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|. Introduction

Dynamics of magnetic self-propelled particles in a
harmonic trap

b
*b

@ Oscar Garrido, (2° Erick Burgos-Parra,
® Hartmut Lowen® and Francisca Guzman-Lastra

Pamela Munoz-Obreque,
Diego Romero,

Artificial active particles provide a powerful platform to investigate non-equilibrium collective behavior.
Here, we use Hexbugs equipped with embedded magnetic dipoles as macroscopic realizations of magnetic
self-propelled particles (MSPPs) to study active matter under confinement. By combining experiments and
simulations, we analyze their dynamics within a parabolic domain modeled as a symmetric external
harmonic potential. We uncover a rich landscape of metastable and dynamically evolving configurations,
including climbing chains, polarized orbiting clusters, and rotating ring-like states, arising from the
competition between dipolar interactions, confinement, and activity. While orbiting states are recovered at
the single-particle level, we show that self-alignment alone does not determine the collective dynamics,
which instead emerge from magnetic interactions. We demonstrate that the number of particles and the
relative strength of magnetic interactions and harmonic confinement control the structure and stability of
these states. Our experimental observations are quantitatively reproduced by a minimal model of disk-like
magnetic active Brownian particles with inertial translational dynamics and overdamped orientation. These
results provide a unified framework for understanding structure formation and dynamical states in confined
active systems with dipolar interactions.

confinement in harmonic (parabolic) potentials, where rota-
tional symmetry is preserved and single-particle dynamics orga-

In recent decades, the study of active Brownian particles (ABPs)
has attracted considerable attention due to their intrinsically
non-equilibrium nature. Unlike passive Brownian particles, which
rely solely on thermal fluctuations, ABPs are either equipped
with an internal motor or continuously extract energy from their
surroundings to sustain persistent motion and out-of-equilibrium
states.' This property gives rise to rich individual and collective
behaviors,* making ABPs a central paradigm in Active Matter.>
These systems provide a unifying framework to study emergent
phenomena across a wide range of scales, from biological systems
such as bird flocks, fish schools, and bacterial colonies,”°
to synthetic realizations including microrobots and colloidal
particles.** ™4

A defining feature of active matter is its strong sensitivity to
confinement.">**™* In confined geometries, persistent motion
leads to particle accumulation near boundaries and to non-uniform

density distributions.'>'>'*?*® A particularly relevant realization is
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nize around a characteristic radius set by the balance between
propulsion and restoring forces.>"** In this setting, active parti-
cles can display radially polarized (climbing) states or circular
motion when self-alignment is present.>* 2 At finite densities, a
broader range of behaviors emerges, including polar organiza-
tion®”*® and Boltzmann-like distributions that depend sensi-
tively on the balance between activity and trap strength.>®*°

In contrast, anisotropic confinement, such as elliptic geo-
metries, breaks rotational symmetry and introduces spatial
heterogeneity in curvature and restoring forces. This leads to
anisotropic trajectories, position-dependent velocities, and new
dynamical regimes including deformed limit cycles and direc-
tional transport.>>**! Confinement therefore acts not only as
a geometric constraint, but also as a control parameter that
selects and stabilizes distinct dynamical states.

Recent studies have shown that confinement alone can
induce non-trivial collective states even in the absence of explicit
self-alignment mechanisms. For instance, Aranson et al>'
demonstrated that active particles in asymmetric parabolic traps
can form orbiting condensates with crystalline order, where
particle velocities align with the local potential gradient. In the
context of inertial active particles, Gutirrez et al>® showed that
particles exhibit climbing states under weak confinement and
condense near the trap center when confinement is strong.

This journal is © The Royal Society of Chemistry 2026
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These results indicate that confinement and interactions can
generate structured collective states without the need for explicit
self-alignment.

