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The generation of spontaneous collective-motion patterns in active groups, such
as bird flocks, is a fascinating process. Teng et al. use a chemical model to explore
the role of internal heterogeneity, i.e., the existence of a small number of
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Rui Teng," Qingyu Gao,"** Ling Yuan,' Lin Ren,? Jing Wang,' Yunjie Wang," and Irving R. Epstein®*

SUMMARY

Biological swarms produce movement patterns that enhance their
viability and functionality. We investigate the importance of internal
heterogeneity within a group for the generation and transformation
of group movement patterns. We find that an increase in the activity
difference between a pair of chemically reactive gels and the rest
causes the gel group to evolve from irregular random motion to or-
dered periodic swing-forward and circular motions. Our results
imply that internal heterogeneity within a group is a key factor in
generating ordered motion patterns, such as linear or curved loco-
motion, and disperse or compact population distributions. Dynam-
ical analysis of collective pattern transitions reveals that the location
and level of activity of a few "“leaders" act as control parameters for
bifurcations of collective-motion patterns. Our results suggest a
possible origin of swarm motion patterns and may also be used to
tailor robot swarms to enhance flexibility and robustness.

INTRODUCTION

In active systems, from microbes to mammals, as well as artificial active matter, indi-
viduals tend to form stable groups through self-organization.' Self-organizing
groups can display remarkable feats of coordination, allowing swarms to produce
a variety of stable motion patterns. Examples include predatory locusts,” migrating
white storks,” and cooperative transport by ants.® These motion patterns enable
groups to show extraordinary mobility and function. What drives these behaviors?
In most studies, individuals in groups have been regarded as essentially homoge-
neous. Collective motion is generally thought to result from the interaction between
the external environment and the collective.””” However, heterogeneity among in-
dividuals is universal.'%""

In nature, individual heterogeneity, in traits such as perceptual ability, body shape,
and gender, arises from the diversity of genes, the influence of the environment, and
even the pathology of individuals.'®'? An obvious example is multiple births:
although the progeny are very similar, they still differ in some aspects. At a deeper
level, heterogeneity in groups, especially with regard to competitive abilities,’® can
lead to complex interactions and collective stability.'*"> This population asymmetry
is particularly evident in cell populations, where it promotes asymmetric division and
population movement of cells to differentiate into tissues with different functions.'®
Such symmetry breaking is an important factor in the collective generation of direc-
tional motion patterns. In most cases, the role of the external environment is to drive
the group to produce directional movement by amplifying internal differences."’

Moreover, individual behaviors differ from one other, which can have major adaptive
consequences and extensive ecological and evolutionary significance, such as
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emergent collective behavior and group extinction. For example, individuals with
atypical characteristics can play an emergent leadership role in collective
behavior.'® Differences within a fish group determine the function and movement
behavior of the group.'” Although several authors have considered the importance
of heterogeneity, there is still no unified mechanistic understanding and description
of heterogeneous groups.'” In particular, we lack the ability to explain and predict
the influence of heterogeneity on collective behavior and motion. Recent studies
have found that system heterogeneity can affect the synchronization mode of group
oscillations and regulate the stability of oscillations,”®?' but few studies have
focused on the relationship between heterogeneity and collective-motion patterns.

A fundamental problem is understanding the transitions between collective-motion
patterns originating from internal heterogeneity. Collective-motion patterns of indi-
viduals from a single species often display diversity, which enhances the adaptability
of the group. For example, a flock of birds can display random flying, swinging, or
milling.?>?* Other active groups also show transformations among patterns of col-
lective motion.?*~*® Recent studies have tended to attribute these transformations
to external conditions and system asymmetry. For example, increasing the sur-
face-to-volume ratio of the system can promote the aggregation of roaming active
particles at a boundary,”® and the motion of bacteria can be changed from rotation
to oscillation by adjusting the solution viscosity.”” We pose the following questions:
is there any correlation between motion-pattern transformation and internal hetero-
geneity? Can pattern transformation be controlled through internal heterogeneity?
Here, we provide a novel perspective on these questions. We suggest that collective
motion can arise from the internal heterogeneity of the group and that movement
patterns are governed by changes in heterogeneity.

