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PHYSICS

Exploiting compositional disorder in collectives of light-
driven circle walkers

Frank Siebers, Ashreya Jayaram, Peter Bliimler, Thomas Speck*

Emergent behavior in collectives of “robotic” units with limited capabilities that is robust and programmable is
a promising route to perform tasks on the micro and nanoscale that are otherwise difficult to realize. However, a
comprehensive theoretical understanding of the physical principles, in particular steric interactions in crowded
environments, is still largely missing. Here, we study simple light-driven walkers propelled through internal vi-
brations. We demonstrate that their dynamics is well captured by the model of active Brownian particles, albeit
with an angular speed that differs between individual units. Transferring to a numerical model, we show that
this polydispersity of angular speeds gives rise to specific collective behavior: self-sorting under confinement
and enhancement of translational diffusion. Our results show that, while naively perceived as imperfection, dis-
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order of individual properties can provide another route to realize programmable active matter.

INTRODUCTION

Autonomous microrobots that perform useful tasks have been a
popular and scientific vision (1). At the (sub)microscale, these ma-
chines will need to overcome a number of physical limitations that
severely restrict computational capabilities and the amount of infor-
mation that can be gathered and processed. Moreover, in aqueous
environments, thermal fluctuations cannot be neglected (2, 3).
Single units thus operate on the basis of incomplete and noisy
input and will be error prone. The question of how collectives of
many motile units working together can overcome these limitations
and lead to reproducible and robust emergent behavior has motivat-
ed intensive research based largely on macroscopic model systems,
such as “kilobots” (4), with the capability to communicate (5).

On smaller scales, directed motion of colloidal particles can be
achieved through different mechanisms including thermophoresis
(6), diffusiophoresis (7, 8), photocatalysis (9, 10), induced-charge
electrophoresis (11), and Quincke rotation (12-14). On the other
hand, the biological world exploits self-propulsion to, inter alia,
explore surroundings for nutrition (15, 16) and migrate to more
conducive environments (17). A rapidly growing body of studies
has demonstrated that physical interactions (both steric and hydro-
dynamic) are sufficient for the emergence of a wealth of collective
dynamic states such as clustering (7, 9) and swarming (18) in mi-
croscopic active systems (19). These states often display long-ranged
correlations and are highly sensitive to boundaries and external per-
turbations. The tendency of active particles to accumulate at bound-
aries (20-22) promotes phenomena like rectification (23, 24) and
trapping (18, 25). Developing strategies to translate these properties
into the rational design of adaptable and programmable behavior is
of particular interest for soft robotics (26, 27).

Well-controlled minimal model systems, both experimental and
theoretical, are essential to expose and systematically study under-
lying universal principles. Here, we study the collective behavior of
commercially available light-driven walkers (Fig. 1A and movie S1)
that emerges from physical interactions with each other and with
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boundaries (21, 22, 28) in the absence of direct communication.
These walkers are propelled forward by mechanical vibrations
that are transmitted through flexible “legs” that are inclined back-
ward [similar to bristle-bots (29)]. Energy is provided through a
strong light source that drives a vibration motor through a photo-
voltaic cell. Walkers have a roughly elliptical shape and align their
orientations during contact. Slight differences in the length, shape,
and stiffness of the legs lead to circular trajectories with a character-
istic radius that is different for each walker, realizing a novel type of
“polydispersity” only accessible to driven active particles. We link
the dynamics of walkers to the microscopic model of “dry” active
Brownian motion (30, 31). In contrast to other macroscopic
model systems of self-propelled particles in which mass (hence,
inertia) might play a role (32-37), these walkers are well described
by overdamped (noninertial) equations of motion. Instead of ex-
plicitly modeling the ellipsoidal shape of these walkers (38, 39),
we introduce an effective Vicsek-like alignment (40) that acts on
their orientations. The interplay of excluded-volume interactions,
alignment, and polydisperse angular speeds results in a selective en-
hancement of translation diffusion over monodisperse collectives.
We demonstrate that this enhancement can be exploited in confine-
ment to sort walkers on the basis of their angular speeds.