A particularly important interaction in both natural and
artificial systems is the magnetic dipole-dipole interaction.?
In natural systems, such as magnetotactic bacteria, experiments
have revealed bioconvection patterns and vortex dynamics under
the action of external magnetic fields.**™* In synthetic systems,
dipolar microswimmers provide a platform to control particle
motion and collective behavior, with promising applications in
biomedical contexts.****™° In these systems, particles interact
via long-range dipolar forces, enabling the formation of struc-
tured assemblies and complex dynamical states even in the
absence of external fields.*'™** Magnetic interactions lead to
alignment, but the alignment behavior is anisotropic and, there-
fore, different from the isotropic alignment typically assumed in
Viscek-like models.*®

At high particle concentrations, the interplay between activity
and dipolar interactions leads to transient metastable states
and continuous reorganization, resulting in complex collective
dynamics,"***® which have also been experimentally observed
in the presence of imbalanced interactions.”” In contrast, when the
number of particles is small, the system exhibits a limited set of
configurations that strongly depend on particle number. In this
regime, both experiments and simulations have reported the
formation of chains and ring-like structures, with particles dyna-
mically reconfiguring between these states.***° For instance,
Téelezki et al.** showed that even in circular confinement, a small
number of magnetic self-propelled particles can form chains and
rotating ring-like configurations.

Despite these advances, the behavior of small groups of
interacting magnetic active particles under confinement remains
poorly understood. This raises a fundamental question: what
mechanisms govern the emergence and stability of collective
states in confined systems with only a few interacting particles?
In particular, it is unclear how the competition between activity,
dipolar interactions, and harmonic confinement determines the
structure and dynamics of these systems. While dipolar interac-
tions tend to promote ordered, low-energy configurations, activity
drives the system out of equilibrium, leading to persistent reorga-
nization. Understanding how these competing effects shape the
dynamics and stability of configurations in confined systems with
few particles remains an open question.

Hexbugs (HB), small robots propelled by vibrating motors
powered by internal batteries, provide an accessible macroscopic
platform to investigate active matter dynamics.'***?*°%*! They
exhibit behaviors typical for active particles, including persistent
motion and collective organization under confinement.'?>*>12
Previous studies have explored their dynamics under different
confinement geometries and interaction mechanisms, including
elastic, phototactic and magnetic couplings.'??3>1:33756

Here, we investigate the collective dynamics of magnetic
self-propelled particles confined in a harmonic potential by
combining experiments and numerical simulations. In parti-
cular, we focus on the role of dipolar interactions in shaping
both steady and dynamically evolving states.

This journal is © The Royal Society of Chemistry 2026
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At the single-particle level, we recover orbiting states con-
sistent with previous observations in confined active systems
where self-alignment plays a dominant role.>* However, as the
number of particles increases, this behavior is no longer
sustained. Instead, the system transitions to a regime where
dipolar interactions, together with activity and confinement,
dominate the dynamics.

We show that, while a weak self-alignment torque is retained
in the model, the collective behavior for N > 1 is governed by
magnetic-driven effects. In this regime, confinement promotes
particle encounters, and dipolar interactions stabilize a rich
landscape of metastable and dynamically evolving configura-
tions, including chains, ferromagnetic-like clusters, and rotat-
ing structures.

These results demonstrate that, although self-alignment
controls single-particle motion, it does not determine the collec-
tive behavior of magnetically interacting particles. Instead, the
emergence of collective states in confined magnetic active sys-
tems is primarily driven by their dipolar interactions, revealing a
transition from alignment-dominated single-particle dynamics
to interaction-dominated many-body behavior.

Il. Magnetic self-propelled particles
(MSPP)

We consider a system of N disk-shaped magnetic self-propelled
particles (MSPP) confined within a harmonic potential, denoted
as U™, The position of particle 7 is given by r{£) = [x(t), y{(¢)], while
its orientation is described by the unit vector @ t) = [cos 0¢),
sin0¢)] in two dimensions. Each particle carries a magnetic
dipole moment m; = miift) aligned with its orientation.

The translational dynamics includes inertia and is
governed by

M¥; = Fou(1) — yriti — Vi, <U,HP + Z(Ui\;vCA + U}?)) (1)
J#i

where M is the particle mass, yr is the translational friction
coefficient, and F, is the magnitude of the active force driving the
particle along its orientation. This form of inertial active dynamics
has been previously used to model Hexbug-like systems.*

In contrast, the orientational dynamics is assumed to be
overdamped, neglecting rotational inertia. It evolves according to

. %[gm(o STy Bl x )] X, @

where pg is the rotational friction coefficient, and &;x(¢) is a
Gaussian white noise with zero mean, (& x(t)) = 0, and correla-
tions (& r(t1)&r(t2)) = Dro(t: — 2)0;. Here, Dy is the rotational
diffusion coefficient. The parameter fcontrols the strength of a
self-alignment torque that tends to align the particle orientation
with its instantaneous velocity. Similar models have been used to
describe active particles in harmonic traps.>*>**” Each MSPP is
subject to three interactions: excluded volume, magnetic dipole—-
dipole interactions, and harmonic confinement. The excluded
volume interaction is modeled by the Weeks-Chandler-Anderson
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(WCA) potential

o\ 2 /5\6
de o -\ y i S m
UNA = rij rij 3)

0, otherwise

with cutoff r,,, = 2Y°s where ¢ is a softened core diameter.

