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ABSTRACT: Spatiotemporal coordination of a nanorobot ensemble
is critical for their operation in complex environments, such as tissue
removal or drug delivery. Current strategies of achieving this task,
however, rely heavily on sophisticated, external manipulation. We
here present an alternative, biomimetic strategy by which oscillating
Ag Janus micromotors spontaneously synchronize their dynamics as
chemically coupled oscillators. By quantitatively tracking the kinetics
at both an individual and cluster level, we find that synchronization
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emerges as the oscillating entities are increasingly coupled as they approach each other. In addition, the synchronized beating
of a cluster of these oscillating colloids was found to be dominated by substrate electroosmosis, revealed with the help of an
acoustic trapping technique. This quantitative, systematic study of synchronizing micromotors could facilitate the design of
biomimetic nanorobots that spontaneously communicate and organize at micro- and nanoscales. It also serves as a model

system for nonlinear active matter.

KEYWORDS: spontaneous synchronization, collective behaviors, micromotors, oscillation, nonlinearity

he field of nanorobotics is advancing rapidly, especially
with untethered, mobile nanorobots that convert
environmental energy into self-propulsion.'™> Also
known as colloidal motors, micromotors, or synthetic micro-
swimmers, they are envisioned to be useful in a wide range of
applications, such as biomedicine, environmental monitoring
and remediation, and microfabrication.”” Importantly, much
of their usefulness hinges on the spatiotemporal coordination
of individual microrobots within an ensemble in complex
environments.'”"" For example, upon approaching the target
site of a blood clot or tumor, microbots within a swarm might
have different speeds, orientation, or phases of activity. Yet,
tasks such as drug delivery and removing tissues requires a
coordinated effort among microbots, so that tissues can be
drilled by a collective force, or drugs can be released
simultaneously to reach a threshold concentration. The recent
concepts of machines of machines (or robots made of robots)
echoes the need for ensemble coordination.'”'® Such
coordination, however, is often achieved through strong
external intervention, e.g,, complex magnetic fields, that gives
microbots exact commands where and when to move.
Nature, however, does it more efficiently and elegantly, often
through unsupervised, spontaneous coordination."* Typical
examples include fireflies flashing in synchronyls’m and cardiac
cells beating in unison.'”'® Inspired by these examples, we seek
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to develop a biomimetic strategy for a group of microbots to
communicate, organize, and synchronize spontaneously. As will
be eluded to later, our proposed strategy is based on the well-
known principle of coupled oscillators and is preceded by
pioneering studies of synchronized oscillators, ranging from
mechanically coupled metronomes'” and crystal cavities™® and
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electrochemically coupled mercury hearts to chemically

coupled BZ solutions and gels,24 cardiac cells,"” and neurons.”®
The particular micromotors we are interested in originated
from the Sen group, who demonstrated that microparticles of
silver (Ag), silver chloride (AgCl), or silver phosphate
(AgsPO,), in the presence of certain chemicals and under
illumination, form beating clusters that synchronize with each
other.”*™*° These Ag-based oscillators could potentially serve
as a prototype of coordinated microbots, yet their function-

alities are unfortunately limited by a lack of understanding of
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Figure 1. Dynamics of individually oscillating PMMA-Ag micromotors and their synchronization. (a) SEM micrograph of Janus PMMA-Ag
particles. (b and c) Pulsating motion of Janus particles in H,0, and KCI and under light. Instantaneous speeds are color-coded in (b) and
plotted in (c) for one motor. (d) Schematic of the acoustic setup used for clustering particles. Note that this setup is different from the
levitation setup used below in Figure 3. (e) Optical micrograph of an aggregating cluster. Trajectories of six Janus particles aggregating
toward the center are plotted for reference. Their average separations, instantaneous speeds, and an order parameter characterizing their
synchronization over a period of ~40 s are plotted in (f), (g), and (h), respectively. The dashed line across three panels corresponds to the
moment of synchronization. See Methods/Experimental Section for experiment and calculation details.

their unique dynamics and interactions, an issue that we aim to
address.

In this article, we report a systematic and quantitative study
of the synchronization of oscillating Ag micromotors at both a
single-particle and ensemble level, and in doing so we present a
robust and tunable model system of synchronizing micro-
motors, upon which strategies of ensemble coordination can be
further developed and interesting nonlinear sciences can be
explored. This study uses poly(meth?rl methacrylate) (PMMA)
microspheres half coated with Ag, which move periodically
under light and boast clear visualization, better uniformity, and
directional propulsion that previous studies lacked. Individually
oscillating micromotors are found to synchronize while
aggregating into a beating cluster, whose size and beating
frequency depend heavily on the competition between phoretic
repulsion and acoustic attraction and thus are tunable. Two of
such beating clusters also synchronized. Quantification of the
synchronization dynamics reveals a transition that is sharply
dependent on interparticle (or intercluster) distance. At the
end of this article, we discuss some of the fundamental
questions that remain to be solved, the relevance of this work
to nonlinear sciences, and how the oscillating clusters reported
here differ from other dynamic clusters found in the literature.

RESULTS/DISCUSSION

Oscillating Particles and Their Synchronization.
Before describing the synchronization among oscillating
micromotors, we first review their uncorrelated propulsion
and oscillation, which has been described and discussed in
detail in our previous study.”’ Understanding this dynamic at a
phenomenological level, especially how particles interact with
each other, is essential for this article.