RESULTS

Single walker dynamics

We study 20 light-driven walkers bounded by a circular confine-
ment illuminated from above. The resulting light intensity is non-
uniform but above the motion threshold of the walkers, resulting in
an individual but constant propulsion speed within the whole arena
(details in Materials and Methods). The length of walkers is a ~
4.9 cm, and the radius of the arena is Ry = 35 cm ~ 7.14a. To char-
acterize individual walkers, we record trajectories within the circu-
lar confinement and extract their positions and orientations
(Fig. 1B). In Fig. 1C, four such trajectories are plotted for the
same walker, which show considerable variation. Though walkers
get trapped at the boundary because of their directed motion,
they also spend a considerable time away from the boundary. To
remove the effect of confinement and construct effectively
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Fig. 1. Light-driven walkers. (A) Picture of a single walker from above. The colored dots are attached to allow easy tracking of position and orientation. (B) Image of a
single walker before (left) and after (right) processing. (C) Recorded raw trajectories within the circular confinement (four runs of the same walker). The dashed line
delineates the inner area, from which we extract trajectory sections. (D) Unbounded trajectories obtained by concatenation of these trajectory sections. (E and F)
MSD for two different walkers comparing measurement and model prediction. (G) From the fitted model parameters, we plot the translational diffusion coefficient
Des versus the circle radius R = v/ | w|. The colored points correspond to the two walkers shown in (E) and (F).

unbounded trajectories, we define an inner area (dashed line in
Fig. 1C) bounded by a circle of radius R; = 31 cm. Every time a
walker intersects this circle, the trajectory is cut and the sections
outside the inner area are discarded. These disjoint sections are
rotated so that they align at their initial and final orientations.
They are then translated and concatenated to form a single long tra-
jectory; cf. Fig. 1D. We collect up to 158 trajectory sections per
walker with a total time of at least 600 s.

We calculate the mean-squared displacement MSD(t) = (|r(t) —
r(0)|?) of the unbounded position r by averaging over these trajec-
tories. As shown in Fig. 1 (E and F) for two walkers, there is con-
siderable variation in dynamical properties between individual
walkers. Not aiming to capture every detail, we describe the dynam-
ics of the individual walkers with the following minimal model (29).

. fcos@\ .
r_v(sinq)>’ ¢=w++/2/1m (1)
Each walker is characterized by an individual propulsion speed v
and angular speed w. Nondeterministic effects on the orientation ¢
(the angle enclosed with an arbitrary but fixed direction) are
modeled as rotational diffusion through a stochastic differential
equation (41). The strength of the noise is determined by the cor-
relation time T and 1 is a random noise with zero mean and corre-
lations (r](t)r](t')) = §(t — t ). Without rotational noise (t — o0), the
unperturbed trajectories would be circles of radius R = v/ | w|.
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From the model (Eq. 1), an analytic expression for the MSD can
be obtained (Eq. 3 in Materials and Methods). In Fig. 1 (E and F), we
also show fits to the measured MSD(t). Because of rotational diffu-
sion, in the long-time limit, each walker undergoes purely diffusive
motion with translational diffusion coefficient Do = HVZ(;T) ]
second length scale is the distance ¢ = /D7 the center of the
walker’s circular trajectory diffuses over the time the orientational
correlations persist. For @t > 1, this length reduces to £ ~ R/v/2
with Deg & R*/(21). We observe good agreement between data
and the model prediction using individual parameters that differ
for distinct walkers. Most noticeable is the broad distribution of
angular speeds ranging from right- and leftward circling to
almost straight motion. Figure 1G shows the radii of the circular
trajectory R and the translational diffusion coefficient D for the
20 walkers.