In this work, we study the effects of individual differences on collective-motion pat-
terns using a simulated group of self-oscillating Belousov-Zhabotinsky (BZ) gels that
display a rich array of biomimetic behaviors, including multiple states, periodic and
aperiodic oscillations (similar to cardiac and neural rhythms), and chemomechanical
transduction. A single BZ gel may be regarded as an analog of an artificial animal,
cell, or robot. In a sufficiently large gel, traveling pulse waves, caused by coupling
between oscillatory kinetics and diffusion, generate a net-force difference between
pushing and pulling as a result of swelling and shrinking at the wave front and wave
back, respectively. The ensuing locomotion can produce a variety of movement pat-
terns, such as periodic migration”” and amoeba-like motion.?® Active BZ gels not
only generate chemical waves to drive their own motion®'* but also cause diffusion
into the surrounding aqueous solution of the autocatalyst u produced by the reac-
tion. The consequent exchange of the autocatalyst results in communication be-
tween the gels,®® which can lead to chemotactic movement of a gel group, e.g.,
self-aggregation and self-rotation of cubic gels.** Similarly, entities from unicellular
organisms>® to social arthropods® may exhibit a form of chemotaxis in which they
pursue chemical attractants released by themselves. Especially for bacteria and sin-
gle-celled organisms, this self-generated “autochemotaxis” is an important means
of communication. The propagation and stability of these signals determine the
group behavior and motion pattern of these organisms.*’-*

The behavior of a gel group can be used to model such phenomena and their under-
lying mechanistic origin. Here, we employ a system consisting of nine active BZ gels to
study the effect of internal heterogeneity on collective-motion patterns. Three distinct
patterns are obtained by varying the internal heterogeneity. By increasing the activity
of two gels in the group, which we refer to as the “leaders,” i.e., raising their oscillatory
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Figure 1. Motion patterns of gel populations with two leaders

(A) Initial position of gels. The gels are numbered from 1 to 9.

(B) Gels 1 and 8 as leaders.

(C) Gels 1 and 9 as leaders.

(D) Gels 2 and 8 as leaders.

(E) Gels 6 and 8 as leaders.

(F) Gels 8 and 9 as leaders.

(G) Gels 3 and 9 as leaders.

Red dots represent the center of mass of a group or the center of mass of each part of a divided
group. In (B)-(F), Ae is set to 0.0063. In (G), Ae for patterns 1, 2, and 3 is set to 0.0007, 00056, and
0.0098, respectively. The red pentagram represents the starting point of the black center of mass
trajectories. Angles shown have vertex at the center of the group (gel 5) and rays pointing toward
the leaders. Color bar shows concentration of vin the gel. In (A), the u marked by the red arrow
shows the autocatalyst concentration outside the gel.

frequency above that of the other gels in the group, we obtain irregular, swing-forward,
and circular motions. We emphasize that the patterns of collective motion in our study
arise from the heterogeneity within the group in a uniform external environment. From
a fundamental point of view, our research can shed light on the far-from-equilibrium
chemical kinetics underlying the adaptability and collective motion of active matter.
It can help us to better control groups of active components to enhance their flexibility
and robustness, e.g., in designing functional soft robots.

RESULTS

Effect of the number and position of heterogeneous individuals on motion
patterns

Our two-dimensional system consists of nine BZ gels, each 15 x 15 units
(0.06 x 0.06 cm), at the center of a 500 x 500 unit box. More details are given in ma-
terials and methods. We number our nine simulated gels as shown in Figure TA. In all
our simulations, the initial arrangement of gels is the same. Each gel is simulated us-
ing the modified Yashin-Balazs model®*’*? described in Note S1. Heterogeneity
within the group is achieved by assigning different values of the model activity
parameter ¢_to different gels.

