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Chiral active Brownian particles convert stored or environmental energy into self-propulsion and
rotation, driving systems far from equilibrium. How chirality influences diffusion in crowded envi-
ronments composed of deformable and displaceable obstacles remains poorly understood. Here we
show, through combined experiments and theory, that chiral active Brownian particles confined in
an annular channel with deformable and displaceable ring obstacles exhibit a pronounced nonmono-
tonic dependence of diffusivity on obstacle density. The diffusion coefficient initially increases and
then decreases with obstacle area fraction, reaching enhancements of nearly two orders of magni-
tude. Experiments and theory indicate that this behavior originates from a competition between
obstacle-induced motion collimation and suppression of migration velocity. The enhancement also
varies nonmonotonically with particle orbital radius due to differences in intrinsic free-space diffu-
sivity. These findings provide insight into nonequilibrium transport in dynamically reconfigurable
environments and suggest strategies for controlling chiral active matter in complex media.

INTRODUCTION

Chiral active particles represent a unique class of active
matter capable of converting internal or environmental
energy into autonomous rotation [1-4], thereby driving
systems far from equilibrium and resulting in rich un-
conventional phenomena, including odd viscosity [5-8],
odd elasticity [9-11], hyperuniformity [12, 13], anoma-
lous transport [3, 4, 14], as well as the spontaneous emer-
gence of rotating droplets [15-18] and microswarms [18].
Chiral active particles are observed across a wide range
of systems and length scales, from nanoscale motor pro-
teins [19], microscale sperm cells [20, 21] and interface-
circling bacteria [22, 23], to chiral colloids [24, 25],
starfish embryos [10], centimeter-scale vibrated robots
and rotors [26-34], and chiral active polymers [35]. In
particular, chiral active Brownian particles (CABPs)
combine self-propulsion with autonomous rotation, prov-
ing a ubiquitous and powerful model for probing the fun-
damental principles of nonequilibrium statistical mechan-
ics and active matter physics.

In free space, CABPs typically follow circular trajec-
tories in two dimensions and helical paths in three di-
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mensions [1], while their chirality further modulates ori-
entational persistence and can generate oscillatory kur-
tosis under strong torque conditions [36]. However, in
biologically relevant environments such as soil [37], hy-
drogels [38, 39|, and living tissues [40, 41], particles of-
ten encounter disordered, confined and often dynami-
cally evolving microstructures. In such contexts, CABPs
transport can deviate significantly from that in homoge-
neous systems [42-45], exhibiting phenomena such as di-
rectional locking [3], spin-dependent segregation [46, 47],
chirality-induced steady momentum currents and bulk
accumulation [48], deviations from Maxwell-Boltzmann
behavior that vanish when chirality or radial symmetry
is absent [49], and chirality-density coupling that renor-
malizes orientational persistence and generates nontrivial
dynamical crossovers [50]. CABPs exhibit pronounced
diffusion enhancement in disordered obstacles [4, 51-53],
a similar counterintuitive enhancement has recently been
observed for self-propelled polymer-like worms in disor-
dered media [54], in stark contrast to the diffusion sup-
pression typically observed for linear self-propelled parti-
cles under analogous conditions [55-58]. Numerical sim-
ulations by van Roon et al. further indicate that the dif-
fusivity of CABPs depends nonmonotonically on obstacle
density, arising from the interplay between chirality and
static disorder that induces orbit rectification and chan-
neling [4]. This characteristic nonmonotonic response,
rooted in the redirection of intrinsic self-propulsion, rep-
resents a transport mechanism specific to CABPs and is



absent in pure rotors lacking self-propulsion [59]. Col-
lectively, these results underscore the role of chirality in
particle-environment interactions and indicate that ob-
stacle disorder, noise, and density act as tunable param-
eters for active transport.

Despite these advances, previous studies have primar-
ily focused on rigid and immobile obstacles. In contrast,
obstacles in biologically relevant settings, such as cell ag-
gregates and extracellular matrices, are deformable, dis-
placeable, and often capable of structural reorganization.
The diffusion dynamics of CABPs in such environments
remain poorly understood, limiting our ability to pre-
dict and control diffusive behaviors in biologically rele-
vant contexts.