Collision dynamics

To study the collective behavior of many walkers, we require a
model for their interactions. To this end, we perform many short
experiments with two walkers that collide, glide along each other,
and detach. From their positions and orientations, we calculate
the center-to-center distance Ar = | ry — rj| by defining the
“center” as the center of the major axis and the relative angular
speed @,(t) = (¢x — ¢;) — (wx — w;) with respect to the frame of
reference rotating with angular speed w; — w; of walkers with
indices k and . Both curves are plotted in Fig. 2 as a function of
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Fig. 2. The model captures the collision dynamics. Evolution of relative angular
speed w, and distance Ar. Shown is the average over all recorded collision trajec-
tories (shifted by the contact time t,) with the shaded area indicating the statistical
standard error. Also shown are simulation results using the schematic alignment
interaction Eq. 2. The vertical dashed lines indicate the data range from which we
calculate the alignment strength «, starting from when the distance between
walkers Ar has fallen below the alignment range ¢ (0 ~ 4 cm for experiments
and o = 1.25a in simulations).

time. The average (Ar(t)) decreases as the two walkers approach,
plateaus at the alignment range o during contact, and increases as
they part ways. This naturally defines three stages: approach,
contact, and departure. We define t, as the time at which walkers
come in contact and shift all trajectories by it before averaging.
The orientations of both walkers align during contact; this is
visible in the nonmonotonic nature of w,(t) = (©,(t)) that peaks
shortly after contact. To model this behavior, we extend Eq. 1 to
include a schematic alignment of the form

o = @+ /2/mi + {F%Zl sin(r — ¢x)

with a torque proportional to sin(g; — ¢x) as long as both walkers
are in contact. The torque vanishes if the two walkers move in par-
allel, and it is maximal if they are oriented perpendicular to each
other. The strength of this aligning torque is determined by «.
Further details about the model are presented in the Supplementary
Materials. Such a schematic alignment is sufficient to capture the
emerging large-scale behavior (42), which does not depend on the
exact shape of the walkers. Previously, this model has been studied
numerically for a binary mixture with angular speeds tw (43).
Moreover, for v = 0 it reduces to the off-lattice variation of the
noisy Kuramoto model (44). The dimensionless alignment strength
K is estimated from a hundred isolated collisions of two walkers
(movie S2). We calculate A¢ = @, — ¢; and the instantaneous
angular speed @, for each frame within 0.2 s after contact (vertical
dashed lines in Fig. 2). From them, we determine
& = n(0/a)’®,7/(2sinA@). The average k = (k) over all frames
and all collisions yields k = 39.6 + 4.4.

Ar <
EAr ; (;; )

Numerical model

We now transfer the experimental results to a numerical model to
gain insights into larger collectives. To focus on the role of different
angular speeds, we use a simplified model in which walkers have the
same speed v and correlation time t but different angular speeds wy,
which we draw from a bimodal distribution (plotted in Materials
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and Methods). Note that such a distribution of angular speeds
differs from polydisperse persistence lengths (either through
speed or correlation time, or both) (45). Here, we study constant
persistence in the presence of polydisperse angular speeds wy.

In all simulations, we set the alignment strength k = 40 for all
walkers and numerically integrate Eq. 2. We additionally introduce
a short-ranged repulsive and isotropic force between walkers to
model the excluded volume of discs with diameter a (Materials
and Methods). The resulting curves for (w,(t)) and (Ar(t)) are
plotted in Fig. 2 and show reasonable agreement with the experi-
mental data. The alignment model overestimates w, at impact, but
the overall change in rotation speed while in contact is very similar
in simulations and experiments. Representative trajectories of a few
walkers shown in Fig. 3 demonstrate qualitative agreement between
simulations and experiments.