The magnetic dipole-dipole interaction is given by

P:“Omz ﬁﬁ_w
A 2 )

4

where r; = 1; — r; and ry = |r;|. The magnetic torque acting on
particle 7 is given by T; = &; x V4 U” with UP? = )" U} denoting
J#i
the total magnetic energy.
Finally, the harmonic potential is given by
K
U =2, (5)

2
where « is the trap stiffness and r; = |r;| is the distance from the
center of the trap.

A. Numerical simulations

We solve eqn (1) and (2) using standard Brownian dynamics in
reduced units. The particle diameter o, translational friction
coefficient yr, and energy scale ¢ define the units of length,
mass, and energy, respectively. Time is expressed in units of
T = ypole.

In these reduced units, the translational friction is set to
vt = 1, while the rotational friction is fixed to yg = 0.04. The self-
alignment strength is taken as f = 0.03. These parameters
are not directly accessible experimentally and are treated as
effective phenomenological quantities.

The equations of motion are integrated using a third-order
Adams-Bashforth-Moulton predictor-corrector scheme with
time step At = 10 *z over a total simulation time 7, = 10%z.

The system behavior is controlled by three main parameters:
the magnetic dipole strength m, the harmonic trap stiffness «,
and the self-alignment strength f. The value of f is calibrated
by matching the dynamics of a single MSPP in a harmonic trap
between experiments and simulations (see SI and Movie S1).

The experimentally measured values of the magnetic moment
m and the harmonic potential strength x are used as reference
parameters. To explore the resulting phase behavior, we vary
these quantities over the ranges m = (10~> — 10°)A m” and x =
(107 — 107" )N m?, corresponding to weak and strong dipolar
interactions and confinement, respectively. This approach allows
us to isolate the role of dipolar interactions and confinement
in shaping collective dynamics beyond experimentally accessible
regimes.

The dynamics of the system is governed by a set of dimen-
sionless parameters that quantify the competition between
activity, dipolar interactions, and confinement. In particular, the
ratios A; = Fo/(ko), Ay = pem?*/(xcc”), and Az = pem*yr/(fFoc”)
characterize the relative importance of activity versus confine-
ment, dipolar interactions versus confinement, and dipolar inter-
actions versus self-alignment, respectively. These parameters

4996 | Soft Matter, 2026, 22, 4994-5003
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Fig. 1 (a) Schematic of a magnetic self-propelled particle (MSPP) confined
in a harmonic potential, defined by its position r,(t) and orientation Gjt).
(b) Experimental realization using Hexbug Nano robots equipped with a disk-
like armor and embedded magnetic dipole, confined in a parabolic dish.

provide a useful framework to interpret the different dynamical
regimes observed in the system, as discussed in the following
sections.

B. Experiments

We experimentally realize MSPPs using Hexbug Nano robots,>°
equipped with a disk-like armor of diameter D = 6.5 + 0.1 cm
and total mass M = 18 £+ 0.1 g. Each particle contains a
neodymium rod magnet (diameter 6 + 0.01 mm, length 3.5 +
0.1 cm), yielding a magnetic moment m ~ 0.6 A m”>.

The particles exhibit persistent motion with average
speed u, ~ 3 cm s '. Small fluctuations in their orientation
are characterized by an effective rotational diffusivity D ~
107° rad® s, obtained from trajectory analysis.

The particles are confined within a parabolic surface (satel-
lite dish) of dimensions L, = 70 cm, L, = 65 cm, and L, = 5.5 cm,
which generates an effective harmonic trap with stiffness
_ Mgl
T L(L,
All experimental parameters (M, D, u,, m, Dg, and k) are
independently measured. The remaining parameters in the
simulations (y, yg, and f) are adjusted to reproduce the
single-particle dynamics (see Fig. 1 in the SI).

