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Directed swarm assembly due to mixed
misaligned perception-dependent motility
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Biological entities as diverse as birds or bacteria frequently self-assemble to display sophisticated
collective dynamical behaviors. To understand and design interactions between the individual entities
that originate the different flocking behaviors is one of the current most significant challenges in active
matter. Here we show how a mixture of particles with perception-dependent motility and opposite
misaligned visual perception spontaneously organizes into a self-propelling bean-shaped cluster. The
two species initially rotate in opposite directions which, together with the steric interactions, make
them segregate into two main counter-rotating domains forming a cohesive and persistently
propelling single cluster. Mixtures of particles with misaligned perception and discontinuous motility
are therefore a promising pathway for the design of programmable active matter.

Interacting active agents can self-organize leading to spectacular collective
behavior, e.g. at the macroscopic level in schools of fish', flocks of birds’, and
swarms of insects’. Self-organization is also observed at the microscopic
level in living organisms like bacteria’, and active biopolymers’. Inspired on
biology, there is a growing interest in artificially engineered systems of
activated constituents, e.g. light-activated colloidal suspensions”, driven
magnetic colloids™™', or micro-robots'*""". The processing of environmental
information plays an essential role in the emergence of multiple collective
states, such as herds of sheep’, or schools of fish". To understand the
interactions that lead to the different flocking states is one of the current
most significant challenges in active matter’*”'. Currently, this has led to the
development of the so-called programmable active matter”, which aims
to engineer systems of active automatons with adaptable collective states.
Quorum sensing is a key mechanism by which agents sense and react to
environmental information. Here, some of the system constitutive agents
perceive their local surroundings and then switch an intrinsic property, such as
their individual motility, when a certain condition is fulfilled. As an example,
certain populations of bacteria like Aliivibrio fischerei” fluoresce altogether
after a chemical density threshold is surpassed. For synthetic microswimmers
this has also been experimentally realized for externally controlled colloidal
suspensions, where a narrow laser beam locally activates colloids according to
a computer assisted feedback mechanism accounting for the local density
perception, showing the particle aggregation into a circular cluster”’. Quorum
sensing considers therefore an isotropic perception of the agents. Non-
reciprocity can be also taken into account by the restriction of the perception to
that occurring inside a well-defined vision cone. This has shown to lead to a
plethora of collective behaviors that do not occur when interactions are reci-
procal. For example, active particles with visual perception aligning their
orientation based on the position of other neighboring particles, have shown to
aggregate into clusters, polar filaments, and nematic bands” ", as has been

demonstrated in particle-based numerical simulations. In experiments, visual
perception has also shown to generate vortical structures when imposing a
local torque to light-activated colloids™.

A different framework in which flocking has shown to emerge is for
cases combining motility with another local interaction, such as steric forces
or aligning torques. In recent years, mixtures of particles displaying motility-
induced self-organization into directed swarms have been investigated for
mixtures of active and passive Brownian particles forming propagating
interfaces”, for colloids with non-reciprocal phoretic interactions aggre-
gating into a motile species-separated structure resembling a macroscopic
Janus colloid”, as well as for light-activated colloids with aligning interac-
tions that form an arrow-like swarm escaping from a predator™. In single-
species systems, motility-induced flocking has been found in systems of self-
propelled rods™, as well as in systems of active particles with attractions™.

In this study, we propose an experimentally feasible mechanism by
which particles sedimented on a surface self-assemble into a single
swarming cluster. Two types of active particles with perception displaced left
or right from the motion directions are considered. Each particle type
initially shows an effective rotation around the cluster center with clock or
anti-clockwise directions depending on their misalignment. These rota-
tions, together with the effect of steric interactions, trigger the assembly of a
cohesive bean-shaped cluster with two counter-rotating lobes, each rich in
one of the particle types, leading to the persistent motion of the cluster. We
describe the procedure that leads to the emergence of this phenomena
considering the individual particle behavior and then characterize it in terms
of the misalignment angle and the cluster size.