Enhanced translational diffusion

We now perform numerical simulations of N = 1000 interacting
walkers based on the model (Eq. 2) using parameters extracted
from the experiments. The simulations are performed in a square
box with periodic boundary conditions at an intermediate global
packing fraction ¢ = 0.24. Previous investigations of walkers with
uniform w in a periodic system have reported clustering into “mi-
croflocks” (46) and a hyperuniform phase (in the absence of align-
ment) (47), which has been recently observed in experiments with
pear-shaped Quincke rollers (48). In our system, the different pre-
ferred radii Ry = v/wy counteract the formation of these structures,
and our system remains homogeneous at ¢ = 0.24 (movie S3). To
understand why disorder suppresses clustering, consider two
walkers in contact experiencing torques that align their orientations.
Compared to walkers with identical w, different angular speeds
move them apart quicker, thereby reducing their contact time.
This effect hinders cluster formation and, on first impression,
seems to counteract collective behavior.

Conversely, in Fig. 4, we show that this is not the case and that
the heterogeneity of angular speeds produces an enhanced diffusion
depending on the individual angular speed wy. Figure 4 (A and B)
shows the impact of heterogeneity on trajectories of individual
walkers: For identical angular speeds, trajectories remain circular
(Fig. 4A), whereas for distributed angular speeds (Fig. 4B), trajecto-
ries becomes irregular and spatially extended. In the latter case, col-
lisions predominantly occur between walkers with similar
orientations; consequently, circular trajectories are stable even in

T T T T T T T T T T

0 20 0 5 10
X (cm) X/a

Fig. 3. Simulated trajectories agree with experiments. (A) Experimental snap-
shot of an assembly of walkers with their path traveled indicated by fading color.
(B) Snapshot from a low-density simulation (showing four of N = 15 walkers with
packing fraction ¢ = 0.04) in circular confinement that emulates the experimen-
tal setup.
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Fig. 4. Polydispersity of angular speeds enhances translational diffusion. Sim-
ulation snapshots of N = 1000 walkers at global packing fraction ¢ = 0.24 using
periodic boundary conditions: (A) Identical angular speed (wt = 23) and (B) distrib-
uted speeds. Colors denote walker orientations and fading lines show example tra-
jectories of four walkers with wt= 3 (blue), 13 (orange), 23 (green), and 33 (red). (C)
MSD averaged over all walkers with angular speed w for two values (thick lines).
The thin lines show Eq. 3 for noninteracting walkers. (D) Reduced translational
diffusion coefficient D/Dg¢ as a function of angular speed w. MSDs are calculated
for all walkers with wy € [w — 1, w + 1). Colored symbols correspond to curves in
other panels. For comparison, we also show the diffusion coefficient for a system of
identical walkers (wy = w).

the presence of interactions. In contrast, for distributed angular
speeds, collisions lead to deflections that effectively increase the
radius R.

To show that the strength of this effect depends on the intrinsic
angular speed, we bin walkers with similar w; and calculate their
MSD. In Fig. 4C, for interacting walkers, we show the result for
one small and one large angular speed. To assess the effect of inter-
actions, we also plot the free MSD (Eq. 3). We find that for small
angular speeds wy (large Ry), oscillations are strongly suppressed,
indicating that the regime of normal diffusion is reached quickly.
Comparable to active particles with w = 0 (39), the long-time diffu-
sion is reduced because of a reduction of the effective speed due to
collision. In contrast, for large wy, the MSD increases at late times
when compared to the noninteracting and uniform systems (cf.
green trajectory in Fig. 4A). In Fig. 4D, we plot the ratio of the
long-time diffusion coefficient D with respect to D.g. Ensembles
of identical walkers also experience enhanced diffusion, but this in-
crease is moderate (less than a factor of 2), whereas the enhance-
ment for polydisperse walkers is almost 10-fold.