In our simulations, all parameters except e, which we take as a measure of the het-
erogeneity, are fixed, and most gels are assigned the value ¢y = 0.07. Leaders are
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created by setting e = g9 + Ae for one or two gels in the group. Depending on the
activity difference, A¢, gel groups may exhibit different motion patterns because the
frequency of chemical oscillation increases with the activity, as shown in Figure S1.
We note the sharp increase in the average frequency of the diffusively coupled
group at about Ae = 0.007, in contrast with the smooth increase for an individual
gel. The parameter ¢ measures the ratio of timescales between the fast activator/au-
tocatalyst, u, (HBrO,), and the slow inhibitor/oxidized catalyst, v, (Ru(lll)), which oscil-
late in phase. The value of Ae controls the structure and propagation of the chemical
waves, since the highest frequency determines the direction of wave motion. High
and low v concentrations cause individuals in the gel group to swell and shrink at
the wave front and wave back, leading to the push and the pull, respectively. The
resultant net force caused by the chemical waves drives the movement of the
gel group opposite to direction of wave propagation, i.e., retrograde-wave

locomotion.*?

We considered all unique cases with one or two leaders. Due to the symmetry of the
gel cluster, there are three possibilities with one leader: [(1,3,7,9), (2,4,6,8), and (5)].
When the leader is placed at the outer edge of the group, the group moves in a
straight line. If the more active gel is located at the central position 5, the group
cannot produce directional motion. The results of these three cases are shown in
Video S1. There are eight independent possibilities with two leaders: e.g., (gels 1
and 8: 8 symmetry-equivalent cases, gels 1 and 9: 2 cases, gels 2 and 8: 2 cases,
gels3and 9: 4 cases, gels 5 and 8: 4 cases, gels 5 and 9: 4 cases, gels 6 and 8: 4 cases,
and gels 8 and 9: 8 cases). When the leaders are chosen as (5,8) or (5,9), the results
are similar to those found by setting one leader at the side of group, as shown in
Video S2.

Here, we show the most interesting movement patterns when there are two leaders.
As seen in Figures 1B-1D, when the two leaders are (1,8), (1,9), or (2,8) and the initial
angle between the two leaders and the group center (direction angle) is greater than
90° (Video S3), the group splits into two subgroups. In the other cases, the group re-
mains united. As shown in Figures 1E and 1F, when the leaders are (6,8) (direction
angle 90°) or (8,9) (direction angle 45°), the gel group traces a curvilinear path, as
shown in Video S4. The most striking behavior arises when gels 3and 9 (i.e., adjacent
corners, direction angle 90°) are the leaders. The group then displays a sequence of
motion patterns (Figure 1G) as we increase Ae. The transitions between these modes
and their origin constitute the focus of this paper.

Transition between collective-motion modes

In contrast to previous studies, in which environmental-interaction parameters were
varied,?® we use the difference in activity within the group as the control parameter,
which we believe provides a better understanding of the key role of internal dy-
namics in group movement. Here, we focus on the transitions between motion
modes caused by increasing the activity difference between the leader gels 3 and
9 and the other gels.

When Ae¢is small, i.e., <0.0014, we observe disordered, irregular motion, as shown
in Figure 2A,%?* with Ae = 0.0007. When the activity difference is greater, Ae =
0.0014-0.0070, orderly collective-motion patterns emerge, in which the group gen-
erates a swing-forward-motion pattern. We show a typical trajectory with Ae =
0.0056 in Figure 2B. The gels swing back and forth in the x direction and move up-
ward in the y direction. When the gel group approaches the upper boundary of the
box, this movement ceases as the result of the influence of the boundary. Finally,
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Figure 2. Collective motion of gel group and bird flock

(A) Left: irregular motion at Ae = 0.0007. Right: irregular motion in flock of birds (https://
plainmagazine.com/hypnotizing-look-flight-patterns-birds-xavi-bou/).

(B) Left: swing-forward motion at Ae = 0.0056. Right: swing-forward motion in flock of birds (https://
gfycat.com/pettyspectaculareidolonhelvum).?

