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Fluidization Induced by Magnetic Interactions in Confined Active Matter
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We investigate magnetic active matter in confined geometries using both experiments with magnetic toy
robots, Hexbugs, and simulations of elongated magnetic active Brownian particles in circular domains. Standard
active particles tend to accumulate at boundaries, forming clusters even at relatively low densities. In the presence
of magnetic interactions, we provide evidence for a fluidization eftect that inhibits clustering and shifts its onset
to higher packing fractions. Moreover, magnetic dipolar interactions give rise to collective behaviors such as

train-like formations, rotating pairs, and rotating clusters.

DOI: 10.1103/hylm-1jlf

I. INTRODUCTION

Originally, the passage from chaotic to ordered behavior
has been investigated in molecular systems: this is what goes
under the name of phase transitions and typically involves
very large numbers of particles at thermodynamic equilibrium
[1,2]. For decades, physicists in the field of complex systems
have directed their attention to the emergence of spontaneous
order in phenomena not involving molecular matter, typically
violating the rules of equilibrium, because of relevant en-
ergetic transformations, such as friction and self-propulsion
[3.4]. Such kinds of systems usually embrace “macroscopic
molecules” such as granular and active particles. The for-
mer are passive particles which—as a consequence of their
size—interact through inelastic collisions [5,6]. The latter
are particles propelled by some kind of internal motor that
converts stored energy into persistent motion [7,8]. Examples
of active particles range from micron size, as in the case of
bacteria and self-propelled colloids, to the macroscale, as in
the case of fishes, birds, and robots [7,9-15].

Among a plethora of collective phenomena emerging in
active matter [16,17], two of them are peculiar to the ac-
tive systems we study here: accumulation at boundaries and
flocking [18]. The former is related to the tendency of ac-
tive particles to accumulate near confining walls, due to the
persistent character of the motion [19-24], closely related to
motility-induced phase separation (MIPS) [25], which occurs
in the bulk. Flocking is the transition observed when aligning
self-propelled particles produces polar order over large scales
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[26-28]. Active particles exhibiting magnetic properties are
particularly intriguing [29-31], especially in biological con-
texts. In magnetotactic bacteria, magnetic interactions not
only govern the orientation of individual cells with respect
to the Earth’s magnetic field, but also influence collective
behavior through dipolar interactions between magnetosomes
[32].

Recently, small robots such as Hexbugs nano® [33] and
other similar motorized particles have been proposed as a
flexible prototype for the experimental study of active matter
[34—43]. They are a remarkably rich source of phenomena that
can be explored in the laboratory without requiring expensive
technology or specialized expertise in biological fields.

In [44], it has been shown that Hexbugs, without any mag-
netic interaction, can display, above a relatively small packing
fraction, a drop-like clustering behavior stabilized by the hard
boundary. Here, we study the interplay between boundary-
induced collective phenomena and magnetic interactions in
systems of Hexbugs, conducting experiments and numerical
simulations.

We demonstrate that dipolar magnetic interactions inhibit
boundary cluster formation, thereby increasing the critical
packing fraction and leading to the emergence of new collec-
tive behaviors.

II. EXPERIMENTS

A. Experimental setup

We performed experiments with two types of elongated
“particles,” magnetic and nonmagnetic Hexbugs (see Fig. 1).
A 3D-printed shell on both units ensures smoother contact
interactions. Magneto-bugs are equipped with two small per-
manent neodymium magnets (cubic shape, 5 mm wide, with a
magnetic moment of 0.09 A m?) placed with their polar vector
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FIG. 1. Experimental setup: (a),(d) 3D models of the Hexbugs
and the magneto-Hexbug. The shell of the magnetic bug is taller
to accommodate two or more small neodymium magnets. (b),(e)
Images of the Hexbug and the magneto-Hexbug showing their shells
and the white marker used in the tracking process. (c),(f) Temporal
profiles of the speed for three magnetic and three nonmagnetic par-
ticles. The green shaded areas represent the typical duration of the
experiments performed.