In this paper, we combine experiments with theory
to investigate the diffusion dynamics of CABPs confined
within annular channels embedded with deformable, dis-
placeable, and ring-shaped obstacles. Both experimen-
tal measurements and theoretical analyses reveal a non-
monotonic dependence of the diffusion coefficient on the
obstacle area fraction, which arises from two competi-
tive effects between the obstacle-induced enhancement
of CABPs motion collimation and reduction in their mi-
gration velocity. Furthermore, the maximum diffusion
enhancement also exhibits a nonmonotonic relationship
with the orbital radius of CABPs, due to the intrinsic
differences in their free-space diffusive capability at dif-
ferent orbital radii.

RESULTS

In our experiment, CABPs were modeled using Hexbug
robots, each powered by an internal miniature motor
that drives planar self-propulsion through twelve slightly
backward-bent elastic legs [top of Fig. 1(a)]. By tuning
the asymmetry between the two rows of legs, five distinct
Hexbug robots with varying orbital radii r were obtained,
with their respective parameters listed in Table. 1. 6 is
defined as the angle between the robot’s position vec-
tor and the z-axis. The representative trajectories of
a CABP with r = 4.46 cm in the absence [Fig. 1(c)]
and presence of obstacles at blue ¢ = 0.50 [Fig. 1(d)].
The ring-shaped obstacles, composed of thin stainless-
steel ribbons, are flexible and readily deform or displace
upon contact with robots [Fig. 1(b)], thereby forming a
dynamically reconfigurable medium.

We first investigate the diffusion of CABPs in annular
channels with various area fractions of soft-ring obstacles,
¢ = N,.S,/S, where N, is the number of rings, S, is the
area of a single ring, and .S is the total channel area. The
dynamics of CABPs are quantified by the mean square
displacement (MSD) of the angular coordinate 6, evalu-
ated in a polar coordinate system centered at the disk ori-
gin for different time interval ¢ [Fig. 2(a)]. At short time,
the MSD exhibits a ballistic scaling, MSD o 2, reflecting
the circular motion. After many orbital cycles, it crosses
over to a normal diffusion regime with MSD « ¢ at long
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FIG. 1. Experimental setup and trajectories of chiral active
Brownian particles. (a) Experimental setup at an obstacle
area fraction of ¢ = 0.30. A red marker is affixed to the back
of the robot, gray circles denote soft-ring obstacles, and blue
regions indicate system boundaries. 6 represents the polar
angle of the CABP relative to the z-axis. (b) Deformation of
soft rings under compressive stress exerted by CABP motion.
Black arrow indicates the direction of motion. Time-colored
trajectory of a CABP with r = 4.46 cm in the (c) absence of
obstacles and (d) presence of obstacles at ¢ = 0.50, with the
color bar representing the time from the beginning (green) to
the end (orange).

Robot 1 2 3 4 5
(C:n) 2.85 3.76 3.88 4.46 6.41
(cméos”) 24.04+0.94 23.39+1.11 22.284+0.70 26.12+0.61 24.95 +0.75
(s“i"l) 8434024 6234021 5734013 5854021 3.89+0.28
(f) 0.74 1.01 1.10 1.07 1.61
(S[fﬁ) 0.39 4 0.095 0.24 +0.053 0.14 £ 0.023 0.24 & 0.064 0.27 +0.071
(Ts) 2.56 4.17 7.14 417 3.70
(Cfn) 61.44+£24 9754446 4091+50 108.9+25 9232428

TABLE 1. Parameters of Hexbugs used in the experiments.
r, vo, wo, 1, Dy, 7+, and [ represent the orbital radius, the
translational velocity, angular velocity, the cycle period, the
rotational diffusion coefficient, the persistence time, and the
persistence length in the absence of obstacles.

times [3], from which the long-time diffusion coefficient D
is extracted via MSD = ([0(to +t) — 0(t0)]?) = 2Dt. Fig-
ure 2(b) plots the normalized diffusion coefficient D/Dy
as a function of ¢ for CABPs with different orbital radii r,
where Dy is the obstacle-free diffusion coefficient shown
in Fig. 2(c). D/Dy exhibits a pronounced nonmono-
tonic dependence on ¢. As ¢ increases, diffusion signifi-
cantly enhances and reaches a peak within the range of
¢ = 0.6 —0.75. This enhancement is especially prominent
for CABPs with smaller r, where D/Dgy approaches 60,
nearly two orders of magnitude greater than without ob-
stacles. At higher ¢, motility is reduced due to crowding,
resulting in a gradual decline of D/Dy. When ¢ > 0.8,
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FIG. 2. Diffusion dynamics of chiral active Brownian particles. (a) MSD of a CABP with r = 4.46 cm as a function of delay
time ¢ at different ¢. Solid black lines indicate linear scaling, MSD ~ ¢, characteristic of the normal diffusion. (b) The relation
between ¢ and D/D, for CABPs with r = 2.85, 3.76, 3.88, 4.46 and 6.41 cm. Inset: D/Dg of CABP with r = 6.41 cm. (c)
Diffusion coefficient Dy for five CABPs in the absence of obstacles. Inset: Dy for CABPs with r = 2.85, 3.76, and 3.88 cm.
Error bars denote the standard deviation from 3-7 independent measurements and are not visible when smaller than the symbol