Confinement induces sorting

To explore how the distribution of angular speeds affects the collec-
tive behavior of walkers in the presence of boundaries, we return to
the circular confinement of the experiments. The walkers experi-
ence additional aligning (Eq. 9 in Materials and Methods) and ex-
cluded-volume (Eq. 6 in Materials and Methods) interactions due to
the presence of the wall. Figure 5A shows a representative simula-
tion snapshot of the system. As known from active Brownian parti-
cles, walkers accumulate at the confining wall with average
polarization along the outward normal vector. The reason is the
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Fig. 5. Confinement induces sorting of walkers. (A) Simulation snapshot of N = 1000 walkers at global packing fraction ¢ = 0.24. Colors indicate the intrinsic rotation
speeds with T = 19.3 s (color bar) and arrows the orientations of individual walkers. (B) Local packing fraction ¢(r, w) at normalized distance r/R, from the center of the
confinement and absolute angular speed |w| calculated in bins of sizes 0.01 and 5 respectively. The inset (C) shows the packing fractions for the two angular speeds

indicated in (B) by the dashed lines.
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persistence of motion, which traps particles for a time ~t until their
orientations point into the bulk, allowing them to escape before per-
sistence drives them back to the confining wall (21, 22, 28).
Looking closer, we find that walkers with small |w| aggregate
preferably at the wall forming two to three close-packed layers,
while the disordered bulk is mostly composed of walkers with
large |wy| independent of their rotation direction. This is confirmed
by plotting the local packing fraction ¢(r, w) shown in Fig. 5B.
Walkers with small |w| aggregate at the wall and are therefore de-
pleted in the bulk (1/Ry < 0.9, cf. inset). On the other hand, a large
intrinsic angular speed dominates over the diffusive reorientation,
and walkers point away from the wall quickly. From the balance of
torques in Eq. 2, one finds a critical angular speed w T ~ 4k¢/m =~ 12
above which the alignment is insufficient to overcome the intrinsic
rotation. In Fig. 5B, we see that, indeed, walkers with |wy | 2 w. are
effectively repelled by the wall and migrate to the bulk. In Fig. 6, we
demonstrate that in addition, alignment is crucial for sorting
walkers on the basis of their angular speeds. If alignment is
turned off (x = 0 but still with volume exclusion), we observe a
uniform spatial distribution of walkers (Fig. 6A), whereas the
same distribution of angular speeds, but now in the presence of
alignment, leads to aggregation and spatial sorting of walkers with
different angular speeds (Fig. 6B). This effect requires explicit walls
different from the bulk segregation of left/right rotating robots (34,
49). While the torque due to the confinement aligns walkers tangen-
tially, the competing interparticle alignment interactions promote
aggregation by orienting walkers normal to the confinement.

DISCUSSION

Deliberately exploiting physical interactions and imperfections
instead of engineering communication protocols to carefully
control (and often avoid) interactions is an emerging paradigm in
collectives of robotic units. It allows to exploit the robust collective
behaviors found in a wide range of physical and biological active
matter systems (19) toward the implementation of adaptable and
programmable behavior. Here, we have studied a model system of
light-driven walkers that bridges the gap between well-studied active
matter models and robotics. We have gained first insights into the
role of a distribution of angular speeds. The intricate interplay of
alignment and disorder leads to collectively enhanced diffusion
and spatial inhomogeneity of individual properties under confine-
ment. The preferential aggregation of straight walkers at walls could

Fig. 6. Alignment is crucial for sorting. Simulation snapshots of walkers (A)
without alignment (x = 0) and (B) with alignment (x = 40) under confinement at
packing fraction ¢ = 0.24. Color scale as in Fig. 5A denoting the angular speed w.
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be exploited by designing traps (25) but also to tune properties of
systems with deformable boundaries such as vesicles (50-52) and
the steering of deformable soft superstructures (53). An intriguing
perspective is to study the influence of underlying parameter distri-
butions in the presence of time-dependent and inhomogeneous
fields (realizable here through the light profile) with the aim to
switch collective modes (54).