The model micromotors being studied here were fabricated
by half-coating PMMA microspheres (2.5 ym in diameter,
commercially available) with a thin (~50 nm) layer of
sputtered Ag (Figure la). They are hereafter referred to as
PMMA-Ag Janus particles. Previously,”' we have reported that
these PMMA-Ag particles would, in an aqueous solution of
H,0, (typically 1-5 wt %) and KClI (typically a few hundred
uM) and illuminated by UV or visible light, self-propel away
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from the Ag hemisphere in a periodic fashion (Figure 1b),
making them oscillating micromotors. Quantitatively, this
translates to a series of spikes in swimmer speeds, interrupted
regularly by long, refractory periods (Figure 1c). Note that
other dielectric microspheres, such as polystyrene or SiO,,
could also be used, but Ag is so far an irreplaceable choice of
material for oscillation to occur.

In principle, this is not unlike the stick—slip motion of Ag or
AgCl microparticles reported by the Sen lab (where our
inspirations are drawn),”® who contributed such an unusual,
periodic dynamic to a pair of chemical reactions that alternate
on the particle surface:

2Ag + H,0, + 2H" + 2CI” — 2AgCl + 2H,0 (1)
Ag, UV light + _
2AgCl + H,0 ——— 2Ag + 1/20, + 2H" + 2CI
)

In short, the particle surface oscillates between Ag and AgCl
without (quickly) reaching a thermodynamic equilibrium. The
net reaction is the decomposition of H,0, into water and O,.

Building upon this coarse- grained model, we further
postulate in a recent study’' that the production of Ag
nanoparticles in eq 2 facilitates further decomposition of AgCl,
thus making eq 2 autocatalytic and therefore generating a burst
of activity. Ag nanoparticles then slowly convert to AgCl
following eq 1 in the presence of H,0,, responsible for the
resting stages between pulses. Importantly, the production and
consumption of ions (and perhaps other neutral species as
well) during the oscillation between eqs 1 and 2 produce self-
generated gradients and give rise to self-diffusiophoresis,”"**
which explains the self-propulsion of PMMA-Ag. These
oscillating motors also periodically attract and repel charged
tracer particles nearby, a testimony of the variation in the
magnitude and directions of the chemical gradients. Details of
the above descriptions can be found in ref 31.

Having familiarized ourselves with the operating mechanism
of one oscillating PMMA-Ag micromotor, we now examine
their pairwise interactions and collective behaviors, which, as
we will see later, exhibits features of interparticle communi-

https://dx.doi.org/10.1021/acsnano.9b08421
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cation and synchronization that are critical for coordinating a
microbot ensemble.

We begin with oscillating PMMA-Ag micromotors in a
dilute suspension (particles at least a few body lengths apart
from each other). They pulsate independently with distinct
frequencies and phases and with a minimum particle—particle
interaction (see Video S1). To induce communication, these
oscillating motors were brought closer via a simple acoustic
trapping device (see Figure 1d for a schematic, and Methods/
Experimental Section for details) that collected scattered
colloidal particles into a cluster (Video S2). We note that this
device did NOT levitate particles (in contrast to our previous
acoustic studies’** and to the experiments done in Figure 3),
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Figure 2. Beating cluster near a substrate. (a and b) Time-elapsed
optical micrographs (a) and cartoon schematic (b) of a cluster of
PMMA-Ag Janus particles that periodically expands and contracts,
taken from Video S3. (c) Particle population density near the
cluster nucleus (circled region) periodically changing from being
low (more blue) to high (more red). The lowest particle density
within the image is set to be 1, corresponding to a dark blue color,
to which the other pixels are normalized (a maximum of 4). See
Methods/Experimental Section for definition of local density and
calculation details.

and particles stayed close to the container substrate. Their
gradual aggregation over time is quantified in Figure 1f by a
monotonic decrease of their interparticle distance, d(t),
calculated by taking average of the distance between one of
the aggregating particles (with a coordinate x; and y;) and the
center of mass of all particles (coordinate x. and y.), i.c.,

N
1
d(t) = = Y [(e — 2" + (o, =3 )12
N E ot it 2 ¢ (3)

where N is the number of particles.

By tracking the trajectories (Figure le) and instantaneous
speeds (Figure 1g) of six among ~25 aggregating PMMA-Ag
motors, we find that, while approaching each other, their
individual oscillations remained mostly uncorrelated until they
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were ~20 ym apart (Figure 1f), beyond which point their
oscillation frequencies and phases quickly synchronized within
one oscillating period. To quantify this synchronization and to
gain an understanding of how it happened, an order parameter
was calculated based on the phase differences in the
instantaneous speeds among these six oscillating micromotors
(Figure 1h, see Methods/Experimental Section for calculation
details), where completely synchronized peaks would give an
order parameter of 1. As is shown in Figure 1h, the order
parameter fluctuated for ~30 s, beyond which point it reached
and remained at 1, indicating synchronization. This is obvious
by examining the individual speed profiles of these six particles
in Figure 1g, which all collapsed into one peak beyond ~30 s.

Beating Clusters. As synchronized PMMA-Ag motors
continue to aggregate, eventually they form a cluster of
oscillating motors, where every motor produces its own
chemical field and responds to that from every other motor by
being attracted or repelled, all in synchrony. Collectively, this
leads to a cluster-wise, periodic expansion and contraction,
resembling a beating heart. The phrase “beating cluster” is
therefore used hereafter to describe such a cluster that
periodically changes in sizes. For example, in Video S3 and
Figure 2a, we show two such cycles for a loose cluster of
PMMA-Ag particles, located near a substrate, that rapidly
contracts and slowly expands. A schematic is given in Figure 2b.
As a result, the particle density near the beating cluster’s
nucleus periodically rose and fell, visualized and quantified in
Figure 2c (see Methods/Experimental Section for details). We
note that the fast rise and slow decay of the local density plot
in Figure 2c is qualitatively similar to the areas of a beating
cluster shown later in Figure 3d and to the speed profiles of a
single oscillating micromotor found in ref 31. This similarity is
further discussed later and illustrated in Figure 4b.