size.

all CABPs are effectively trapped near their initial po-
sitions, i.e., D/Dgy approaches zero. Additional control
experiments varying obstacle size, softness, and confine-
ment geometry consistently confirm the robustness of this
nonmonotonic diffusion behavior of CABPs [Supplemen-
tary Note 1-3]. whereas no such nonmonotonic behavior
is observed for achiral particle [Supplementary Note 4].

Two dynamical states of CABPs in obstacles

To elucidate the nonmonotonic dependence of D/Dy
of CABPs on obstacle area fraction ¢, we identify two
representative dynamical states that emerge in the pres-
ence of flexible obstacles, referred to as the trapped state
and the migrating state. In the trapped state, CABPs
interact with surrounding soft rings through collisions,
displacing them to form transient, obstacle-depleted re-
gions. Within these regions, CABPs exhibit confined
circular motion, resulting in markedly suppressed diffu-
sion, as exemplified by a CABP with an orbital radius
of 3.88 cm at an obstacle area fraction of 0.60 [Supple-
mentary Movie 1]. The CABP is defined as being in the
trapped state if it remains within a circular region of ra-
dius R, centered at its initial position and completes at
least two rotations. The confinement radius R, is deter-
mined by the characteristic confinement scale at a given
obstacle area fraction ¢ and is defined as the average di-
ameter of all identified trapped regions [Supplementary
Note 5]. Otherwise, if the residence time within the R,
region is shorter than two rotational periods, the CABP
is classified as being in the migration state. Increasing
this threshold to three rotations yields nearly identical
trapping durations, confirming the robustness of this def-
inition [Supplementary Note 6]. In the migrating state,
CABPs undergo successive inelastic collisions with sur-
rounding deformable rings, which gradually reorient their
motion and support sustained quasi-linear trajectories, as
illustrated by a particle with an orbital radius of 3.88 cm

at ¢ = 0.70 [Supplementary Movie 2]. The non-circular
shapes observed in the videos mainly arise from experi-
mental and imaging factors rather than irreversible de-
formation. In particular, local curvature variations result
from the tape used to fix the soft rings, while the imag-
ing geometry introduces slight distortions near the ring
boundaries. The small elastic deformations of the rings
were quantified at different obstacle area fractions ¢ in
the presence of a CABP with » = 3.76 cm [Supplemen-
tary Note 7]. We speculate that substantially stronger
deformations, such as leading to rod-like or highly elon-
gated obstacles, may potentially modify the transport
behavior and warrant future investigation.

To further investigate the two distinct dynamical states
of CABPs in flexible and crowded environments, we an-
alyze the self-part of the two-point overlap correlation
function Q(t) [60], defined as

Q) = <21V§jq<|9<ti +1) - 9<m>>, (1)

i=1

where ( ) denotes ensemble averaging, N is the number
of temporal averages, and 6(t) is the polar angle of the
CABP at a time interval ¢t. The characteristic function
q(]A]) is given by

1, if |Af] <D,
0, otherwise,

q(|A0]) = { (2)

which quantifies the probability that a CABP remains
within an angular window of width 2b over a time inter-
val t. Here, the angular threshold parameter is defined
as b = 3arcsin[r/(R;, + )], where R;, = 20.0 cm rep-
resents the maximum radial distance from the system
center to the inner boundary. Detailed procedures for
determining b are provided in the Supplementary Note
8. A comprehensive sensitivity analysis confirms that
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FIG. 3. Relaxation dynamics and scaling behavior. (a) Self-
overlap function Q(t) for a CABP with r = 3.76 cm at differ-
ent ¢. (b) Scaling relation between the diffusion coefficient D
and the relaxation time 7 for different CABPs at various ¢.
The solid black line represents a power-law fit of D oc 77272,

the results are robust across a broad parameter range
b € (0.38,0.98) for the five different CABPs. This uni-
versality does not diminish the fundamental role of chi-
rality. Instead, the coexistence of trapped and migra-
tory states, which underlies the observed dynamical het-
erogeneity, arises directly from particle chirality. The
chirality-driven circular motion couples with deformable
obstacles and induces intermittent transitions between
these two states.