pointing in the same direction as the main axis of the particle,
one close to the head and one to the tail. Slight differences
in shell weight result in variations in the characteristic speeds
of the two types as reported in panels (c) and (f) of Fig. 1,
where three different temporal speed profiles are shown for
both the magnetic and nonmagnetic cases. Indeed, nonmag-
netic bugs are lighter and therefore can express a higher
speed (~10 cm/s); magnetic bugs are heavier, resulting in a
smaller speed (~6 cm/s). Different bugs also exhibit differ-
ent lifetimes; however, this does not affect the experiments
performed, since their duration is typically 14 minutes and is
represented by the green-shaded areas [see panels (c) and (f)
in Fig. 1], during which the speed remains almost constant.
We note that, while the battery lifetime is consistent with
the observations reported in [44] (their Fig. S1), the speed
of our Hexbugs is generally lower but more stable over time
compared to that study. This discrepancy can be attributed
to the specific experimental conditions under which the re-
sults in Fig. 1 were obtained: both magnetic and nonmagnetic
Hexbugs were confined to a circular track to facilitate motion
tracking. Nevertheless, this setup is useful to quantify, under
identical conditions, the velocity ratio between the two types
of particles.

We have also detected, as in all previous studies with
Hexbugs [44,45], an evident tendency of the bugs to follow
curve paths with each bug exhibiting a systematic curvature
(in both radius and orientation) with fluctuations, not easy to
be fully characterized in a finite-size arena such as ours. A
population of bugs seems to contain a distribution of curva-
tures which is roughly symmetric around zero. We adopt for
this curvature the term “chirality,” in accordance with [44]. We
also directly measured self-alignment [28,46,47] and incorpo-
rated it into the model to capture the full phenomenology. Our
bugs have a non-negligible inertia, for instance, some bounce
back can be observed in collisions with the wall or in direct
collisions between two Hexbugs. However, the simulations
we have performed (see the Simulations section), neglecting
inertia, can provide us with a fair qualitative account of our

main experimental observations, suggesting that it is not a
crucial ingredient of the phenomenology.

The experiments involve tracking the dynamics of N (up
to 39) Hexbugs within a circular arena with a diameter of
30 cm, 3D-printed in polylactic acid (PLA), with boundaries
and no roof. The floor is smoothed with an adhesive polyvinyl
chloride (PVC) film.

Regarding the initialization of our system, in the nonmag-
netic case, all Hexbugs were placed inside a tray that tightly
fits three rows of 13 bugs; after all bugs are switched on,
the tray is lifted; the bugs in one row are all oriented toward
another row, causing them to immediately break up any order
and diffuse into the arena. A different strategy was adopted
in the magnetic experiments: due to magnetic interactions,
initializing the bugs in a compact configuration would have
delayed the system’s relaxation toward its final state. In this
case, the magneto-Hexbugs were allowed to enter the arena
one by one through an external railway, and the experiment
effectively started once all the selected bugs were inside the
arena. Moreover, to ensure that the experiments were not
affected by a drop in the battery life of some Hexbugs, we
tracked each bug’s hours of activity and replaced the batteries
so as to avoid observing a sudden decrease in the particles’
speed.