Although the oscillation of a cluster seems in qualitative
agreement with that of an individual particle, in the sense that
both can be divided into a fast stage and a slow stage, one
notices an important inconsistency in the ways that particles
interact with each other. Specifically, the fast, active stage of a
PMMA-Ag micromotor (i.e., speed spikes) is hypothesized to
be dominated by the photodecomposition of AgCl (eq 2).
According to the theory of ionic diffusiophoresis,””*”***® eq 2
produces an electric field (because protons diffuse faster than
Cl7) that points toward the particle, which means that
negatively charged PMMA-Ag particles would repel each other
during the active stages. Collectively, this repulsion among
each other would cause a cluster to rapidly expand. Yet, we see
in Figure 2 that a beating cluster contracts more rapidly,
opposite to our prediction by diffusiophoresis.

This inconsistency between prediction and experiments is
not trivial. The above diffusiophoretic scheme, which relates
the surface catalytic reaction to a self-generated electric field
and subsequently migration of charged colloids, should hold
true for both single particles and their collective behaviors. It
constitutes part of our core understanding of oscillatory
dynamics and, as discussed further down, will be critical for
understanding how these particles are coupled in an ensemble
and how synchronization occurs. If a beating cluster is not
expanding and contracting in the way as purely phoretic
interactions would predict, then what piece of information are
we missing?

To reconcile this inconsistency, Altemose et al. proposed a
hypothesis that the contraction or expansion of a cluster is
dominated by an electroosmotic flow rather than particle

https://dx.doi.org/10.1021/acsnano.9b08421
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Figure 3. Dynamics of an oscillating, levitated cluster. (a) Schematic of the acoustic setup for levitating PMMA-Ag Janus particles above a
substrate. (b) Time-elapsed optical micrographs of a levitated cluster that expands and contracts over time. The numbering corresponds to
those in (d) and (e). Three particles along the cluster edge are color-labeled and correspond to the data in (f). The white dashed line
corresponds to (e). (c) Mapping of pixel velocities on the expanding cluster in (b), generated by PIV tracking. All pixels are moving radially
outward, with the fastest pixels (more red in colors) around the cluster edges. (d) Normalized areas of the beating cluster in (b) show 5
peaks during 12 s. (e) Kymograph of the cutline in (b) over time, revealing 5 cycles of expansion and contraction during 12 s. (f)
Instantaneous speeds of three separate Janus particles labeled in (b). Note that (d), (e), and (f) match perfectly in the timing of peaks,
barring measurement errors. See Methods/Experimental Section for experiment and calculation details.
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Figure 4. Understanding and tuning the dynamics of a beating cluster. (a) Proposed mechanism for the expansion and contraction of a
cluster. It is believed to be subject to two forces (left): a phoretic repulsion (black arrows pointing radially outward) and an acoustic
attraction (red arrows that point in). Right: The phoretic repulsion originates microscopically from the phoretic response of Janus motors to
the chemical field (illustrated by blue shades) of one another. See the main text for details. (b) The normalized area of a levitated cluster
shows that it expands more rapidly than the contraction, whereas the cluster near a substrate (data acquired from Figure 2) undergoes the
opposite process. (c and d) The maximum area a cluster can expand to increases with increasing light intensity (c) and with decreasing
ultrasound voltages (d). Top panels display optical micrographs of expanded clusters under various conditions. Voltage in (b) was 9 V and
light intensity 126 mW/cm? in (c). (e) Beating period of a cluster is strongly dependent on its size. Right panels: Oscillating dynamics of two
representative clusters of significantly different sizes. All scale bars in Figure 4 correspond to 10 ym.

phoresis.”” This arises because the cluster we have seen so far, neighboring particle therefore experiences both an electro-
and those reported in the literature, are always located very phoretic push and a electroosmotic pull, and which way it
close (possibly within 1 ym) to a electrically charged glass ultimately moves toward depends on the relative magnitude of
substrate due to gravity.”**”*® The self-generated electric field the surface zeta potential between the colloids and the wall.*
from an active particle then induces substrate electroosmosis This could also happen in our experiments, where electro-
on top of the electrophoresis that we have described above. osmosis near a highly charged glass substrate dominates the
Because the substrate often carries negative charges, a interparticle interactions and reverse the cluster dynamics, yet
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measuring the surface zeta potential of the substrate is
experimentally challenging.”* An alternative, and better,
method to understand the dynamics of a beating cluster
requires minimizing the effect of electroosmosis. In addition, a
better tunability in the respective contributions of electro-
osmosis and phoresis is also highly desired.

To meet this request, we have studied the oscillation and
synchronization of clusters of PMMA-Ag particles levitated
above a substrate. This was achieved by an ultrasonic device
that generated acoustic standing waves in megahertz along the
z direction (Figure 3a, note that this device is different from
that used in Figure 1). As a result, PMMA-Ag particles are
levitated onto a nodal plane far from the bottom surface,
eliminating the possible contribution by electroosmosis. In
addition, secondary acoustic radiation forces (the Bjerknes
are attractive in the x—y plane, serving as an in-
plane acoustic trap that collects levitated particles into 2D tight
clusters of various sizes. The oscillatory dynamics of one such
beating cluster is described in detail in the following. It
contained ~170 particles of PMMA-Ag microspheres, was
levitated ~100 pm above a glass substrate, and subject to 1 wt
% H,0,, 400 uM KCl, and light illumination of 126 mW/cm*
(halogen lamp). Under such a condition, this cluster expanded
and contracted with a period of ~1.5 s, and a typical period is
shown in Figure 3b and Video S4.