The temporal decay of Q(t) characterizes the system’s
relaxation dynamics, and the relaxation time 7 is de-
fined as the time when Q(t) decays to 1/e [Fig. 3(a)].
Relaxation is dominated by slow modes, whereas diffu-
sion predominantly reflects faster processes. The scaling
relation between the diffusion coefficient D and the relax-
ation time 7, D oc 77", provides as a sensitive indicator
of dynamic heterogeneity. x = 1 indicates a dynamically
homogeneous systems, while k < 1 signifies the pres-
ence of heterogeneous dynamics [60, 61]. As shown in
Fig. 3(b), the diffusion coefficient and relaxation time
for CABPs with various r exhibit a power-law relation
D o 77975 indicative of significant dynamical hetero-
geneity in the motion of CABPs within obstacle-rich envi-
ronments. This heterogeneity arises from the coexistence
of two dominant motility modes, namely a slow, localized
trapped state and a fast, persistent migration state, as
exemplified by CABP motion in the presence of obsta-
cles at ¢ = 0.50 [Fig. 1(d)]. The data for CABPs with
different r collapse onto a unified scaling curve, imply-
ing that the observed dynamical heterogeneity is largely
independent of chirality and exhibits universal features.

Nonmonotonic dependence of D/Dy on obstacle area
fraction

The effective diffusion of CABPs is thus governed by
the competition of these two states. Migrating motion fa-
cilitates longrange displacement, while intermittent trap-
ping reduces effective transport, collectively leading to a
nonmonotonic variation of the normalized diffusion coef-
ficient D/Dy with ¢. Figures 4(a)-(e) present the nor-
malized migration time ¢,,/t;,+ and normalized velocity
v/vp for various CABPs as functions of the obstacle area
fraction ¢. Here, the migration time t,, is defined as the
cumulative duration that a CABP spends in the migra-
tion state during a single experimental run, and t;,; de-
notes the total duration of that run. The velocities v and
vg are obtained by averaging the frame-to-frame displace-
ment divided by the frame interval over the full trajectory
in the presence and absence of obstacles, respectively.
As ¢ increases, the deformable rings create channel-like
pathways that promote persistent directional migration,
significantly enhancing the nonlocal diffusion of CABPs
and leading to a progressive increase in the migration
time t,,,. At sufficiently high ¢, CABPs remain predom-
inantly in the migrating state with ¢,,/t;r — 1, and
trapping events become negligible. However, sustained
migration at low velocity yields limited net displacement,
i.e., t,, alone is inadequate to characterize the diffusion
ability. A comprehensive evaluation of CABP diffusion
thus necessitates accounting for both the migration time
t,, and corresponding translational velocity v. As ob-
stacle area fraction increases, sustained obstruction by
soft rings gradually reduce the migration speed v, which
eventually approaches zero due to overcrowding-induced
immobilization. At moderate densities, however, the flex-
ible obstacles facilitate a transition from chiral orbital
motion to directional migration, thereby enhancing dif-
fusion. With further increase in ¢, the continued sup-
presses of v becomes dominant, reducing particle mobil-
ity. The competition between enhanced collimation of
CABP motion and suppressed migration velocity gives
rise to a critical area fraction ¢., at which the diffusive
coefficient D attains its maximum, leading to the ob-
served nonmonotonic dependence of D/Dg on ¢.