(C) Left: circular motion at Ae = 0.0098. Right: circular motion in flock of birds (https://www.youtube.
com/vva'cch?v=8uETLpdbhélk)23

The red star represents the gel position of the starting point. The arrow indicates the direction of
rotation of the gel group in the circular motion.

when the activity difference exceeds 0.007, the group first makes a small turn and
then undergoes circular motion, which is shown in Figure 2C at Ae = 0.0098. Once
the gel group begins to circle, the trajectories of successive cycles coincide nearly
perfectly. Similar motion modes can be observed in nature, e.g., in the movement
of flocks of birds, as seen in the righthand column of Figure 2.

Kinematic quantities for measuring the gels’ collective motion

We introduce the dispersion parameter, 7, to characterize changes in the spatial dis-
tribution of the gel group, which is defined as the mean square deviation of the cen-
ter of each gel from the group center of mass:

V(I = 7))

T = N , (Equation 1)

where r7, T, and N (= 9 for our simulations) are the group center, the center of each

gel and the number of gels, respectively.
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Figure 3. Irregular motion at A¢ = 0.0007

(A) Group trajectories. Red dot represents the center of mass of the gel group, whose trajectory is
shown by the black line.

(B) Dispersion parameter versus time.

(C) Phase differences versus time (see Video S5).

The gels communicate through the leaching and diffusion of the autocatalyst, u, re-
sulting in the propagation of chemical waves between gels, which causes the move-
ment of the gels. We define the phase of oscillations, ¢;, and the phase difference,
Agj, as

27 (t — t
oi(t) = u (tk <t<tei1), (Equation 2)
(tkr1 — t)
Ap; = ¢ — o (Equation 3)

where t is the peak time of the kth chemical oscillation in gel i, and i or j is the index
number of the gel. Comparing the phase differences, Ag;;, we can obtain the direc-
tion of chemical-wave propagation. If the phase difference Agj; is positive and less
than 2w, gel i oscillates before gel j, and the propagation direction is i to j.

Irregular motion

To understand the irregular motion, we examine the sequence of loci of the gel group
in Figure 3A (Video S5). The group is loose and moves irregularly, with an erratic trajec-
tory for the central locus of the group. No cooperativity is evident. The behavior of the
dispersion parameter (Equation 1) during this motion is shown in Figure 3B. It first rises
rapidly with time and then fluctuates, confirming that that the gel population is irreg-
ularand loose. Furtherinsight is provided by the phase differences in Figure 3C. Gels 1,
3,7,and 9 are initially located at the four corners of the group, and chemical waves are
most likely to arise at these positions. Therefore, we consider the phase differences ob-
tained from the local oscillations at the central points of these four gels to investigate
the propagation of chemical waves in the group. The phase differences Agsz;, Ags;,
and Agg3o vary irregularly between 3 and 4, implying that there is no stable chemical
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Figure 4. Swing-forward collective motion and kinematics of gel group at Ae = 0.0056
(A) Snapshots of swing-forward collective motion.

B) Periodic oscillations of the central locus (black line) and group velocity (red line) in the x direction.

(
(C) Oscillations of dispersion parameter for group.
(D) Effect of Ae on the swing period (see Video Sé).

wave in the gel group and that the propagation of chemical waves is disordered.
Because the difference in activity is small, the initial frequency of gels 3 and 9 is close
to that of the other gels. Therefore, the chemical waves emitted by gels 3 and 9 have
not yet reached the end of the group when the other gels begin to initiate new waves,
preventing the chemical waves from spreading steadily.

Swing-forward motion

Next, we analyze the evolution of the group in swing-forward motion, as shown in
Video Sé. Snapshots of the gel group at several times are shown in Figure 4A. The
motion is driven by pulse waves, as shown in Video S7, in which the group moves
to the right when the wave propagates to the left. During swing-forward motion,
the three gels in a column swing in unison, like cilia. During the swing process, the
center of the gel group moves periodically. We note that ciliary movement has
been extensively studied”® when the swing motion requires magnetic or other
external driving forces.

