, the presence of large, stable clus-
ters hinders the dynamic response of the system. Once
established, large clusters maintain their stability regard-
less of whether they lie in the bright or dark region of the
arena.

In summary, our experimental analysis allows for the
detection of a transition between two types of behavior,
depending on the presence of small dissolving clusters
or large permanent clusters. To explain these results,
we extended a previous model that describes clustering
behavior by a competition between adsorption and des-
orption processes, and we added a different term that
accounts for the transport among the two sides of the
arena. Despite its simplicity, the model qualitatively
reproduces two of the main experimental features: (i)
clustering enhances the strength of the system response
[compare Fig. 7(a) with Fig. 7(b)], and (ii) the respon-
siveness depends on the switching period for small values
of this variable and becomes more or less independent for
sufficiently large values of it [see Fig. 7(d)].

More generally, this work improves our understand-
ing of the dynamics of active matter in landscapes with
spatially varying activity, opening possibilities for locally
tuning particle density and controlling the transport of
active agents. In this context, it is clear that further
research is necessary to analyze the system’s response in
more complex geometrical scenarios (for example, includ-
ing obstacles) or using external excitations with more
sophisticated spatiotemporal dependence (for example,
traveling waves or smoother excitation gradients).
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S 1. VIDEOS

SM videos

Video 1 Time evolution of agent populations on both sides of the arena, with Ny = 100 particles, with stable,
halved illumination. The activity on the right-hand side is the highest (Pyigh = 72 mW, red), while the activity on
the left-hand side is the lowest (Pow = 23 mW, gray), which still allows the movement of the particles. Starting
from a uniform distribution of the agents in the arena, one can observe an immediate separation of the populations;
particles are accumulating in the less-illuminated (left, gray) half.

Video 2 Time evolution of agent populations on both sides of the arena, with Ny = 100 particles, with stable,
halved illumination. The activity on the right-hand side is the highest (Phigh = 72 mW, red), while the activity on
the left-hand side is Py = 33 mW. Starting from a uniform distribution of the agents in the arena, one can observe
an almost immediate separation of the populations; particles are accumulating in the less-illuminated (left, gray) half,
occasionally exhibiting large fluctuations.

Video 3 Time evolution of agent populations on both sides of the arena, with Ny = 100 particles, with stable,
halved illumination. The activity on the right-hand side is the highest (Phigh = 72 mW, red), while the activity on
the left-hand side is Py = 43 mW. Starting from a uniform distribution of the agents in the arena, one can observe
the separation of the populations, with high fluctuations, and occasionally equilibration. After some time, a final
separation occurs, and most of the particles accumulate on the left-hand side.

Video 4 Time evolution of agent populations on both sides of the arena, with Ny = 100 particles, with stable,
halved illumination. The activity on the right-hand side is the highest (Phigh = 72 mW, red), while the activity on
the left-hand side is Piow = 52 mW. As the activity difference is relatively small between the two sides, no sustained
population separation is observed; both sides remain close to n=0.5 throughout the experiment.

Video 5 Experiment with N7 = 100 particles with alternating illumination. Starting from Phign = 72 mW on the
right, and P,y = 23 mW on the left-hand side, illumination is switched at every T" = 60 s. The orange line represents
the relative population of the left-hand side. The system shows a response throughout the 10-minute-long experiment,
with particles accumulating at the temporarily dark side.

Video 6 Experiment with Ny = 100 particles with alternating illumination. Starting from Phign = 72 mW on the
right, and P,y = 23 mW on the left-hand side, illumination is switched at every T' = 70 s. The orange line represents
the relative population of the left-hand side. The system shows a response in the first five periods, with particles
accumulating at the temporarily dark side, but in the fifth period, a large cluster forms on the left-hand side and gets
stabilized. After this point, the response stops completely, and the population stays larger on the left-hand side, even
when the illumination is high.

S II. ALTERNATING ILLUMINATION EXPERIMENTS WITH Pow = 33 MW

In the alternating illumination experiments presented in the paper, we periodically switched the high (Phign =
72 mW) and low (Poy, = 23 mW) illumination between the sides of the arena at every T' = 5, 10, 20, 30, 40, 50, 60,
70 and 80 s time. However, we have done the same experimental protocol for Py, = 33 mW as well, with all other
experimental conditions unchanged. In these cases, the activity difference between the two sides is smaller, but still
large enough to experience the same phenomena. Here we present all the relevant results of those experiments in the
same structure as it is presented in the main paper.