B. Experimental results

The main experimental results are recapitulated in Fig. 2
(see Supplemental Material [48]). Following the terminol-
ogy of [44], we observe “boundary polar clusters” in both
magnetic and nonmagnetic cases, provided that the number
of particles is large enough, see Figs. 2(b), 2(c), and 2(f).
These clusters are characterized by a majority of particles
with aligned polar vectors—pointing roughly perpendicular to
the boundary and toward the outside of the arena—and close-
packed positions along the boundary. All clusters display two
“confining” particles at their extremes, which push inward,
providing stability of the cluster. Variations of this typical
arrangement include the presence of defects [see Fig. 2(c)]
as well as multilayering [see Fig. 2(f)]. For small numbers
of particles, the clusters do not form, and the particles are
typically found moving along trajectories which are (roughly)
parallel to the boundary: in the case of nonmagnetic particles,
this “gas” phase is without an evident positional order, while
in the magnetic case, the particles typically display “trains”
of variable length, not far from the boundary. The formation
of these “trains” is characteristic of dipolar interactions, and
the lengths of these structures range from just two particles
up to a number comparable to the total number of Hexbugs in
the arena. These structures are stable for a limited time before
breaking down and possibly reforming. We observe that, in
the low-density regime, boundary-following trajectories tend
to exhibit antichirality, moving in the direction opposite to the
intrinsic chirality of unconfined Hexbug particles. This occurs
because chiral motion more effectively stabilizes boundary
trajectories with opposite chirality.

The main difference between the nonmagnetic and mag-
netic cases, which represents our main experimental obser-
vation, is the increase of the clustering threshold density for
the magnetic particles. This result is made clear in Figs. 2(g)
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FIG. 2. Experimental results: (a)—(c) Experimental frames showing the final configurations for N = 6, 15, and 30 Hexbugs. (d)—(f)
Experimental frames showing the final configurations for N = 6, 15, and 30 magneto-Hexbugs. (g) Plot of (7 - 1), where 7 is the unit vector
pointing from the arena center to the particle’s center of mass, and 7 is the unit vector of the particle’s orientation. (h) Plot of {|v - 7]) /vy, where
f is the unit vector perpendicular to # (i.e., locally tangent to the boundary), v is the particle velocity, and vy is the mean velocity measured at
the lowest density. The shaded areas in panels (g) and (h) represent the errors associated with the order parameters. Blue curve: experiments
with Hexbugs; red curve: experiments with magneto-Hexbugs. Green and red boundaries in (a)—(f) are used to highlight the final configuration,

without or with boundary clusters, respectively.

and 2(h), where two different order parameters are shown as
a function of the number of particles, for the nonmagnetic
(blue data) and magnetic (red data) particles. In Fig. 2(g),
we show (7 -71), where 7 is the unit vector of the center of
mass position of each particle, assuming the center of the
arena as the origin, while 7 is the unit vector representing the
polar orientation of each particle. The scalar product is first
averaged over all particles at a given time, and then averaged
over a long realization of the experiment (corresponding to
about two-thirds of the total duration, i.e., approximately 10
minutes).

The figure shows a clear transition in the order parameter
from a majority of particles aligned to the boundary ({7 - 1) ~
0.1) to a majority of particles perpendicular to it ((7-7) 2>
0.6), signaling the emergence of polar boundary clusters. The
transition occurs at N = N, ~ 10 for nonmagnetic particles
and at N = N,; ~ 27 for magnetic ones.

The other order parameter we have analyzed is {|v - 7]) /v,
where £ is the unit vector perpendicular to 7, i.e., parallel to
the boundary in the proximity of the particle, and v is the
velocity vector of the particle (where vy denotes the mean
velocity observed at the lowest density). This order parameter
signals the same transition—from ~1 (particles moving par-
allel to the boundary) to ~0 (particles not moving or moving
perpendicular to it)—at the same critical sizes N,,, < N. This
order parameter is related to velocity instead of orientation: it
may appear that the two are usually parallel, but this is not
true at high density, e.g., in the cluster phase, and in fact,
it is seen that a residual velocity parallel to the boundary is
observed. The clusters crawl along the boundary thanks to a
small asymmetry in their internal structure, at a speed which
is significantly lower than the free speed of particles. We
highlight that the choice of two orientational order parameters
is motivated by the fact that boundary clusters appear only
when the particles are oriented perpendicular to the boundary.