Methods
We consider a system in two dimensions composed of N particles char-
acterized by their position r, and propulsion orientation,
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Fig. 1 | Mixed misaligned perception-dependent motility. a, b Sketches of active
particles with oppositely misaligned visual perceptions. Propulsion occurs in the e;, e;
directions. The vision cones half-width-angle is «, and their symmetry axes have a
relative angle y with the propulsion directions, this is the misalignment, which is

oriented towards the right for the red particles in (a) and towards the left for the blue
ones in (b). ¢ Sketch of particles in a cluster boundary with maximum perception.
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d Initial homogeneous configuration of an equimolar mixture of particles with
perception-dependent motility with oppositely misaligned perceptions. e Initial
collapsed configuration after very short time. f, g Average displacement of each
particle type in the collapsed state showing the early counter-rotation of particles
with right-handed misalignment in (f) and left-handed in (g).

e; = (cos ¢;, sin ¢,)", with ¢; the angle between the orientation and the x
axis. Each particle i perceives all neighboring particles j placed inside the
perception cone, via the function, P; = Zj(l/rij)é)(rij — 1), with O(x) the
Heaviside function, r;; the interparticle distance and 7, the maximum per-
ception distance, similar to previous works***. The cone half-width angle is
a, while y is the angle between the cone’s symmetry axis and the particle self-
propulsion direction e; as illustrated in Fig. 1a. The particles dynamics is
determined by overdamped Langevin dynamics,

i =ve +fFV + v 2D,

. (1)
¢; =+/2D.n;,

where, §; and #; are translational and orientational white noises, and D, and
D, the translational and rotational diffusion coefficients. The excluded
volume force is f*V = — V U, with U(g, €) the Weeks-Chandler-Anderson
potential, with ¢ the particle diameter, and ¢ =100kgT the repulsion
strength. The perception-dependent particle velocity is defined by
vi = v®(q; — q ), with v, a constant self-propulsion velocity, and ¢q* =
P} /P, with P; the threshold perception value, and a constant normalization
factor Py = ap,R, dependent on the system parameters, p, = N/(nR?) the
system number density, and R, = 2r. also typically the initial cluster radius.
This means that only particles with a large enough number of neighbors in
their vision cone will become active. This mechanism induces cluster
cohesion, which collectively rotate when the propulsion direction and cone
direction are misaligned, this is for y # 0°. Due to the intrinsic cohesion of
the system, open boundary conditions are considered. The Euler algorithm
is used to integrate Eq. (1) with At = 107>, and all quantities are normalized
or expressed in simulation units, here ¢ and D,. Systems with v, =40,
D, =83,py=0.51,kgT =1, and & = 71/4 are here studied, corresponding to a
Péclet number Pe = 4.8, with Pe = vo/(0D,). We use y = /4 and N = 1000
unless otherwise specified. Experimentally, colloids with perception-

dependent motility have already been realized by coupling computer-
assisted particle tracking together with localized laser heating”. This
procedure is accounted by an external computer performing the choice of
motility, such that to extend it to a different rule considering misaligned
perception and two particle types should be straightforward.

Results

An equimolar mixture of particles is here considered, which are identical
except the misalignment of their vision cones, see Fig. 1a, b. This means that
to become active particles each of species need to have opposite orientation
relative to the cluster center, see Fig. 1c. Simulations start from an homo-
geneous distribution in a circular area of radius Ry, as shown in Fig. 1d. At
first, particles with some orientation towards the cluster center become
active, such that the system shows a fast initial collapse into a compact
homogeneous structure as shown in Fig. le. In this configuration, particles
in the cluster center are mainly active due to their large perception, although
their actual motion is blocked due to steric interactions. Density in the
external cluster layer is lower and colloids become active only if they are co-
oriented with their intrinsic misalignment. This means that right-
misaligned particles tend to rotate around the whole cluster with a clock-
wise direction, and conversely left-misaligned particles, as clearly shown in
Fig. 1f, g.

Particles in the external cluster layer change their properties by rota-
tional diffusion or by colliding with other particles, specially counter-
rotating particles. When the new position and orientation perceive not
enough neighbors, the particle remains passive until the next reorientation,
which occurs when the particle has not moved significantly far away from
the cluster. When the new position and orientation perceive enough
neighbors, the particle might move together with another one of the same
type, away from a particle of those of the other type, or get stalled in a
jammed configuration, see Fig. 2a. On average, this already favors segre-
gation by particle-type. In this way, small domains form and grow within the