The mass center of the gel group oscillates periodically in the x direction as does the
velocity of the group center (Figure 4B). The oscillations appear to be asymmetric,
and the velocity oscillations have a pronounced relaxation waveform. These oscilla-
tions in velocity drive the group back and forth in the x direction by about 15 units
and upward in the y direction by about twice that distance during each cycle, with

Ag

0.002 0.003 0.004 0.005 0.006 0.007
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Figure 5. Kinematics of swing-forward collective motion at A¢ = 0.0056

(A) Spatiotemporal pattern of chemical-wave propagation along the midline of gels 3, 6, and 9.
(B and C) Enlargements of stages 2 and 1, respectively.

(D) Phase differences and variation of vy,ax with time in gels 3 and 9.

a period of Pgying = 88,333.4. The dispersion parameter, 7, (Figure 4C), varies with a
period, P, = 44166.2, half that of a full swing. The period, Pqying, of the swing motion
decreases gradually with the activity difference, Ae (Figure 4D), which provides a
means to control this behavior.

To analyze the dynamic origin of the swing-forward motion, we consider the chem-
ical-wave-propagation process in the gel group. During the motion, the relative po-
sitions of the gels remain as in Figure 1A, though the distance between gels changes.
As seen in Video Sé, the relative horizontal position of gels 3, 6, and 9 is nearly con-
stant during the movement, which allows us to plot the horizontal spatiotemporal
concentration pattern of oxidized catalyst, v. This spatiotemporal pattern enables
us to visualize the propagation of chemical waves in order to analyze the swing mo-
tion. At t = 46,000-52,000 (red box in Figure 4B), the group is at a turning stage. In
Figure 5A, we show a series of snapshots through the centers of gels 3, 6, and 9,
omitting the intervening solution. We see propagation of a chemical wave opposite
to the direction of motion of the gel group. In stage 1 of the spatiotemporal map, the
chemical wave propagates toward gel 3, where its propagation direction is indicated
by the dotted arrow (Figure 5A) and seen in an enlarged view (Figure 5B), while the
group moves toward more positive x, i.e., toward gel 9. At the end of stage 1, the
chemical wave passes through a transitional period, stage 2, during which the oscil-
lations in gels 3 and 9 precede those of gel 6, so that no stable unidirectional wave is
formed. In stage 3, the chemical wave completes the reversal of its direction of prop-
agation: it now starts from gel 3 and moves through gel 6 to gel 9 (Figure 5A), as seen
in the enlarged view in Figure 5C. Simultaneously, the movement direction of the
group reverses, and it begins to move in the negative x direction. The results clearly
show that the motion during the swing is retrograde-wave locomotion,*? i.e., the gel
moves in the opposite direction to the wave propagation. We conclude that the
swing motion in the x direction is due to the spontaneous reversal of the direction
of wave propagation in the group. In Figure S2, we show a similar analysis in the ver-
tical direction, along the center line of gels 1, 2, and 3. Because the leaders reside on
the upper edge of the group, the chemical wave always propagates in the negative y
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direction, causing the group to move in the positive y direction via retrograde-wave
locomotion.