We also note the emergence of several characteristic transient
structures during the dynamic evolution of magnetic Hexbugs,
such as rotating pairs, linear trains, and rotating clusters com-
posed of three or more particles (see Fig. 3), never observed
in nonmagnetic bugs.

III. SIMULATIONS
A. Simulation model

Numerical simulations are performed considering N active
Brownian particles with an elongated shape and confined in a
2D circular domain. Each particle i is described by its center
of mass position r;, orientation f; = (cos(¢;), sin(¢;)), and
M =5 centers of force along its principal axis, whose positions
arerf (@ =1,...,M).

Magnetic particles are equipped with two magnets with
magnetic moment m; = mil;, whose orientation coincides
with the particle’s orientation @; = f; (but in general could be

(a) "‘ (b) /,’\
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FIG. 3. Typical rotating structures (blue particles) observed in
experiments resulting from dipole—dipole magnetic interactions: (a) a
rotating pair and (b) a three-particle rotating cluster.
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different), and position rf (p = 1, 2). The equations of motion
of the i-th particle in the overdamped regime are

Vi'i =-ViU + Fi,active’ (1)

ve@i =T 2+ B X 1) -2+ yn, ()

where y and y, are the translational and rotational friction co-
efficients, F; 4crive = ¥ Vol is the self-propulsion force of each
unit (vg is the self-propelled speed), B is the strength of the
self-alignment term [46], and 7 is a Gaussian white noise with
zero mean (n(¢)) =0 and variance (n(t)n(s)) = 2D,8(t —
s), with D, the rotational diffusion constant. The poten-
tial energy U = Zi<.i(2a,ﬂ Us(f’?jﬂ) + ZM UM(I'_Z-q’ ;, 1))
accounts for both steric interactions and dipole—dipole inter-
actions. In the previous expression, the sum on «, 8 runs
over centers of force and the sum on p, g over magnets of

each particle, rf}ﬁ =r* -1, = |rf‘].ﬁ |, and similarly for

AR/
rfjf’. The steric term is a truncated repulsive soft potential,
Us(r) = 4‘9(0/r)12 0(r. — r), where (¢, o) set the energy and
length scales of the interaction, o is the diameter of the parti-
cles, r. is a cutoff radius, and 6 is the Heaviside step function.
The magnetic interactions are described by the dipole—dipole
energy

M0m2

43

Unm(r, 0y, ) =

|:ﬁ1 iy — 3%&321’)} 3)

r

The boundary-particle interaction is modeled using the image
particle method [49-51].

T, represents the torque that arises from both steric and
dipole—dipole interactions, while the term S (f; X I;) is an
additional torque that forces the particle to align its orientation
with its velocity. This term is referred to as self-alignment
and arises from the displacement of the center of friction with
respect to the center of mass of the particle [46].

More specifically, in order to correctly compute the torque
T; appearing in Eq. (2), we have considered three different
contributions. The first one arises from steric interactions,
which are computed for all the M centers of force along the
principal axes of each particle and subsequently added to the
evolution of the particle’s orientation. The other contribu-
tions originate from magnetic interactions. Considering two
magnetic dipoles belonging to different particles located at

positions r? and r(;, the magnetic field produced by magnet g
of particle j on the magnet p of particle i is B(r]/, @1;), where
r)! = r] — 1%, is the orientation of the magnet ¢ of particle
Jjand

B(r, &) =

wm |:3r(r ) ﬁ}_ @

4713 r2

The torque exerted on particle i by the magnets of particle j
can be expressed as

T, = Zmﬁ,- < B(r/?, ;). (5)
p.q

The second contribution to the torque due to magnetic inter-
actions arises from the fact that the magnetic forces governing
the translational dynamics described in Eq. (1) are applied not
at the particle’s center of mass, but at the center of the magnet.