Communications Physics| (2025)8:203


www.nature.com/commsphys

https://doi.org/10.1038/s42005-025-02131-z

Fig. 2 | Self-assembly mechanism. a, b Early
separation snapshot where small red and blue (right
and left misaligned perceptions) domains start to
differentiate: a partial snapshots with trajectories of
a few tagged particles, illustrating particle collision
and initial self-sorting procedure; b complete cluster
showing the initial elongation. ¢ Time evolution of
the separation parameter b, the polar order of the
active particles s; and the cluster center of mass
velocity u.. The initial homogeneous, non-polar and
static configuration shows to reach a steady sepa-
rated, actively polar, and self-propelled conforma-
tion. Time is normalized by half-separation time
which shows to be 350073, with 75 the single particle
ballistic time, and v, is the single particle self-
propulsion velocity.

t/(35007s)

cluster where one particle type is more frequent than the other. The domain
formation on the cluster edge perturbs the rotation of particles of opposite
type. This spontaneously breaks down the spatial cluster symmetry and
results into an elongation of the cluster, as can be seen in Fig. 2b. With the
increase of the average domains size, the average cluster alignment produces
also larger rearrangements in neighboring domains reaching the cluster
center, with the eventual formation of short-lived dislocations, which
enhance the domains rearrangement and growth, see Supplementary
Movie 1. When the domains are large enough they start to rotate in the
direction of the dominant particle type.

In order to quantitatively characterize the self-sorting procedure, we
consider three quantities. First, we define the separation parameter b, as a
useful alternative to the standard Moran’s index*’. To compute this
parameter, we consider as neighboring particles those that are separated by a
small distance of r = 20. For each particle j, we count the number of
neighbors of the same type #; (these are left for a left particle, or conversely
right for a right particle), the number of neighbors of the opposite type n;,
(right for a left particle), and we average and normalize by the total number
of neighbors as

b= 1 s~ My @)
N j=1 s + Mo

With this definition, the separation parameter varies from b = 0 for perfectly
homogeneous configurations, to b = 1 for perfect separation without any
interface, such that in between values are obtained when one particle type
rich subdomains form. The time increase of b displayed in Fig. 2¢, shows an
initially homogeneous configuration which progressively separates, reach-
ing a steady state value at longer times. At long times, the separation value
saturates in a steady state value, which for the standard model parameters
here employed is b =~ 0.7. Time is normalized with the time at which the
cluster velocity has reached half the saturation value, which for the standard
parameters here used is roughly 7, ~ 350075, with 73 = 0/v, the single particle
ballistic time.

We also compute the overall polar order of the particles displacements
s1, defined as

1.,
ﬁ@:MZwm, 3)
i=1

where 6; corresponds to the polar angle of the particle normalized effective
velocity ¥; = v;/v;, and v; = Ar/At is calculated from the particle dis-
placements. This polarity is an intrinsic cluster property, such that needs to
be calculated in the centre of mass reference, which is ensured by con-
sidering time intervals in which the cluster center of mass has essentially not

moved, here At = 207p. Polar order increases similar to b saturating to a
persistent value, as shown in Fig. 2c. Similarly to the case of single com-
ponent clusters™, there is no overall alignment of the particles actual
orientation since the polar order relates to the particle displacements, which
occurs all in the same direction.

The large polarity of the active particles has as a consequence the overall
motion of the cluster. Assuming a ballistic self-propulsion, the displace-
ments on the main polar direction of the cluster center of mass need to be
evaluated in larger time intervals, here At = 4007, and then averaged over 10
realizations, such that a time dependent velocity u, is computed, see Fig. 2c.
This averaged velocity starts from a vanishing value in the initial non-
separated state, and increases until a constant velocity which, for our
parameters, is 9% of the velocity of a single active colloid, v,. Separation
parameter, induced polarity and cluster velocity are therefore strongly
interconnected. The time evolution of the three quantities towards the
steady state is not completely simultaneous, as shown in Fig. 2c. Maximum
polarity is first achieved in the cluster reference frame and the maximum
value of the cluster center of mass velocity requires slightly longer times. The
separation parameter grows simultaneously to the polarity, but continues
increasing after the maximum orientation is achieved, such that is the last
quantity to reach steady-state.