To validate the competing mechanisms underlying
CABP diffusion, we evaluate the ratio v2t,/(v3tior),
which captures the combined effects of obstacle-induced
motion collimation and velocity suppression. As the ob-
stacle area fraction increases, CABP-obstacle collisions
reduce the migration speed v while simultaneously en-
hancing directional persistence, as reflected by an in-
crease in t,,. Because the product v?t,, has the same
physical dimension as the diffusion coefficient, the nor-
malized ratio provides a natural, dimensionless measure
of the effective diffusion behavior. As shown in Fig. 5(a),
02t /v3tior exhibits a pronounced nonmonotonic depen-
dence on ¢, closely following the trends observed in the
experimental diffusion coefficient D/Dy [Fig. 2(b)]. Fur-
thermore, the critical obstacle area fraction ¢., obtained
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FIG. 4. The migration time and velocity. Normalized migration time (black triangles) and normalized velocity (red circles) of
CABPs with (a) » = 2.85 cm, (b) » = 3.76 cm, (c) » = 3.88 cm, (d) » = 4.46 cm, and (e) r = 6.41 cm, as functions of ¢. Green
and blue dashed lines in (b) represent fits to the data using empirical functions tm, /tior = A1 and v/vo = 1/(y2 + A2e"2?),
respectively. Error bars represent the standard deviation from 3-7 independent measurements and are not visible when smaller

than the symbol size.

from the experimental diffusion coefficient D/ Dy and the
empirical prediction, yields consistent values and system-
atically shifts toward smaller ¢ with increasing orbital
radius r [Fig. 5(c)]. These results confirm that the ob-
served nonmonotonic diffusion enhancement arises from
the competition between the obstacle-induced enhance-
ment of CABP motion collimation and the suppression
of their migration velocity.

In the annular channel geometry, CABP motion along
the azimuthal direction 6 is effectively unconfined and
experiences periodic boundary conditions, allowing the
angular displacement A#f can exceed 27. Across the ex-
plored obstacle area fraction ¢, the mean radial coor-
dinate remains approximately constant [Supplementary
Note 9], indicating that radial fluctuations have a neg-
ligible influence on longtime transport. Diffusion can
therefore be characterized by the angular diffusion co-
efficient, which can be converted to the corresponding
translational diffusivity through the mean radial coordi-
nate. Under obstacle-free conditions, the effective diffu-
sion coefficient of a CABP can be expressed theoretically
as [36, 62, 63],

’Ug’?'r

Dy=DF 4 _ 0"
0= P T T (wor)]

3)

Since the thermal contribution D is negligibly compared
with the activity-induced term, the effective diffusion co-
efficient can be approximated as

(4)

Here vy = F;/+? and wo = T;;/v?, where 7Y and ~? de-
note the translational and rotational friction coefficients
in obstacle-free space, while Fy and Ty are the driving
force and torque acting on the particle. The persistence
time is defined as 7 = 1/D,. [62], where D, is obtained
from the mean-squared angular displacement or the ori-
entation autocorrelation [64, 65]. For the Hexbug sys-
tems, D, oc 4! and can be written as D, = eff'yfl,
where the proportionality factor E.;y is related to the ef-
fective thermal energy. F.¢s can be reasonably assumed

to remain unchanged with and without obstacles since
the energy input originates from the Hexbug itself.

In obstacle-rich environments, increasing obstacle area
fraction ¢ modifies both translational and rotational dy-
namics. Frequent collisions reduce the migration speed,
effectively increasing the translational friction ~;(¢),
while obstacle-induced alignment enhances orientational
persistence, thereby reducing the rotational diffusion co-
efficient and increasing the effective rotational friction
Y (¢). Both friction coefficients are therefore treated as
¢-dependent. Experimentally, they are captured by the
empirical relations (@) < t/tior and y:(d) x vo/v,
which quantify the enhancement of directional persis-
tence and the suppression of migration speed, respec-
tively. Substituting these relations into Eq. (4) yields
the effective diffusion coefficient for obstacle-free and
obstacle-rich environments,

- Fip
2B (7)1 + (E_;4Ta)?

(5)

D— Five(9)
2E.1 V2 (0) 1+ (EfTa)?)

(6)
leading to the normalized diffusion coefficient

D (o))’

Dy 72 (9)?

As shown in Figs. 4(a)-(e), the normalized migra-
tion duration t,,/t;,; increases with ¢ and approaches
unity at high obstacle densities, while the normalized
velocity v/vg decreases correspondingly, indicating a
confinement-induced transition from rotational to di-
rected motion. Both dependences are well captured by
the empirical functions ¢,,/tis = A1e?? and v/vy =
1/(y2 + AseP2?), from which the scaling forms of the
friction coefficients are extracted as 7,.(¢) = 72e’1? and
1(9) = P [L+ (A2/y2)e?].