The majority of the parameters used in the simulations
are fixed by experimental observations, such as the dipole
strength and the position of the magnets inside the magneto-
Hexbugs shell, the particle and arena dimensions, particles’
velocities, and the translational friction coefficient. After es-
tablishing the values of these parameters, we conducted a
careful and targeted search for the remaining parameters, ad-
justing them to more closely match the experimental results,
in particular the spatial structures and the order parameters
as a function of N. Even if the number of parameters is
large, our requirement of obtaining the full phenomenology
with two main phases at different values of N puts a severe
constraint.

In particular, we choose them such that the Péclet num-
ber, Pe = vy/(D,0), takes the value Pe = 70 for nonmagnetic
Hexbugs and Pe = 50 for magnetic ones. In both cases,
the speed distributions are modeled as truncated Gaussian
distributions, the dimensionless strength of the magnetic
interaction is A = ,uom2 /(4 o’ D,y,) =7.13, the reduced
self-alignment strength is B = S0 /y, = 0.35, and the dimen-
sionless friction ratio is y /(o2y,) = 1/6.

To test cluster stability, the system was initialized in a pre-
assembled configuration and then allowed to evolve as already
done in [44].

B. Simulation results

The results of the simulations are shown in Fig. 4 (see
Supplemental Material [48]), which represents the numerical
counterpart of the experimental results of Fig. 2. We first
notice that the observed configurations are quite similar to
the experimental ones, with the exception of a lack of de-
fects in the boundary clusters of the nonmagnetic case. All
other observations, such as trains in the low-density magnetic
system, single layers of boundary clusters in the nonmagnetic
case, opposed to bilayers in the magnetic one, are faithfully
reproduced.

The behavior with N of the two aforementioned order
parameters is also in fair agreement with the experiments, with
transitions from nonclustered to clustered phases at N, < N
with values compatible with the experiments. We note that in
the simulation, the transition of the nonmagnetic system is less
sharp, i.e., the growth of the order parameter is smoother and,
in particular, for (7 - 71), it does not immediately saturate for
values N 2 N, .

To enable a more detailed comparison between experi-
ments and simulations in the magnetic case, Fig. 5 presents
the velocity distributions [Figs. 5(a) and 5(b)], as well as the
distributions of the relative angle between particle orientation
and position vector, ¢ = cos’l(ﬁ - ), for 6, 15, and 30 bugs
[Figs. 5(c)-5(e)]. Panels (a) and (b) show that, in both sim-
ulations and experiments, increasing system density leads to
a shift in the velocity distribution toward lower values, con-
sistent with the formation of particle clusters. Panels (c)—(e)
demonstrate that magneto-Hexbugs at low densities predomi-
nantly move parallel to the boundary (indicated by a peak near
/2). As N increases, the emergence of clusters with radially
oriented particles results in angle distributions shifting toward
zero. The small peak near 7 /2 observed at N = 30 indicates
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FIG. 4. Simulation results: (a)—(c) Simulation frames showing the final configurations for N = 6, 15, and 30 particles. (d)—(f) Simulation
frames showing the final configurations for N = 6, 15, and 30 magnetic particles. In all cases (a)—(f), each Hexbug is represented by its five
centers of force, depicted as colored discs (gray and black for the nonmagnetic, red and blue for the magnetic ones); the head of a Hexbug
is the only disk which is fully visible (black for the nonmagnetic, blue for the magnetic ones). (g) Plot of (7 - 1), where 7 is the unit vector
pointing from the arena center to the particle’s center of mass, and 7 is the unit vector of the particle’s orientation. (h) Plot of (|v - 7]} /v, where
f is the unit vector perpendicular to 7 (i.e., locally tangent to the boundary), v is the particle velocity, and vy is the mean velocity measured at
the lowest density. The shaded areas in panels (g) and (h) represent the errors associated with the order parameters. Blue curve: simulations
with nonmagnetic particles; red curve: simulations with magnetic particles.

that some particles within the cluster maintain alignment with
the boundary.