Importantly, a levitated cluster oscillated between a rapid
expansion and a slow contraction, exactly opposite to a cluster
oscillating near a substrate shown in Figure 2 (this comparison
will again be illustrated in Figure 4b further down). This
dynamic is further characterized/visualized in the following
three ways, yielding distinct information on its dynamics. First,
the velocity map of an expanding cluster in Figure 3c,
generated by micro-PIV (see Experimental Section for details),
shows a quick, outward motion of PMMA-Ag particles during
the first 0.2 s of expansion. Particles near the edge of the
cluster moved the fastest, at a peak speed of ~6 um/s. The
contraction (not shown), in comparison, is much more
subdued. Second, the normalized area of the cluster (Figure
3d) rises sharply and periodically (with a period of ~1.5 s),
increasing by ~20%, then decays slightly and more slowly. The
third way is by a kymograph (Figure 3e), which examines the
variation over time of the gray scale along a cut line across the
radius of the cluster. Because the pixels are significantly
different in gray scale between the core of a particle, its edge,
and the background, this cut line clearly visualizes the anatomy
of a cluster. The generated kymograph in Figure 3e shows five
peaks over time, corresponding to the outward and inward
motion of the spheres along the cluster radius, in perfect
agreement with those acquired from normalized area analysis
in Figure 3d.

In addition to understanding dynamics of a whole cluster,
the above analysis also reveals interesting behaviors of
individual PMMA-Ag particles within such a cluster. First, all
PMMA-Ag particles oscillated simultaneously with synchron-
ized frequencies and phases. This is clear from Figure 3f, which
tracks the instantaneous speeds of three separate PMMA-Ag
particles along the edge of a beating cluster (color-labeled in
Figure 3b). Although separated by at least three particle
diameters and thus not directly interacting with each other,
these three particles oscillated in almost perfect synchrony.
This leads to the second point, which is that particles always
moved outward along the radial direction of a cluster
regardless of their positions within a cluster or their own
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orientations (suggested by Figure 3c and e). This is in stark
contrast to their uncorrelated motion that always pointed away
from the Ag hemisphere, such as those in Figure 1b. Finally,
when a cluster is expanding, particles near its edge escaped
farther than those trapped within. This is visualized by the
velocity map in Figure 3c and again by the kymograph of
Figure 3e that shows higher peaks farther away from the center
(i.e., intensity lines farther up along the y axis in Figure 3e).
These results on individual particles within a cluster suggest
that a global field (or fields) is responsible for the collective
motion of particles. The nature of this field will be discussed in
the next section.

Understanding and Tuning Cluster Dynamics. The
periodic expansion and contraction of a levitated cluster of
PMMA-Ag particles in the absence of electroosmosis, shown in
Figure 3, can be qualitatively understood by the following
phenomelogical model that involves a competition between
phoretic repulsion and acoustic attraction (illustrated in Figure
4a). Microscopically, the chemical gradient of one active
PMMA-Ag particle, as a result of the photodecomposition of
AgCl (eq 2), gives rise to an inward electric field. Its neighbors,
being negatively charged, then move away from this electric
field. This phoretic repulsion is mutual and causes PMMA-Ag
particles to scatter. In a tight cluster, the chemical gradients of
every active PMMA-Ag particle overlap to produce an electric
field that points in toward the cluster center. Al PMMA-Ag
particles then respond to this electric field by collectively
moving outward rapidly. Reversing this chemical reaction
reverses the electric field and leads to contraction. This
phoretic mechanism is strongly supported by the reversal of
expansion and contraction of a cluster before and after being
levitated (see Figure 4b for a comparison), providing yet
another testimony of the usefulness of acoustic levitation in
identifying the substrate effect in the study of micromotors, as
we have recently shown in a few studies.””*>*'

The presence of a global mean field responsible for the
collective behaviors of a beating cluster is supported by two
additional control experiments. First, we confirm that the
presence of inert tracer microspheres (2 um polystyrene or
SiO, microspheres) or SiO, microrods (~3 um long and 300
nm in diameter) mixed with active Janus microspheres does
not qualitatively alter the dynamics of a now mixed cluster
(near a substrate), nor does the mixture phase separate. This
observation suggests a mean field gradient that operates on
every particle in a cluster, active or not, consistent with the
mechanism described above. In addition, we confirm that pure
Ag microspheres, instead of PMMA-Ag Janus microspheres,
form beating clusters that show qualitatively the same
behaviors as those formed by their Janus counterparts (see
Figures S1 and S2). This similarity suggests that a Janus
particle in a cluster can no longer “feel” its orientation, as the
global field dominates over the individual gradient of each
particle in a beating cluster.

On top of the phoretic interactions, an additional acoustic
attractive force (the Bjerknes force) constantly pulls all particles
toward the cluster center. It then acts as a resistance when the
cluster expands, limiting its maximum size, while as an
assistance when the cluster contracts. In fact, we believe the
Bjerknes force is stronger than the attraction caused by
phoretic interactions and is the leading reason that a levitated,
expanded cluster is able to contract to full compactness. This
argument, that eq 1 produces a weak, phoretic attraction, is
supported by an experiment where, under weak acoustic forces,

https://dx.doi.org/10.1021/acsnano.9b08421
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Figure S. Synchronization between two beating clusters (Video S6). (a) Optical micrographs of one large and one small beating cluster
approaching each other, both levitated by ultrasound. The colors of the cluster outlines correspond to the coloring of data plots in (b). (b)
Synchronization kinetics. Normalized areas (top) and change in oscillating periods (bottom) of two clusters are plotted over time. The
synchronization of these two clusters occurred at t = ~8 s, indicated by the vertical dashed line. (c) Pair-correlation (PC) between the red
and blue curves in (b), showing a poor and fluctuating correlation until ~8 s. Note that these clusters are made of Janus particles of 1 ym in
diameter, rather than 2.5 gm, because they form clusters that are easier to manipulate by ultrasound.

the levitated cluster was not able to contract to the compact
form but instead slowly grew in size over a few cycles of
oscillation (results not shown). Furthermore, this argument
also applies to a nonlevitated cluster above a substrate (Figure
2), where a cluster was able to contract to compactness in
every cycle only because of the presence of electroosmotic
flows that reversed the directionalities of these two processes.
It is the expansion, corresponding to eq 1, that is weak in this
sedimented case.