The spontaneous change in the direction of chemical-wave propagation leads to the
swing motion of the group. To understand the origin of this change, we examine the
time evolution of the phase differences and oscillatory maxima, Vmax, (Vmax in each
gel is the maximum over one cycle of oscillation) within the gel group. As shown
in the supplemental information, analysis of the transmission of autocatalyst through
the solution (Figure S3) demonstrates that we can ignore the influence of the box
boundary on inter-gel communication. We use the phase difference to describe
the motion process (Figure 5D, top half). Because gel 6 is located between the
two leaders, gels 3 and 9, the swing movement of these three gels is the most
obvious. Therefore, we take gel 6 as the representative of the follower gels to study
the influence of gels 3 and 9 on the group movement. Ags4 and Aggy vary periodi-
cally, increasing nearly vertically to positive then decreasing slowly, followed by a
sharp decrease to negative after a very short plateau. The rapid rise and fall are
caused by the wave reversal in stage 2 (Figure 5A). The slow decline and the plateau
stage, since the phase difference is positive, correspond to gel 6 following this
leader movement. The alternation of the two peaks indicates that gel 6 spontane-
ously changes its direction of motion, resulting from reversal of the wave propaga-
tion. Wave reversal stems from periodic, anti-phase oscillations in phase difference
between the two pairs of gels (Figure 5D). The concentration extremum of the
oxidized metal catalyst, vmax, at the center point of gels 3 and 9 is shown in the bot-
tom half of Figure 5D. We see that the v,.x jump in leader gels 3 and 9 alternates,
which corresponds to the reversal of wave propagation. The periodic oscillatory dy-
namics of Vmax in the leader gels produces wave-reversal-driven periodic swings of
the gel along the transverse direction, and wave propagation along the longitudinal
direction drives the unidirectional upward motion, resulting in the observed swing-
forward motion.

Formation and dynamics of circular motion

During circular motion, the whole gel population is tightly aggregated, and the
shape of the gel array remains nearly constant, as shown in Video S8. The transition
from swing to circular motion results from a change in the type of chemical wave. Un-
like swing motion, which is driven by pulse waves, circular motion arises from spiral
waves in the gel group, generated by the same mechanism as spiral waves in a single
gel.** Before the initiation of circular motion, the group swings to the left a short dis-
tance, with gel 3 as the leader (a spatiotemporal sequence is shown in Figure 6A). In
the course of this swing, the excited pulse wave from gel 9 is blocked by the relatively
large gap between gels 9 and 6, and the wave cannot propagate to gel 6, which
leads to the waves curling to form a spiral (Figure 6B; Video S9), causing the group
to undergo circular motion, as shown in Figure 6C. The corresponding evolution of
Vimax 1S sShown in Figure 6D. At about t = 30,336 (the transition time), the leftward mo-
tion stops, and the gel enters the stage of dynamic change. When the gel turns back
to the right after the vimax of gel 3 jumps (Figure 6D, black dot in the red dashed box),
it enters a new process, during which a wave starts from gel 9 and finally forms a spi-
ral wave. At the same time, the other gels in the group also experience a decrease in
Vmax (red dot in Figure 6D). The time course of the dispersion parameter for
spiral-wave formation is highlighted in the red dotted box in Figure 6E, where the
gel dispersity at the transition point is much greater than that in swing-forward mo-
tion, resulting in obvious spatial heterogeneity at t = 30,050 in Figure 6A. Such
spatial heterogeneity is known to lead to the generation of spiral waves.***¢
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Figure 6. Spiral-wave formation and circular motion of gel group at A¢ = 0.0098

(A) Snapshots of gel group before spiral-wave production.

(B) Snapshots of one cycle of spiral waves in gel group.

(C) Group trajectories of circular motion.

(D) Time evolution of oscillatory maximum v ax.

(E) Time evolution of dispersion parameter for swing-forward motion and circular motion (Videos
S8 and S9).

Bifurcation of collective-movement patterns

As we have seen, the collective motion changes with the activity difference Ae. In
essence, these changes are caused by the dynamic evolution of the chemical
oscillations in the active gels. Here, we study the variation in oscillatory maximum,
Vmax, and the dispersion parameter, 7, of the three motion patterns after they have
stabilized (t > 150,000). Figure 7A shows v« for oscillations at the center of gel 3
as a function of the activity difference, Ae, which, because of the synchronous system
dynamics, provides insight into the dynamics of the entire gel group. When the gel
group exhibits irregular movement, vy, exhibits irregular, apparently random, fluc-
tuations (black time series in insert), which are caused by initial noise and group inter-
action. In contrast, in the swing-forward motion, vimax shows regular periodic oscilla-
tions (red time series in insert). When the activity difference rises above 0.0070, the
Vmax decreases sharply and then remains at a steady low value as Ae is further
increased. The collective order parameter 7 also undergoes sharp changes
when the mode of group motion switches with increasing activity difference (Fig-
ure 7B). The parallel behavior of these two kinetic parameters in response to the
changes induced by activity difference highlights the close relationship between
the local dynamics, the spatial dispersion, and collective-motion patterns.
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Figure 7. Effect of activity difference on chemical oscillatory dynamics and collective order
parameter

(A) Variation in extremum of oxidized catalyst viax for gel 3.