When the maximum separation is reached, the cluster organizes in two
main domains of typically the same size. Each domain is composed by mainly
one particle type, as shown in Fig. 3a, and each of them rotates according to the
misalignment of the majority, as shown in Fig. 3b. The high perception in the
cluster center makes that many more particles are active than in the outside of
the cluster. The two counter-rotating domains remain completely adhered to
each other, and given the difference in density, the particles at the center move
much slower than those in the external cluster layer. This also makes that the
two stagnation points are not central to the respective domains, but are placed
closer to the cluster center, see Fig. 3b. Active particles at the outside part of the
cluster drag all other particles along the corresponding rotation, regardless if
they are active or passive, or even of the opposite particle type. The cluster polar
order, self-propulsion direction and overall cluster motion are therefore
determined by the few active particles placed at the outside cluster shell. These
few particles remain active and shortly accumulate when arriving to the
symmetry axis where the two counter-rotating domains join. This accumu-
lation occurs only in one of the sides of the symmetry axis deforming the
cluster shape from elongated to a bean shape, with the convex side in the
motion direction, see Fig. 3b. The trajectory of a few tagged particles is pre-
sented in Fig. 3c in the laboratory reference frame, see also Supplementary
Movie 2. The displayed motion shows to be clearly periodic showing how each
particle rotates within one of the domains and how the cluster propels in a well
defined direction for a long period of time.

The phenomena as above described is then a consequence of the
ordered collisions between particles, such that the presence of steric inter-
actions seems central for the self-assembly of the directed swarm. In order to
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Fig. 3 | Structure and swarming mechanism of the
steady state clusters. a, b Snapshots of the cluster in
a steady state, where the two counter-rotating
domains can be distinguished, with red and blue
particles indicating intrinsic right and left mis-
aligned perceptions. In (a) dark (light) colors cor-
respond to active (passive) particles, in (b) arrows
depict the direction and speed of the particle dis-
placements, in the cluster center of mass reference
frame. ¢ Trajectories of a few particles within the
cluster, showing the overall cluster displacement.
Color bar indicates time evolution, and the small
snapshots illustrate the corresponding cluster states.
With 15 the single particle ballistic time.

Fig. 4 | Importance of steric interactions.

a Snapshot and (b) tagged particles trajectories of a
cluster in which particles have no excluded volume
interactions, showing that these are crucial for the
described particle segregation and overall cluster
self-propulsion. In (a) red and blue particles indicate
particles with intrinsic right and left misaligned
perceptions and dark (light) colors correspond
active (passive) particles. The color gradient in (b)
indicates time evolution as in Fig. 3c.

verify the extent of how crucial steric interactions are, we perform some
simulations in which the excluded volume between particles is switched off,
this is considering the interaction of ideal point particles. An snapshot of a
late conformation of a cluster and one particle trajectory is presented in
Fig. 4a. The perception-dependent motility mechanism shows to keep the
particles as a cohesive cluster, but there is no indication of separation into
domains of different particle types and also no cluster self-propulsion, as can
be seen in the trajectory of Fig. 4b. The misalignment still makes that the two
populations rotate in opposite directions similar as Fig. 1f, g, this resulting in
no net sorting or motion.

Our discussion until now has just considered a fixed set of parameters,
which result into a stable solid behavior, as well as a particular value of the
steady state value of the cluster velocity u., motion persistence, or char-
acteristic self-assembly times. In order to better understand the system
behavior, we investigate now the influence of the misalignment angle y. In
the limit of very small values of y, none of the components are expected to
induce swirling, and since particle are basically identical interactions no
separation is possible. On the other limit, a misalignment close to 71/2 is not
even able to keep the cohesion of the cluster in the case of single component
clusters™, such that no assembly occurs either. Results in Fig. 5a show the
increase of the steady state velocity with y, as well as a speed up of the
procedure, for a certain range of misalignment values. In Fig. 5b, the
measured steady-state velocities #_, show to be non-vanishing only in the
interval 0.2 < y/m < 0.3, and also that within this interval the increase of % is
approximately linear. The measured characteristic self-assembly times f; are
shown in Fig. 5¢, conversely show a linearly decrease with y, within the same
interval as the 7. For misalignment outside this range, swirling is observed
in single component systems but the self-sorting procedure is not strong

enlough in comparison to the related fluctuations to result into the assembly
of a coherent swarming cluster.