We take a CABP with an orbital radius of r = 3.76 cm
as a representative case. The exponential fits for ¢, /t;0

(7)
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FIG. 5. Dynamics and critical behavior of chiral active Brow-
nian particles. (a) The relations between vgtm/vgttot of dif-
ferent CABPs and ¢. (b) The empirical predictions of the
normalized rotational friction coefficient v,/ (black line)
and translational friction coefficient (¢ /7:)? (red line) of a
CABP with r = 3.76 cm, as functions of ¢. Inset: The em-
pirical predicted normalized diffusion coefficient D /Dy versus
¢, exhibiting a peak at ¢ = 0.70. (c) Critical area fraction ¢.
corresponding to the peak of experimentally measured D/Dg
(black squares) and empirical prediction (red dots) for CABPs
with different r.

and v/vg, shown as green and blue dashed lines in
Fig. 4(b), excellently describe the experimental data with
parameters A; = 0.001, by = 10, yo = 1.0, Ay =
4.5 %1075, and by = 13. On this basis, the empirical pre-
diction from Eq. (7), presented in the inset of Fig. 5(b),
successfully reproduces the trends observed in both the
experimental diffusion coefficient D/Dy [blue triangles
in Fig. 2(b)] and v%t,, /v3te: [blue triangles in Fig. 5(a)].
The same empirical fitting functions and scaling analy-
sis were applied to four additional CABPs with different
orbital radii r, all of which show consistent agreement
with the observed trends [Supplementary Note 10]. Fur-
thermore, the critical obstacle area fraction ¢., obtained
from the experimental diffusion coefficient D/Dy and the
empirical prediction, yields consistent values and system-
atically shifts toward smaller ¢ with increasing orbital

peak of DD,
£

3 4 5 ]
ri{cm)

FIG. 6. The peak of the normalized diffusion coefficient. The
relation between the peak of D/Dg and r for chiral active
Brownian particles. Error bars represent the standard devia-
tion from 3-7 independent measurements.

radius r [Fig. 5(c)]. These results demonstrate that the
empirical functions together with the scaling arguments
capture the essential physics underlying the experimen-
tally observed nonmonotonic diffusion of CABPs in com-
plex media.

Nonmonotonic dependence of the diffusion peak
D/Dy on the orbital radius

Figure 2(b) demonstrates not only the nonmonotonic
dependence of D/Dy on the obstacle area fraction ¢,
but also a pronounced variation in the magnitude of en-
hancement among different CABPs. The peak of D/Dy
itself varies nonmonotonically with the orbital radius
[Fig. 6]. CABPs with smaller orbital radii (r = 2.85, 3.76,
and 3.88 cm) exhibit strong diffusion enhancement with
D/Dqy > 40, while those with larger radii (r = 4.46 and
6.41 ¢cm) show only modest enhancement (D/Dy < 10).
This disparity primarily originates from intrinsic differ-
ences in their free-space diffusive capability: the baseline
diffusive coefficient Dy increases with the orbital radius
r [Fig. 2(c)], as illustrated by representative free-space
trajectories of CABP with » = 6.41 cm [Fig. 7(a)] and
2.85 cm [Fig. 7(c)] at ¢ = 0.0. In contrast, in the presence
of soft-ring obstacles, the maximum diffusive capabilities
attained by CABPs with » = 6.41 cm [Fig. 7(c)] and
2.85 cm [Fig. 7(d)] become comparable. Consequently,
the relative diffusion enhancement is significantly larger
for CABPs with smaller orbital radius (r = 2.85 c¢cm), in-
dicating that the obstacle-induced collimation dispropor-
tionately enhances the transport of CABPs with different
r. Thus, soft-ring obstacles not only facilitate diffusion
overall but also induce a radius-dependent modulation
of transport efficiency. Additionally, the critical obstacle
area fraction ¢, decreases monotonically with increasing
r [Fig. 5(c)], a consequence of the higher collision fre-
quency experienced by larger-radius CABPs at a given
¢, which accelerates directional reorientation and drives
a transition from orbital to directed migration. Conse-
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FIG. 7. Trajectories of chiral active Brownian particles. (a)-(b) Trajectories of the CABP with r = 6.41 c¢m in free space (¢ = 0)
and an environment with soft-ring obstacle at ¢ = 0.60, respectively. (c)-(d) Trajectories of the CABP with r = 2.85 cm at
¢ = 0 and ¢ = 0.75. All trajectories are recorded over a duration of At = 100 s, and the color bar represents the time from

the beginning (green) to the end (orange).

quently, optimal transport and maximal diffusion occur
at lower ¢, for larger-radius CABPs.