A levitated, beating cluster can then be regulated by tuning
the relative magnitude of the above two forces, phoretic
repulsion and acoustic attraction, as demonstrated in Figure 4b
and c and Video S5. For example, increasing the light intensity
presumably accelerated the photodecomposition of AgCl,
leading to a larger chemical flux, stronger phoretic repulsion,
and thus a more expanded cluster (Figure 4c). Increasing the
ultrasound voltage, on the other hand, increases the attractive
Bjerknes force and leads to tighter clusters (Figure 4d) (Note
that acoustic forces and phoretic interactions operate by
different principles, with hydrodynamics that likely decay
differently over distance. This difference, however, does not
qualitatively change the discussion here.) An interesting
possibility is that, instead of keeping the light intensity or
ultrasound voltage constant, as is typically done in our
experiments, both parameters can be varied over space and
time, possibly generating more complicated cluster dynamics.
This will be worth exploring in the future.

An interesting result is that the dynamics of a beating cluster
is also dependent on its size. Video S5 and Figure 4e show that
four independent clusters found in the same experiment
oscillate with significantly different periods, with the smallest
one beating about twice as fast as a second cluster roughly 100
times larger. A similar trend has been reported by Altemose et
al. on oscillating clusters of Ag;PO, particles.”” Tentatively, we
hypothesize that such a size-dependence of the periods of
oscillating clusters is related to the reaction-diffusion of certain
chemicals involved in the oscillation and the recovery time for
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the refractory periods. For example, eq 1 (the oxidation of Ag
into AgCl) is believed to be the slow step,”” and the
concentration of H,O, therefore regulates the period of the
oscillation (as was shown in our study of an individual PMMA-
AgCl oscillator).>" A larger cluster consumes H,0, more and
might lead to a low local concentration of H,O, that increases
its period.

‘What happens for even larger oscillating clusters? We do not
have the answer, as experiments become technically challeng-
ing for very large clusters. However, it is reasonable to
speculate that a qualitative change of the cluster dynamics
might occur, such as a complete stoppage of oscillating,
emergence of additional synchronization centers, or a
transition to a directional motion. Such a dramatic change in
the behavior caused by a continuous increase in the population
is a well-known phenomenon called “quorum sensing”, which
has been studied extensively in biology and in synthetic
oscillators,"¥**~* where a change in population size, even a
slight one, could dramatically alter the population dynamics
and cause emergent behaviors such as waves.*® For example,
both camphor boats*” and yeast cells** are known to undergo a
transition from continuous to oscillatory state as their number
density is increased. This issue pertains closely to applications
of swarms that contain many microbots and will be explored in
the future.

Synchronization of Two Beating Clusters. Just like an
oscillating PMMA-Ag motor, a beating cluster can also
synchronize with its neighbors. This was first reported by
Altemose et al, who showed that a number of clusters of
Ag;PO, microparticles scattered across the field of view
oscillated in phase-shifted synchrony.”” However, the kinetics
of synchronization as two asynchronized clusters are brought
together remains unknown. As we have shown in the last
section, clusters of different sizes beat in different frequencies
and are thus a good model system for examining synchroniza-
tion between two populations of oscillators that are already
locked to their own frequencies, i.e, two beating clusters.

https://dx.doi.org/10.1021/acsnano.9b08421
ACS Nano 2020, 14, 5360—-5370
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We examine the synchronization of two beating clusters
levitated by ultrasound (Figure S, calculated with the first 20 s
of Video $6). Initially, one small cluster oscillating with an
average period of ~0.45 s (blue in Figure Sa) was located far
away from a second cluster 4 times as large with a period of
0.89 s (red in Figure Sa). Under the attractive Bjernkes force
they slowly approached each other, while their oscillating
frequencies and phases remained largely independent (“a-sync”
stage in Figure Sb). As their intercluster distance decreased
below a few micrometers, they quickly synchronized (“sync”
stage in Figure Sb).

Pair-correlation (PC) was calculated to quantify the
synchronization between the two beating clusters. To calculate
the correlation, the time series of the area of each cluster
(Figure Sb) was first normalized by their respective maximum
area during expansion. Then, the correlation between the
normalized areas of two clusters for each period of the larger
cluster was calculated using the following equation:

e - @ -E)@, - K))
A = A4, - &) (4)

where A and A, are the averaged area in each period of the

large and small cluster, respectively. The value of PC fluctuated
between —0.5 and 0.5 up to ~9 s, beyond which point PC
stabilized around 0.5 =+ 0.1, indicating synchronization (it is
not strictly 1 because correlation is very sensitive to small
differences between data). Note that, not unlike those six
oscillating Janus particles in Figure 1 that synchronized while
approaching each other, the clusters shown here synchronized
their oscillations as they gradually approached each other,
resulting in a coupling strength that varied over time. This
feature is discussed later.

Key Features Operating at Different Scales. Through-
out this study we have described dynamics at three levels: a
single oscillating particle, a cluster made of many such
particles, and a pair of beating clusters. At all three levels we
see oscillating entities interacting with each other and
synchronizing, unified by a central theme of chemically
coupled oscillators. To further clarify, we briefly review the
key features operating at each level, while highlighting a few
fundamental questions that still linger.