Fig. S1 illustrates the importance of permanent clustering in the dynamics of the system, showing the probability
that an experimental realization ends up in a clustered state (dark red), as a function of 7. The system exhibits a
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FIG. S1. Analysis of permanent clusters for experiments with Pow = 33 mW. Dark red represents the probability that a
permanent cluster forms during the tcxp = 10 minute long experiments as a function of period T'. Experiments with 7' < 60 s
were repeated 5 times, while experiments with 7' > 60 s were repeated 6 times. Light brown represents the proportion of the
total experimental time that the system spends in a state of permanent clustering. (Cf. Fig. 4 of the paper.)

preference for permanent clustering for 7' = 30 — 60 s, but no clear trend is observed for shorter switch periods. When
permanent clusters were successfully formed, we quantified the proportion of experimental time the system remained
in the permanent clustering phase, represented in light brown.

Fig. S2, we present the dynamic response as a function of the size of the largest cluster ciargest, for experiments
with 7' > 5 s. Points are colored blue if the largest cluster resides in the low-activity region, and orange if it is located
in the high-activity area. The segregation of the data reveals two distinct regimes, as indicated by the black ellipses,
identified by the Gaussian mixture model. A similar separation is identified by k-means clustering, illustrated by
the background shading. The regime on the right-hand side is mostly characterized by large, persistent clusters that
account for approximately 80-90 % of the total population. This regime is associated with an exceedingly low dynamic
response, evidenced by the same number of blue and orange points in this region, thus the same probability of having
these clusters at the high and low activity regions. Conversely, the regime on the left-hand side is dominated by small
to medium-sized clusters, which exhibit an enhanced dynamic response, with 30% of the clusters on the high-activity
side (orange points), and 70% on the low-activity side (blue points). As anticipated, the presence of large, stable
clusters correlates with reduced An; once established, these clusters maintain stability independent of their location
within the arena. In contrast, smaller clusters preferentially form in the low-activity region, leading to the increased

1.2

Clargest

FIG. S2. Analysis of the influence of cluster dynamics on system response for experiments with Piow = 33 mW. An, the
increment of the number of agents in the dark side of the arena during a period, is plotted against the relative size of the largest
detected cluster, Ciargest, for experiments with 7" > 5 s. Data points are color-coded: blue indicates that the largest cluster
resides in the low-activity region, while orange signifies its presence in the high-activity region of the arena. Two distinct
behavioral regimes are identified, highlighted by ellipses and background colors. The right-hand regime is associated with
large, stable clusters that exhibit a significantly low dynamic response, whereas the left-hand regime corresponds to smaller
and medium-sized clusters that display an enhanced dynamic response. (Cf. Fig. 5 of the paper.)
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FIG. S3. Responsive periods for experiments with Pow = 33 mW. (a): Boxplots of the values of An* for different switching
periods T. (b): Probability of An* > Anj, as a function of the switching period. Different curves correspond to different
values of Anyji,,. (Cf. Fig. 6 of the paper.)

dynamic response. As these clusters are inherently less stable, they contribute to a heightened overall response, as
indicated by the red line representing the smoothed average of the dynamic response values.

Fig. S3(a) illustrates the response of the periods where permanent clustering has not developed. As the switching
period grows, both the mean and the span of An* grow. Furthermore, we identify instances where An* is negative,
indicating that in some cases particles are departing from the low-activity region rather than accumulating there. In
Fig. S3(b), we represent the probability that within a period, the number of particles accumulated at the dark region
exceeds a given threshold Anj; . The deeper the color, the stricter the threshold. Anj; = 0 indicates the simple
scenario in which the population of the dark side is larger at the end of the period than at the beginning. In this
case, the probability of response exceeds 0.8 for all switching periods, except T' = 5 s. However, as we increase the
threshold, expecting a more substantial difference between the population of the end and beginning of the period (up
to 25%), we observe that shorter periods tend to exhibit lower responsiveness. In contrast, longer periods demonstrate
a higher probability of response. The dashed black line corresponding to P(response) = 0.5 serves as a benchmark,
representing the expected behavior of a system conformed by randomly moving, non-interacting particles.
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