In the framework of possible applications is also important to discern
how many particles are necessary to observe the cluster self-assembly and
swarming. In the limit of very small clusters, excluded volume interactions
between particles are not significant enough to result in the sorting proce-
dure, which is easy to understand for clusters from 2 to 20 particles for which
only counter rotation is to be expected. We perform further simulations for
clusters from 100 to 2000 particles, and a summary of results is shown in
Fig. 6. Clusters more than 300 particles show the behavior discussed until
now for 1000 particles, this is with a self-sorting of the particles in two
counter-rotating domains, as can be seen in Fig. 6a, b. For smaller clusters
the self-sorting is not persistent and the cluster constantly oscillates in
between states, in some states the particles have a large sorting degree (see
Fig. 6¢) and the cluster shows self-propulsion. In other states particles are
almost homogeneously distributed and the cluster performs only a Brow-
nian motion. This results in a much smaller, but still significant, value of the
cluster center of mass velocity. For a comparison of the purely Brownian
motion of a cluster with no misalignment, and the enhanced Brownian
motion of a cluster with 100 particles with mixed misaligned perception-
dependent motility particles see Supplementary Movie 3. The time evolu-
tion of the cluster center of mass velocity is shown in Fig. 6d for clusters with
four different sizes. The steady state cluster velocity 7. shows to generally
increase with cluster size N, together with the characteristic time £ to reach
such state. The explicit dependence of #%_ with N in Fig. 6e shows an
approximately linear growth with N for small clusters and a saturation of
this value from approximately N = 400. For small clusters, the velocity
increases since for more states with sorted domains are expected with
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Fig. 5 | Misalignment angle dependence of the a) 10F ! ! ! ! T b) 1F ! ! ' i
cluster swarming properties. a Time evolution of —
the cluster center of mass velocity u for systems with SN
varying misalignment angle y. b Steady state values 0.8F . g
of the cluster velocity 7, and ¢ characteristic time to <o
reach the steady state #,. Grey lines in (b, ¢) are a > | i =] - m|
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Fig. 6 | Cluster size dependence of the cluster
swarming properties. a-c Snapshots steady state
clusters with different number of particles, where
red and blue particles indicate intrinsic right and left
misaligned perceptions. d Time evolution of the
cluster center of mass velocity u, for systems with
varying number of total particles N. e Steady state
values of the cluster velocity %, and f characteristic
time to reach the steady state f,. Greylinesin (e, f) are

a) N = 2000

b) N =400

c) N=100

a guide to eye, T3 is the single particle ballistic time
and v, the singe particle self-propulsion velocity.
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increasing number of particles. Meanwhile, for clusters with two steady
domains, the velocity is determined by the angular velocity of the counter-
rotations. On the other hand, the time necessary to reach the steady state
linearly grows with the number of particles, which can be understood since
the collision frequency does not change, but the number of collisions
necessary for the sorting clearly increases with the number of particles.

Various other parameters are expected to have a significant influence
on the cluster behavior, such as the width of the vision cone «, the perception
range 7. or threshold g* or the number of considered particles. Similarly, the
behavior of the cluster will vary for the cases of non-equimolar or non-
symmetric mixtures. Besides the main swarming properties, namely cluster
velocity u,, persistence, and characteristic self-assembly time, we surmise
that the stability, or the type of trajectories are also largely affected. These
dependencies are currently under investigation and will be subject of a
forthcoming publication.

Conclusions

We have here introduced a swarming mechanism which emerges when
considering a group of particles with an initially homogeneous mixture of
particles with oppositely misaligned perception-dependent motility.

Collisions between particles with opposite misalignment originate a self-
organized sorting procedure such that the cluster remains cohesive and
persistently propagates. The resulting cluster is elongated and organized in
two main counter-rotating subdomains and the overall motion is then
driven by the overall alignment of the active particles velocities. Stable
counter-rotation of the two main domains occurs for a well-determined
interval of misalignment for clusters larger than 300 particles. For smaller
clusters the domains are not stable, although the clusters still display a
significant self-propulsion. The mechanism here described is completely
different to previous studies, since due to the misaligned perception-
dependent motility, it does not require of any explicit particle alignment, nor
external torques, or forces, it being still able to result into a motion in well
defined angular and linear momentums. The swarming strategy can be
implemented in different types of experiments such as colloids activated by
light or in robot ensembles, serving then various potential purposes.

Data availability

The data that support the findings of this study are available from the
corresponding authors upon reasonable request. Numerical source data for
graphs can be now found at: https://doi.org/10.6084/m9.figshare.28844078.

Communications Physics| (2025)8:203


https://doi.org/10.6084/m9.figshare.28844078
www.nature.com/commsphys

https://doi.org/10.1038/s42005-025-02131-z

Article

Code availability
The custom code for the simulations is available from the corresponding
authors upon reasonable request.
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