First, at an individual level, a PMMA-Ag Janus particle is
assumed to undergo a chemical oscillation on its surface, and a
burst of outward chemical flux propels it forward. Two of such
active particles couple to each other by reciprocally attracting
and repelling each other through phoretic interactions and
more importantly by interrupting and resetting each other’s
clock. This is most likely achieved via coupling with chemical
fields (detail unknown), making them chemically coupled
micromotors.

As the population of Janus particles becomes larger and
denser, their coupling becomes stronger, and the chemical
gradient overlaps to generate a mean field. A strongly coupled
cluster then expands and contracts in unison, disregarding the
intrinsic dynamics or orientations of each constituent particle.
Notably, the oscillating periods and magnitude of an
uncorrelated particle is different from the cluster they form,
possibly reflecting a variation in the concentrations of
chemicals.

As oscillating clusters meet each other, they again behave as
chemically coupled oscillators, now with a chemical field that is
more isotropic and farther-reaching than a single Janus particle.
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However, synchronization between two clusters did not occur
until they were surprisingly close, possibly because a cluster
was more firmly entrained to its own frequency and phase and
thus resisted changes more strongly than a single particle. An
interesting experiment would be to arbitrarily tune the
intercluster distance. Yet, this has proven difficult for the
acoustic trapping technique we used, because of the technical
challenge associated with generating local traps that manipu-
late individual clusters, rather than the global trap we currently
employ. Other trapping techniques, such as optical traps, might
be worth exploring.

One of the most important missing pieces in our reasoning is
the nature of the “coupling”. Specifically, how do the chemicals
that one particle consumes and produces change the reactions
of a second particle and resets its chemical clock? Moreover,
what exactly is being sent and received, as the critical signaling
agent? We note that a similar coupling effect was achieved by
various ways in earlier studies of natural or synthetic
oscillators. For example, BZ oscillators couple by the diffusion
of activator and inhibitor species,45 and oscillating cells such as
cardiac pacemaker cells and neurons couple by the diffusion of
Na* and K, which affects their trans-membrane potential.'®*’
Mercury beating hearts synchronize by electrochemical
coupling,”' and so do Ni electrodes in H,SO,.** Metronomes
sense each other by mechanical forces. The synchronization
observed on the catalysis of CO oxidation on a Pt(111) surface
is partly due to the surface diffusion of mobile adsorbates that
induce surface reconstruction.”” None of these coupling
mechanisms, however, can be simply mapped to our
observations. Although we have some premature guesses that
involve reaction-diffusion of chemicals such as Ag®, CI°, H',
and H,0,, conclusive proofs and a definite mechanism are not
yet available. This is clearly a top priority for subsequent
studies.

Another prominent phenomenon we frequently observe
with oscillating microparticles is the emergence of traveling
waves, manifested in the collective migration of particles in
sequence. This is not discussed here in detail, because the rich
dynamics of waves deserves its own dedicated study. However,
we do note that the generation of waves is a hallmark feature of
chemical coupled oscillators, commonly observed across a wide
range of natural or synthetic oscillators.””>" The synchroniza-
tion of oscillating entities, and the finite rate of a signaling
agent transmitting across the population, naturally gives rise to
waves. This also suggests that the dynamics of waves, such as
their speeds and periods, can reveal important information on
the chemical reactions underlying oscillations and synchroni-
zation, such as the nature of the diffusing species. This aspect is
currently being pursued in our lab and will be published
separately.

Relevance to Coupled Oscillators and Nonlinear
Sciences. In addition to being a prototype of communicating
microbots, the current Ag-based oscillating system can be
potentially developed into a good model system for the study
of nonlinear sciences. One beauty of this model system is that
it is driven most likely by heterogeneous reactions, thus can be
engineered on a wide selection of surfaces. Its dynamics are
also highly sensitive to, and tunable by, experimental
parameters such as chemical concentrations and light intensity,
offering a wide phase space of dynamics. This model system is
also likely mathematically describable.”” An example is given in
the Supporting Information, where the synchronization

https://dx.doi.org/10.1021/acsnano.9b08421
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between two beating clusters can be described by a Kuramoto-
like model.

Two interesting prospects emerge for future studies in the
realm of nonlinear sciences. One opportunity arises where
intentionally tuning the coupling strength between these
oscillators could affect their capability to synchronize and to
demonstrate other collective behaviors. In addition to the
obvious method of tuning the chemical activity, the Kuramoto
model predicts synchronization, provided sufficiently strong
coupling, even in an inhomogeneous population with small
differences in their natural frequencies.”” It is then curious to
see to what extent can a unified group defend itself from the
presence of “impurities” or “defects”, a scenario possibly
probed by an experiment with a binary mixture of Janus
motors of different oscillating frequencies. In the context of an
ensemble of microbots, this question relates to the situation
where some members of the group are “different” from others,
a common heterogeneity arising from fabrication imperfec-
tions, or the way each motor interacts with the highly
heterogeneous environment. Whether a heterogeneous group
like this can still synchronize is then of practical concern.

A second opportunity is related to the mathematical model
called “swarm oscillator”, which has been recently proposed to
describe coupled oscillators that vary their coupling strength
while self-propelling.’>>* A notable example of swarm
oscillators is a social amoeba that excretes and receives
chemoattractant, forms spiral waves, and migrates by chemo-
taxis.”> In a recent study, O’Keeffe et al. predicted a number of
interesting states of collective behaviors for swarm oscillators,
including static sync and phase waves.”® These phases are yet
to be discovered in experiments. The concept of swarm
oscillators matches well with coordinated microbots that often
move in swarms. The current study therefore sheds light on
bridging these two concepts together.