K ~0.01 Nm~!,

In all experiments, particularly for N = 4 and N = 5, the
system can evolve toward either dynamically fluctuating states
or more stable configurations depending on the particles
encountered within the trap. To control for this effect, a fixed
initial configuration was imposed, and each case was repeated
over 10 independent realizations.

Particle trajectories are recorded using a standard cellphone
camera and analyzed with custom Python routines to extract
positions and orientations (see details in SI).

lll. Comparison between experiments
and simulations

We conduct numerical simulations to investigate the role of
magnetic dipole interactions and confinement while keeping

the activity fixed. In particular, the active force F, (and thus the
particle speed) and the rotational diffusivity Dy are held constant,

This journal is © The Royal Society of Chemistry 2026
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allowing us to isolate the effects of the magnetic moment m and
the harmonic trap stiffness x on the system dynamics.

We first compare experimental and numerical results for
different particle numbers N = 2, 3, 4 and 5 in the regime
of nondimensional numbers A, ~ 10, A, o 107'N and
A; oc 1072N.

A. Particle trajectories

Fig. 2 shows representative trajectories, where simulations (left
column) and experiments (right column) exhibit qualitatively
similar behavior. For N = 2 and 3, particles form chain-like
configurations, corresponding to metastable states previously
reported for magnetic active particles.”>*®* These structures
undergo persistent motion around the trap while maintaining a
preferential tilted-radial orientation, this is reflected also
through their spatial exploration measured as a radial distribu-
tion presented in SI S3 with sharp peaks at particle positions
during simulations. This behavior reflects a balance between
activity and confinement, consistent with climbing states
reported in confined active systems.>****”

The last two rows of Fig. 2 reveal a qualitative change in the
system dynamics for N = 4 and N = 5, where the behavior is no
longer dominated by simple climbing configurations but by
collective reorganization within the trap.>’

In our experiments, particle-particle friction sometimes
stabilizes these configurations, leading to longer-lived cluster
states (see Videos S2). In contrast, in simulations, where such
effects are neglected, the system remains in a dynamically
evolving metastable regime, forming chains or rotating clusters
in which these configurations emerge intermittently over short
times (see Videos S3). A similar behavior is also observed in our
experimental realizations (see Videos S4).

For the analysis of trajectories and physical quantities, we
focus on the experimental realizations where a dynamically
evolving metastable regime is observed for N=4 and N = 5 (see
Video S4), as these provide a well-defined reference state for
characterizing the collective behavior.

For N = 4 and N = 5 [Fig. 2(e)-(h)], particle trajectories are
concentrated near the trap center but do not collapse into a
single compact structure (see spatial exploration in SI S3).
Instead, particles repeatedly approach, separate, and reassem-
ble, generating a dense set of trajectories that reflects a dyna-
mically evolving metastable state.

This indicates that, as the number of particles increases,
dipolar interactions become sufficiently strong to promote
clustering. This can be understood in terms of the dimension-
less ratio 4, = pym?*/(xc”), which quantifies the competition
between dipolar interactions and confinement: as N increases,
the effective dipolar torque scales proportionally with the num-
ber of neighbors, causing magnetic interactions to dominate
over both confinement and self-alignment in determining the
particle configurations, while activity still allows for continuous
rearrangement. This behavior is qualitatively consistent with the
analytical results of Canavello et al.>” and Aranson et al.,*" where
particles with weak self-alignment (in our case larger A3 oc N)
form radially polarized clusters at a finite distance from the trap

This journal is © The Royal Society of Chemistry 2026
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(a) 10
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y/o y/o

y/o y/o

Fig. 2 Left column: Simulated trajectories illustrating persistent dynamical
states for different particle numbers N. Insets show schematic representations
of the corresponding steady configurations. Right column: Experimentally
recorded trajectories of MSP-Hexbugs under comparable conditions. Insets
display the steady configurations observed in each case. In some cases (e.g.,
panels (e)—(h)), the dense trajectories reflect transient and dynamically evol-
ving states, where particles continuously reorganize among metastable
configurations rather than forming a single persistent structure.

center, and with the metastable magnetic cluster configurations
previously reported for active particles.*®

B. Transient and steady states

Beyond particle trajectories and their spatial distributions, both
experiments and simulations reveal a rich set of transient and
steady configurations. These include chain-like structures, com-
pact clusters, and vortex-like arrangements, which emerge dyna-
mically from particle interactions. To quantify these behaviors, we
analyze three time evolving quantities: the total magnetization,
the velocity-orientation alignment, and the radius of gyration.