IV. CONCLUSIONS

We investigated magnetically active systems by conducting
experiments with modified Hexbug toy robots, each equipped

1 1
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FIG. 5. Comparison between experiments and simulations for
magneto-Hexbugs. (a),(b) Velocity distributions for N = 6, 15, and
30 bugs in experiments (a) and simulations (b). Velocities are nor-
malized by vy, defined as the typical body length of a Hexbug divided
by the characteristic time it takes to travel this distance. (c)—(e)
Probability distributions of the relative angle ¢ (modulo ), shown
in green for experiments and violet for simulations. The angle ¢
is defined as the difference between the particle orientation in the
laboratory frame and the angle of the vector from the arena center to
the particle’s center of mass. The cases with N = 6, 15, and 30 are
shown.

with a shell containing small permanent magnets. We discov-
ered that magnetic interactions produce a fluidization effect,
meaning that they can postpone, in terms of particle density,
the formation of stable boundary clusters. More specifically,
we found that boundary clusters form at higher densities
with respect to the nonmagnetic case and are possible only
when the particles are oriented perpendicular to the boundary.
The transition from a nonclustered state to a clustered one
is studied through two order parameters that highlight the
formation of polar clusters with vanishing tangential veloc-
ity. The increase of the critical density required for cluster
formation in the magnetic case may be partially attributed to
the reduced mean velocity of the magnetic robots (Pe ~ 50)
compared to the nonmagnetic ones (Pe ~ 70). However, such
a shift is expected to be on the order of ~20% in the critical
density [44], whereas the experimentally measured variation
is approximately 170% of the nonmagnetic critical density.
This significant discrepancy therefore provides evidence of
the additional contribution of dipolar interactions to the ob-
served fluidization effect.

Furthermore, magnetic interactions produce a wide variety
of particular transient configurations, such as train-like struc-
tures, rotating pairs, and rotating clusters. We confirmed these
results through numerical simulations, implementing a model
of active magnetic particles that reproduced the experimen-
tal conditions, finding very good agreement between them.
Both the fluidization effect and the transient configurations
observed in the presence of magnetic interactions are possible
in a range where the magnetic force between two dipoles is
comparable to the active force. This ensures that bulk clusters
dominated by magnetic interactions do not form when the
magnets are too strong, while also preventing the disappear-
ance of the previously described effects when the magnetic
strength is too low.
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We remark that we managed to obtain a good agreement
between experiments and simulations even without chirality
(we mention the fact that self-alignment was not consid-
ered in [44] and in the same work chirality was observed to
inhibit clustering and polar ordering). On the contrary, we
have realized that a crucial ingredient is the distribution of par-
ticle speeds, motivated by the variability in the bugs’ speeds
reported in panels (c) and (f) of Fig. 1; otherwise, certain
structures (such as boundary-running trains) are too stable and
never break in favor of clusters. The speed distribution that
we found to be optimal for comparison with experiments is
a Gaussian distribution with two thresholds, in order to avoid
having bugs that are too slow or too fast. The mean value of
the Gaussian distribution is 0.7 for the nonmagnetic-Hexbugs
and 0.5 for the magnetic ones, for which the resulting ratio is
consistent with the experimental data reported in Fig. 1.

Finally, we underline that we observe a transition from a
disordered “gas-like” phase to a boundary-clustered phase,
without coexistence. This is coherent with the claim, in [44],
that phase coexistence requires inertia and that in the over-
damped limit, the same adopted in our numerical study, their
simulations display pure clusters at the boundaries (their
Fig. S7).

An intriguing question is whether this fluidization effect
persists in bulk systems, potentially influencing the MIPS

phenomenon [52]. Furthermore, our design enables the sys-
tematic study of various magnetic particle configurations,
allowing for controlled modifications in the position, number,
and orientation of the magnets. This flexibility opens the door
to exploring a broad range of interaction scenarios and collec-
tive behaviors in magnetic active matter.
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