Comparison to Reports of Dynamic Colloidal
Clusters. Finally, we compare the oscillating clusters reported
here to earlier studies of clusters that change sizes. Prominent
examples include a micro-“firework”, where a cluster of TiO,
or AgCl microparticles explodes upon UV light exposure, but
slowly contracts back to a tight cluster after light is turned
off.***”%% A similar effect has also been observed with clusters
of various types of microparticles levitated by ultrasound and
exposed to UV light.”” Adding or removing NH; from a
suspension of Ag;PO, microparticles also triggers a reversible
transition in their aggregation states.”” Ensembles of photo-
active microparticles have also been shown to self-assemble
into close-packed crystalline clusters under light, which then
dissolve when lighting is removed.’*""

On a superficial level, all these clusters oscillate between an
expanded and a contracted state, similar to what is reported
here. However, one distinct feature of an oscillating cluster is
that it does so in a spontaneous, uninterrupted, and highly
regular fashion, without a change in experiment condition or
human intervention (best illustrated in Figure 2). This is
fundamentally different from previous demonstrations of
“dynamic” clusters, where every instance of expansion or
contraction must be triggered externally, in the form of
adding/removing chemicals or turning on/off light. Even
though spontaneously oscillating clusters studied here are not
necessarily superior to triggered ones reported previously, we
note that naturally occurring dynamic systems are often self-
sustained and adaptive, and this study is one step toward
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bringing that feature to man-made micromachines and smart
materials in general.

CONCLUSIONS

To summarize, we have quantitatively examined how the
uncorrelated oscillatory motion of PMMA-Ag Janus micro-
motors, and the clusters that they form, can synchronize.
Coupling among these oscillating entities can be partially and
qualitatively understood by a mean chemical field arising from
the overlapping of nearby active particles. Its gradient then
couples to the charged substrate and produces electroosmosis,
which gives rise to a cluster of oscillating colloids that expands
and contracts. Finally, quantification of the synchronization
process at both an individual and ensemble level reveals that
the coupling strength is strongly dependent on interparticle or
intercluster distance.

Moving forward, a number of topics are worth exploring. For
example, the coupling mechanism underlying synchronization
remains poorly understood. Future efforts will focus on
identifying the chemical species produced from an oscillating
particle/cluster and quantifying their distribution, as well as on
mapping the electric fields and fluid flows. Second, although
we have used PMMA-Ag oscillating micromotors as an
example, other micromotors of different, nonlinear dynamics
could in principle show similar synchronization provided a
means to couple. Examples are, however, rare.”” Third, the
chemical signals responsible for the synchronization takes time
to propagate, leading to the possible emergence of waves,
which will be the focus of our next endeavors.

Standing on the shoulders of earlier experimental demon-
strations of oscillating particles and clusters, the findings
reported here represent a significant progress in understanding,
as well as the capability in controlling, the coordination of a
group of micromachines. We anticipate that the knowledge
acquired from this study will inspire future designs of
intelligent materials and usher in opportunities for the studies
of nonlinear sciences. In addition, although microscopic
particles are explored in the current study, there is no
fundamental limitation that prevents applying the same
operating principles to nanoscopic systems as well.

METHODS/EXPERIMENTAL SECTION

Sample Fabrication. A monolayer of PMMA microspheres (2.5
um diameter, BangsLab) was formed at the water—hexane interface
and transferred to a wafer, following a previously reported protocol.”>
PMMA-Ag Janus spheres were fabricated by evaporating a 50 nm
layer of silver on the monolayer using an e-beam evaporator. These
particles were redispersed by sonication and stored in water for motor
experiments. We note that the quality of the silver layer is critical for
the success of oscillation experiments. In our lab, we tend to use
freshly prepared samples and store them in vacuum desiccators for a
prolonged time. Experiments on oscillation and synchronization can
also be reproduced with Janus particles made with polystyrene or
SiO, microspheres, but we have observed a better consistency for
particles made with PMMA microspheres.

Motor Experiments. In a typical experiment, an aqueous
suspension of PMMA-Ag particles with predetermined concentrations
of H,0, and KCI was transferred into a rectangular capillary glass
tube (Vitrocom No. 3520-050, thickness of ~200 um) by capillary
forces. This capillary tube was then observed with an inverted optical
microscope (Olympus IX71) or an upright microscope (Olympus
BXS1) in experiments where particles were levitated. Optionally,
transducers are mounted on the microscope for ultrasound experi-
ments (see Ultrasound Experiment section for details). A mercury
lamp (Olympus USH-1030L(C)), halogen lamp (Olympus 12

https://dx.doi.org/10.1021/acsnano.9b08421
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V100W HAL-L(C)), or LED UV lamp (Thorlabs, M365LP1-C1,
operating at 365 nm) was used in different experiments, and samples
were typically illuminated from above. Light intensities were
measured with a power meter (Thorlabs, PM100A+S175C). Videos
were recorded with a CMOS camera (FLIR GS3-U341C6C-C, Point
Gray) typically at 30 frames per second (fps).

Tracking Motors and Clusters. Single-particle tracking was
achieved by MATLAB codes provided by Hepeng Zhang’s lab at
Shanghai Jiaotong University. In general, each particle was first
distinguished from the background via a gray value threshold, and
their coordinates were extracted and used to calculate the
instantaneous particle speeds. We note that a variety of programs,
both commercial and open source, are available online that can be
used to achieve in principle the same tracking results as what we
obtained.

Population density of an oscillating cluster in Figure 2c was
calculated as follows. An optical micrograph is first converted to gray
scale with imageJ (https://imagej.nih.gov/ij/) and then meshed into
square elements of 20 X 20 pixels (0.26 ym/pixel). The mean gray
value of each element is then calculated and assigned to all pixels
within this element. After this process, we acquire a coarse-grained
image with averaged local pixel gray values, which are then normalized
to the lowest gray value of the image and color coded. This
normalized value is defined as the local population density, ranging
from 1 to 4. In addition, a circular area marked in Figure 2¢ was also
selected, and the mean gray value within this area was calculated over
time as shown in the bottom panel in Figure 2c. We note that areas
where particles are denser appear darker in an optical micrograph and
give a smaller gray value because in image] a bright pixel gives a higher
gray value than a dark pixel (gray value ranges from 0 to 255 for pure
black to white). To avoid confusion, we have subtracted 255 by the
measured gray value and used the difference to calculate the density of
circled areas so that a higher gray value corresponds to a denser area.