Soft Matter, 2026, 22, 4994-5003 | 4997
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The total magnetization,

N
Z lAli 9 (6)
i=1

1
MT:N

quantifies the degree of orientational order. Fig. 3 (left column)
shows the time evolution of My for simulations (blue) and
experiments (orange). A value My ~ 1 corresponds to aligned
configurations such as chains or polarized orbiting clusters, while
Mr =~ 0 is associated with rotating clusters or ring-like states.
For small particle numbers N = 2, 3, both experiments and
simulations rapidly stabilize chain-like configurations, as
observed in Fig. 3(a) and (b). Since A, < 1, confinement

— FX{

riment

= Simulation

Paper

promotes particle encounters, while magnetic interactions
stabilize chain configurations corresponding to metastable
states previously reported for active magnetic particles.*®*°
For N = 4, 5 [Fig. 3(c) and (d)], both experiments and
simulations display intermittent fluctuations reflecting a
dynamically evolving metastable regime, where magnetic tor-
ques and confinement compete to stabilize the system as
A, ~ 1. Intervals where My = 1 correspond to polarized cluster
configurations (see Fig. 4), similar to those observed experimen-
tally, where clusters become more stable due to interparticle
friction (see Video S2), and consistent with the weak self-
alignment regime reported by Canavello et al.>” In contrast, inter-
vals where My = 0 correspond to rotating cluster configurations.

Experiment

N=2

Simulation

t (min)

t (min)

Fig. 3 Left column: (a)-(d) Time evolution of the total magnetization M+ for different particle numbers N. Simulations are shown in blue and experiments
in orange. A value Mt ~ 1 corresponds to aligned configurations such as chains or ferromagnetic clusters, while M+ ~ 0 indicates rotating clusters or
ring-like states. Right column: (e)—(h) Time evolution of the velocity orientation alignment (V-G) for different particle numbers N. Simulations are shown in

blue and experiments in orange.

4998 | Soft Matter, 2026, 22, 4994-5003
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Relative probability
to find a state

Experiments

Fig. 4 Colormap of the relative probability of configurations as a function
of the radius of gyration Ry/a for different particle numbers N (experi-
ments). Lighter colors indicate more probable states. The system evolves
from a single chain-like configuration at N = 2 to multiple coexisting
metastable states for N = 4 and N = 5.

To further characterize these fluctuating states, we analyze
the velocity-orientation alignment, defined as

N

(v-a) :%Zwm, )

i=1

which measures the degree of alignment between the instanta-
neous velocity and the propulsion direction of each particle.
When particle motion occurs predominantly perpendicular to
the orientation axis, (v-i) ~ 0, as in orbiting clusters where
particles move tangentially while pointing radially. Conversely,
(v-1) ~ 1 indicates that particles move along their propulsion
direction, as in rotating ring configurations. This observable
has been used similarly in®” to characterize collective states in
confined magnetic active matter. The time evolution of (¥-a1)is
shown in Fig. 3 (right column).

For N =2, 3, A3 « 1, and the active torque associated with
self-alignment still plays an important role over magnetic torque, as
captured by the velocity-orientation alignment shown in Fig. 3(e)
and (f) with (¥-1) ~ 0.5. This indicates that particles within chain-
like configurations are not fully aligned with their direction of
motion. This behavior is consistent with the trajectories observed
in the Videos and differs from the case of strong self-alignment,
where one would expect particles to move tangentially along well-
defined orbits with (¥-t) ~ 1.2****° Moreover, (v-a) slightly
increases with particle number N (see Fig. 3(e) and (f)) as one
would expect since A3 oc N and the active torque associated with
self-alignment becomes less dominant over magnetic torque.

However, as N increases, the system exhibits a broader range of
dynamical behaviors, where particles continuously form, break,
and reorganize into different configurations. In particular, tran-
sient clusters frequently appear and disassemble, leading to a
complex dynamical landscape characterized by recurrent meta-
stable states (see Movies S3 and S4). Since activity and confine-
ment are fixed during both experiments and simulations, with

This journal is © The Royal Society of Chemistry 2026
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A; =10, the observed change in behavior for N =4 and N = 5 (see
Fig. 2 and 3) arises from the continuous variation of A, and A3
with particle number.