MATERIALS AND METHODS

Setup and light profile

We have constructed a circular arena made of white, medium-
density fiberboard as surface and a bent cover strip as border
with radius Ry = 35 cm. For illumination, we use two halogen
bulbs (Tungsram55060 Lampada Alogena 230v 1000w GX 6,35-
25) centered 71 cm above. The lamp case and the camera are
fixed on a movable mount placed on a rectangular metal bar
frame. Figure 7 shows the measured light intensity inside the
arena and its distance dependence together with a Gaussian fit.
Walkers were found to move only if the light intensity is above a
threshold of 20.6 klx.

Mean-squared displacement
For the model (see Eq. 1), the MSD can be calculated analytically
and reads (55)

2(vr)?

MSD(t) = (| x(t) — r(0) |2> = ety

1—(wr)2} (3)

—t/T . 2
X {ﬁ - Hf(m)z [2wT sin wt — [1 — (0T)"]cos wi] — e

The short-time expansion yields ballistic motion, MSD = (vt)*
In the limit of long times, we find diffusive behavior

with MSD(t — o0) = lj(v;;)z t = 4Dyyt.

1 (klx)

10 1 20 25 30
r(cm)

Fig. 7. Light profile measured within the confinement. (A) Local intensity on
the left and binned data on the right. The radial light intensity is above the
motion threshold (black dashed line) within the arena (gray lines) and follows a
Gaussian distribution (red dashed line). (B) Propulsion speed v and light intensity
| at distance r to the arena center.

50f 7



SCIENCE ADVANCES | RESEARCH ARTICLE

Simulations

Figure 8 shows the distribution of model parameters for the differ-
ent walkers. In Fig. 8A, we plot the histogram of the magnitude |w|.
To capture the spreading of angular speeds in simulations, we use
the bimodal distribution

1 1) _iletie)?
T el (4)

p(w)=72 oo |°

of two symmetric normal distributions centered at p,t = 22 and
with SD o, = 1.2y,. In Fig. 8B, we plot the fitted propulsion
speeds, which we represent by a constant speed v = 60 ¢ in the sim-
ulations throughout. Figure 8C shows the orientational correlation
times divided by their mean 1 = (t}) ~ 19.3 s. For simplicity, in the
simulations, we use a uniform T as the unit of time.

To study the collective behavior of walkers, we simulate N = 1000
walkers in a domain of area A at global packing fraction
¢ =Nn (%)2 /A = 0.24 (if not stated otherwise). To account for ex-
cluded volume, we use the short-range repulsive Weeks-Chandler-
Andersen (WCA) (56) potential

a 12 _ (a 6 1/6
Cuer(r) = 4 €107 =@ 42 <27
0, r>21/6g

with & = 100 % Walkers also interact with the confinement through
the WCA potential

12 6
] (12)" - (1) ] re. rzro2y

0, r<R-2'/%¢

Ucon (T’) = (6)

The dynamics of the position r; and orientation ¢ of the kth
walker is governed by

. [ cosey
I = v( singy ) + Fy (7)

with the force on the kth walker Fy = — Vi (Uwca + Ucon) and

2
. Ka .
P = @i+ > _sin(er — @) + v/2/T (8)
IEN;
1A 80 4B c @
4 - 1 3 4
] 60 .
- I £2
] s 1 L4770
= K -
5 $40 7 ¢ 1 e%®
1 20 1
] 1 ©
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Fig. 8. Walker parameters. (A) Distribution of magnitude of angular speeds ob-
tained from experiments (blue histogram) and distribution used in simulations
(orange line). (B) Reduced propulsion speed and (C) correlation time obtained
by fitting the measured MSD with Eq. 3. The orange lines indicate the constant
values used in the simulations.
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As mentioned in the Collision dynamics section, we set k = 40
and o = 1.25a4. We integrate these coupled equations with a time step
8t = 107°1. Under confinement, walkers experience an additional
torque

Kﬂz

o os(@x — Bk) )
with the wall, where 0 is defined as the angle between the wall
normal going through the position of the kth walker and the posi-
tive x axis. This torque aligns walkers along the tangent to the wall.
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