To calculate the area of a beating cluster such as that shown in
Figure 3, the micrograph is first processed by imageJ so that the
cluster is distinguished from its background by tuning the gray value
threshold carefully. The cluster area was then calculated by MATLAB
codes and normalized. Peaks of normalized area profile over time
were extracted, and then the max areas and periods were calculated
for Figures 4 and S.

Micro-PIV of a beating cluster in Figure 3c was achieved by
MATLAB and Fluere software (http://fluere.kplynch.com/). A video
of a beating cluster was first decomposed into images, and the contrast
was enhanced. Images were then analyzed by Fluere, and speed data
in the x and y direction at each point (13 X 13 point in Figure 3c)
were generated. Then, the data were processed by MATLAB, and
speed arrows were plotted by overlapping the original video. The
length and color of the arrows both indicate the magnitude of the
local speeds (longer and more red arrows indicate high local speeds).

Ultrasound Experiment. 1. Particle Trapping and Aggregation
on a Substrate. This procedure corresponds to Figure 1d. A
rectangular capillary tube filled with micromotors and 0.5 wt % H,0,
and 200 uM KCI was attached on the center of a rectangular glass
coverslip via ultrasound coupling gel. The capillary tube was placed
perpendicular to the long axis of the coverslip, and an ultrasonic
transducer (Steminc Inc., SMD12T06R412WL, resonance frequency
3.4 MHz) was attached on the coverslip with ultrasound gel next to
the capillary tube. UV light at 365 nm and of 134 mW/cm? intensity
was applied from above. Note that the sketches in Figure 1d and 3a
are solely for the purpose of illustrating the experimental setup, and
components are not drawn accurately or to scale.

To induce the aggregation of individually oscillating particles
(Figure 1d), sound waves of frequency ~3.9 MHz were produced by
the transducer driven by a waveform generator (Keysight 33210A) at
10 V voltage. At this condition, particles gradually aggregated as a
result of the acoustic radiation force. They did not levitate, partly
because the transducer was attached to the side, rather than the
bottom, of the experimental chamber. In addition, the operating
frequency was slightly off the resonance frequency required to achieve
levitation.
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2. Levitating Clusters. This procedure corresponds to Figure 3a.
To levitate particles and clusters far from the substrate, an ultrasonic
transducer was attached to the bottom of a silicon wafer by ultrasound
gels. A rectangular capillary tube with PMMA-Ag microspheres and 1
wt % H,0, and 400 uM KCI was attached on the shiny side of the
wafer, directly above the transducer center. Sound waves of frequency
~3.8 MHz were produced by the transducer, creating a standing wave
and a nodal plane at the middle of the capillary tube. This plane is
~100 pm above the substrate.

PMMA-Ag microspheres, responding to an acoustic radiation force,
were levitated from the bottom of the chamber toward the nodal
plane, on which they migrated laterally toward the pressure minimum.
While migrating, 2D clusters of various sizes form due to the presence
of in-plane secondary radiation forces (also known as Bjerknes forces)
that were attractive among particles. The same attractive force is also
responsible for the approaching of clusters shown in Figure S.

The voltage was fixed at 9 V in experiments with varied light
intensities (Figure 4c), but was tuned from 6 to 10 V in the
experiment of tuning cluster dynamics (Figure 4d). Particles were
observed with an upright microscope, and visible light was produced
by a halogen lamp with intensity ranging from ~60 to 280 mW/cm?,
irradiating from above. In the study of synchronization of two beating
clusters, a mercury lamp was used operating at 387 mW/cm’.

Data Analysis for Synchronization of Six Micromotors. In
order to quantify the synchronization of the oscillatory motion of
individual motors, we calculated a Kuramoto order parameter, shown
in Figure, l1h. This is done by first defining phase, 6, for each
oscillator. Because the particle behaviors were intermittent, it was
hard to define the phase for each instantaneous speed, v. Instead, we
focused on the speed peaks and defined them as @ = 0 (or 27). Phases
in between were calculated by linear interpolation. More specifically,
to define the phase values, the time instance of the ith peak, #, was
obtained at first, for which the phase value was defined as 0 or 27.
Then, phase value ¢(t) at arbitrary time ¢ < t < t;,; was defined by
linearly interpolating between ¢(t;) and ¢(t;,,) with the following
equation:

#(1) = 22—

i+1 i

©)

Using these phase values, the Kuramoto order parameter R was
calculated for each time instance by the following equation:*’

1 N
— ) exp(ih(t)) = R exp(if)
NZ o ! 6)

Here, N is the number of oscillators. The order parameter R can be
considered as the position of the center of mass of the oscillators in
the phase space.

We selected six particles in Figure le and calculated the Kuramoto
order parameter for each time instance using the above method.
Noise is removed by setting a threshold value for the peak speed to §
pum/s so that only the peaks above the threshold value were analyzed.
In addition, if there were more than one peak within 1 s (well within
one oscillation period), the maximum speed peak was taken and other
peaks were considered noise and ignored.
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Video SS: Levitated clusters of different sizes oscillating
under various light intensities and ultrasound driving
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Video S6: Synchronization of two levitated, beating
clusters (AVI)

Experiments with pure Ag microspheres, calculation of
synchronization between two beating clusters (PDF)
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