For N = 4, 5, A, = 1, indicating that magnetic torques and
confinement compete to determine the particle configurations,
leading to states that are difficult to stabilize over time, as
observed in Fig. 2(c) and (d). At the same time, A3 oc 10 °N
increases, reducing the relative importance of self-alignment
torques. This is reflected in the velocity-orientation alignment,
which on average becomes closer to one, while still exhibiting
strong temporal fluctuations and reaching intervals where (¥-1) ~ 0.
These intervals indicate that particle motion becomes predomi-
nantly tangential, while particle orientations remain approxi-
mately radial, corresponding to orbiting-like clusters rotating
around the trap center with a misalighment between propulsion
direction and actual motion.

Fig. 4 shows the relative probability of observing configura-
tions characterized by their radius of gyration during experi-
ments, defined as

Rg2 = NZ(ri - rcm)Qv (8)

where r.;, is the center of mass of the system. This quantity
measures the spatial extent of particle configurations, allowing
us to distinguish between compact clusters (small R,) and more
extended arrangements (large Ry).

For N = 2, the distribution is dominated by a single chain-
like configuration. For N = 3, two states emerge, corresponding
to a chain and a rotating cluster near the trap center, with the
chain configuration being more likely to be observed than the
ring-like configuration.

For N = 4 and N = 5, the relative probability to find a state
broaden, reflecting the coexistence of multiple metastable
configurations, including chain-like structures and polarized
clusters. In both cases, polarized clusters are more likely to be
observed. A direct comparison of the time evolution of the
radius of gyration between simulations and experiments is
presented in the SI S6.

Finally, to further elucidate the origin of these behaviors,
we analyze in the SI the deterministic limit, where orientational
noise is suppressed. In this regime, dynamical states persist
even in the absence of rotatory diffusion. For N = 2, particles
form a stable chain-like configuration. For N = 3, a dynamical
state emerges in which one particle intermittently joins and
leaves a chain. For N = 4, particles organize into two chain-like
pairs oriented radially outward in opposite directions. For
N =5, the system exhibits a dynamically evolving state where
particles follow each other and rotate collectively without
reaching a fully ordered configuration. These results indicate
that the observed dynamics is an intrinsic consequence of the
interplay between interactions and confinement, rather than
being solely induced by noise. While confinement tends to
localize particles, dipolar interactions promote aggregation,
and activity drives continuous reorganization. As a result,
the system does not converge to a single equilibrium

Soft Matter, 2026, 22, 4994-5003 | 4999
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configuration, but instead explores a set of dynamically acces-
sible states.

IV. Exploration of parameter space by
simulation

We next explore the system behavior beyond the experimental
parameters by varying x and m in simulations while keeping the

(a)
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Fig. 5 Radial distributions p(r*) for N = 5 MSPPs under different values of
the harmonic trap strength x and magnetic dipole interaction m. The
shape of the distributions reflects the emergence of different collective
states, from (a) weakly interacting configurations to (b)-(d) compact,
rotating clusters localized near the trap center. Insets display representa-
tive snapshots of the corresponding particle configurations for each case.
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activity fixed. Fig. 5 shows the radial distributions for N = 5 under
different combinations of confinement strength and magnetic
interactions. Four distinct regimes emerge from the competition
between dipolar interactions and harmonic confinement.

Using the parameter ranges explored in the simulations,
these regimes can be interpreted in terms of the dimensionless
ratios A4, A, and A3, which quantify the relative importance of
activity versus confinement, dipolar interactions versus confine-
ment and dipolar interactions and dipolar interactions versus
active self-alignment torque, respectively. Varying x« and m
allows us to span from weak to strong confinement and from
weak to strong dipolar interactions.

For large A, activity overcomes confinement, allowing parti-
cles to explore large regions of the trap. If magnetic interactions
are also weak, A, « 1, this leads to broad radial distributions
(Fig. 5(a)). In this regime, both confinement and dipolar interac-
tions are weak compared to activity, and the system remains
highly dynamic without forming stable collective structures.
Particle orientations tend to align radially with respect to the trap,
consistent with previous observations for active particles in
harmonic potentials.”%>7>%3°

Increasing the magnetic moment under weak confinement
(increasing A; while maintaining A, fixed) leads to a sharply
peaked distribution at small radii, corresponding to the for-
mation of a compact rotating cluster near the trap center. Here,
dipolar interactions are dominant; this, combined with large
activity A4, > 1, stabilizes rotating rings (Fig. 5(b)).