DISCUSSION

Using experimental measurements and theoretical
modeling, we have systematically investigate the dif-
fusion dynamics of CABPs confined within annular
channels embedded with deformable and displaceable
ring-shaped obstacles at varying area fraction. A pro-
nounced nonmonotonic dependence of the normalized
diffusion coefficient D /Dy on the obstacle area fraction
¢ was identified, with strongly enhanced diffusivity
at intermediate ¢, followed by suppression at higher
densities. Both experiments and theory consistently
demonstrate that this nonmonotonicity originates from
the interplay between two competing effects, namely
the enhancement of CABP motion collimation and the
suppression of their migration velocity as increasing ob-
struction. The enhancement in diffusivity was found to
be more significant for CABPs with smaller orbital radii,
where lower intrinsic diffusivity leads to stronger suscep-
tibility to confinement-induced motion collimation. A
robust scaling relation, D o 77" with k < 1, was further
uncovered, revealing pronounced dynamical heterogene-
ity characterized by the coexistence of intermittent
trapping and longrange migration. The results highlight
the critical influence of flexible confinement in regulating
active transport and reveal a radius-dependent selection
mechanism by which the transport of less diffusive
particles is preferentially enhanced. Beyond clarifying
the competing mechanisms governing CABP dynamics
in deformable and crowded environments, this work
establishes a conceptual framework for understanding
structure-sensitive transport and chirality-dependent
behavior in both biological and synthetic active systems.
These insights open avenues for future studies, including
obstacle stiffness modulation and spatial heterogeneity,
to achieve controlled active navigation in complex
environments.

METHODS
Experimental setup

The Hexbug robots used in the experiments measured
4.3 cm in length and 1.3 cm in width. They are con-
fined within an annular channel approximately 23.0 cm
in width, effectively emulating periodic boundary condi-
tions. To suppress persistent sliding along the channel
boundaries, both the inner and outer boundaries were
constructed from petal-shaped arc segments [66], with
16 and 32 segments, respectively, each subtending a cen-
tral angle of 160° [Fig. 1(a)]. Flexible obstacles consisted
of mobile soft rings with a diameter of ¢ = 4.90 c¢m, fab-
ricated from 0.02 mm-thick stainless steel ribbons.

Data acquisition and CABP dynamic analysis

Each experimental run was limited to 15 minutes to
ensure stable propulsion speeds, and batteries were re-
placed before each run to maintain consistency across
trials [30]. Images of the sample were recorded with ap-
proximately 10 minutes by a camera at 25 frames-s™.
For each CABP and obstacle area fraction ¢, 3-7 in-
dependent measurements were performed under identi-
cal conditions, yielding an ensemble of long-time diffu-
sion coefficients D. The error bars shown in Fig. 2(b)
represent the statistical variability across these measure-
ments and increase near the critical density ¢., where
CABPs stochastically switch between trapped and mi-
grating states with the variable relative duration of these
states. CABP trajectories were extracted using parti-
cle recognition and tracking software, aided by a red
marker affixed to the back of each robot to facilitate
accurate image-based tracking. For CABP moving in
free space, the mean translational velocity vy was ob-
tained by averaging the displacement between consecu-



tive frames divided by the frame interval over the entire
trajectory. The angular velocity wy was determined by
tracking the particle orientation in each frame and aver-
aging the angular increment per unit time. The orbital
radius was defined as r = vg/wp, and the rotation period
as T = 2m/wg. The effective rotational diffusion coeffi-
cient D, was extracted from the mean squared angular
displacement (MSAD), ([¢(to+t)—¢(to)]?) = w*t>+2D,t
[Supplementary Note 11], where ¢(¢) denotes the orien-
tation angle of the particle’s major axis [64]. The persis-
tence time was then defined as 7. = 1/D,. [49], and the
corresponding persistence length as [ = vg7,..

DATA AVAILABILITY

The data supporting the findings of this study are
available in the main text and Supplementary informa-

tion. Supplementary Movie 1 and Supplementary Movie
2 are uploaded as Supplemental Material, and the data
used to obtain in the plots are available as the Supple-
mentary Data. Additional information is available from
the corresponding author upon request.
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