(B) Variation in collective dispersion parameter .

Black, red, and blue represent irregular, swing-forward, and circular motions, respectively. Inserts
in (A) show time series of vy,ax at the values of Ae indicated by the arrows.

Bifurcations of the chemical-wave-propagation process induced by the activity dif-
ference produce qualitative changes in the spatial structure of the group and in its
mode of motion.

DISCUSSION

The multifold behavior of active-matter collective motion is a thought-provoking pro-
cess that originates from the interaction among individuals, especially the complex
interplay between the heterogeneity of individuals and the homogenizing effect of
diffusion. This competition between heterogeneity and homogenization leads to a va-
riety of dynamic states, producing different collective-motion patterns. Unidirectional
motion occurs in a gel population with a single heterogeneous individual. However,
with two leaders, there are more possibilities. When the initial angle between the lines
connecting the two leaders and the group center exceeds 90°, multiple independent
waves are initiated, as shown in Figures 1B-1D, causing the gel group to separate into
two parts. When this angle is less than or equal to 90°, the group remains together and
exhibits various modes of collective motion. Our research also demonstrates the plas-
ticity of collective-motion patterns: three types of patterns emerge on adjusting the ac-
tivity difference when the two leaders are gels 3 and 9: irregular, swing-forward, and
circular motions. It should be emphasized that heterogeneity lies at the origin of this
collective motion. The coupling between BZ oscillations and autocatalyst diffusion
gives rise to waves propagating between gels. The net force at each gel, driven by
the chemical waves, points in the direction opposite that of the wave propagation, re-
sulting in synchronous retrograde-wave locomotion of the individual gels. The specific
synchronization mode is determined by the number and type of the chemical waves.
Our study reveals the internal mechanism of various collective-motion patterns and
suggests approaches to their control and robustness, pointing toward a vision for
the design of intelligent swarm robots.*’

Here, we have studied the effects on collective motion of one and two heterogeneous
individuals in an array of nine active gels. Activity differences in an experiment can be
realized by, for example, employing different catalyst concentrations or types (e.g.,
ruthenium, ferroin, etc.) in different gels. Changing the ratio of monomer and crosslink-
ing agent in gel synthesis can also change the activity of the gel, affecting the coupling
constant x* and the cross-link density ¢g in the model. In the real world, groups contain
more individuals, and the distribution of heterogeneous individuals is more complex.
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Therefore, more in-depth research is needed in the future. For example, using heteroge-
neous individuals with multiple activity differences, expanding the size of the group, and
increasing the number of heterogeneous individuals also need to be considered, which
will help us understand more complex functions of artificial and natural active groups.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-
filled by the lead contact, Qingyu Gao (gaoqy@cumt.edu.cn).

Materials availability
This study did not generate new unique materials.

Data and code availability
All data needed to support the conclusions of this manuscript are included in the
main text or supplemental information.

Additional data and code are available from the lead contact, Qingyu Gao, upon
reasonable request.

Materials and methods

Our model is derived from variants of the gel elastic lattice model (gLSM).>"~*? The
governing partial differential equations (PDEs) and computational details are given
in Note S1: Model and method. The nine BZ gels (each 15 x 15 units) are placed in
the center of a two-dimensional 500 x 500 unit box with 3 units separating adjacent
gels. The arrangement of the gels is shown in Figure TA. The boundary of the box has
a fixed concentration of autocatalyst, u = 0. The gels communicate with each other
through u, which is produced in the gel via the BZ reaction, diffusing and decompos-
ing in the solution according to Equation S3. The choice of the gels” heterogeneity, ¢,
is described in the Results.
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Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
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