Under strong confinement and weak magnetic interactions
(A ~ 1, A, small and A; small), particles form a compact
cluster localized at a finite distance from the trap center. The
narrow radial distribution reflects the persistence of this
configuration. Within the cluste, particles tend to align approxi-
mately in the same direction, giving rise to a ferromagnetic-like
state that undergoes coherent rotational motion around the trap,
consistent with orbiting clusters reported in confined active
systems®” with weak self-alignment (Fig. 5(c)).

Finally, in the regime of strong confinement and strong
dipolar interactions (A4; ~ 1, A, ~ 1 and A3 ~ 1), particles
form a compact cluster localized near the trap center. This
cluster undergoes coherent rotational motion while particle
orientations continuously reorganize, maintaining a collec-
tively ordered state. As a result, the radial distribution becomes
center close to the harmonic trap center (Fig. 5(d)).

These results show that particle spatial organization is
governed by the competition between dipolar interactions
and harmonic confinement, while activity sets the overall
scale of motion. The interplay between these effects gives
rise to a range of metastable and dynamically evolving con-
figurations, whose signatures are encoded in the radial
distributions.

Importantly, the dynamical states observed here are not a direct
consequence of self-alignment alone. As shown in the SI S4,
increasing the self-alignment strength f promotes orbiting states
characteristic of alignment-dominated dynamics. In contrast, for
the weak self-alignment considered in the main text, the observed
behavior is primarily governed by dipolar interactions, with

This journal is © The Royal Society of Chemistry 2026
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confinement enhancing particle encounters and stabilizing magnetic-
driven configurations.

V. Conclusions

In this work, we investigated the collective dynamics of mag-
netic self-propelled particles (MSPPs) confined in a harmonic
potential, combining experiments and numerical simulations.
The observed behavior emerges from the competition between
activity, dipolar interactions, and confinement.

A central result is that self-alignment, which plays a key role
in the single-particle dynamics,>** does not determine the
collective behavior when multiple particles interact through
magnetic dipole forces. For a single particle, self-alignment
promotes the orbiting state. However, once interactions are
introduced, this single-particle orbiting behavior is less domi-
nant as the particle number N increases.

Instead, for N > 1, confinement repeatedly promotes particle
encounters, while dipolar interactions stabilize collective config-
urations, leading to the formation of chains, compact structures,
and rotating clusters. These many-body states retain signatures
of radially polarized (climbing-like) configurations, consistent
with the small self-alignment regime reported in ref. 24 and 27.
However, in contrast to the single-particle case, the collective
dynamics is no longer governed by self-alignment, but by the
interplay between dipolar interactions and confinement.

By varying the magnetic interaction strength and the con-
finement in simulations, we identify distinct dynamical
regimes ranging from spatially extended configurations to
compact and organized collective states. These results provide
a consistent interpretation of the experimental observations
and clarify how collective behavior emerges from the competi-
tion between dipolar interactions, confinement, and activity.

Beyond the identification of these configurations, we show that
for N = 4,5 the system remains intrinsically dynamical, continu-
ously reorganizing between metastable states. The persistence of
these dynamics in the deterministic limit demonstrates that the
observed behavior is not fluctuation-driven, but rather an inherent
consequence of the nonlinear interplay between dipolar interac-
tions, confinement, and activity. As a result, the system does not
converge toward a single equilibrium configuration, but instead
explores a landscape of dynamically accessible collective states.

Finally, we identify that as N increases cluster configura-
tions, including ring-like states, emerge in the many-body
regime. These states, together with the observed dynamical
transitions, reveal how collective behavior in confined active
systems with dipolar interactions depends on particle number
and connects with previously reported orbiting cluster states in
confined active systems.>”""

Our results establish that the collective behavior of
confined magnetic active particles is governed by interaction-
driven mechanisms, leading to a transition from alignment-
dominated single-particle motion to complex, dynamically
evolving many-body states controlled by dipolar interactions
and confinement.

This journal is © The Royal Society of Chemistry 2026
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