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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 active29

matter capable of converting internal or environmental30

energy into autonomous rotation [1–4], thereby driving31

systems far from equilibrium and resulting in rich un-32

conventional phenomena, including odd viscosity [5–8],33

odd elasticity [9–11], hyperuniformity [12, 13], anoma-34

lous transport [3, 4, 14], as well as the spontaneous emer-35

gence of rotating droplets [15–18] and microswarms [18].36

Chiral active particles are observed across a wide range37

of systems and length scales, from nanoscale motor pro-38

teins [19], microscale sperm cells [20, 21] and interface-39

circling bacteria [22, 23], to chiral colloids [24, 25],40

starfish embryos [10], centimeter-scale vibrated robots41

and rotors [26–34], and chiral active polymers [35]. In42

particular, chiral active Brownian particles (CABPs)43

combine self-propulsion with autonomous rotation, prov-44

ing a ubiquitous and powerful model for probing the fun-45

damental principles of nonequilibrium statistical mechan-46

ics and active matter physics.47

In free space, CABPs typically follow circular trajec-48

tories in two dimensions and helical paths in three di-49
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mensions [1], while their chirality further modulates ori-50

entational persistence and can generate oscillatory kur-51

tosis under strong torque conditions [36]. However, in52

biologically relevant environments such as soil [37], hy-53

drogels [38, 39], and living tissues [40, 41], particles of-54

ten encounter disordered, confined and often dynami-55

cally evolving microstructures. In such contexts, CABPs56

transport can deviate significantly from that in homoge-57

neous systems [42–45], exhibiting phenomena such as di-58

rectional locking [3], spin-dependent segregation [46, 47],59

chirality-induced steady momentum currents and bulk60

accumulation [48], deviations from Maxwell-Boltzmann61

behavior that vanish when chirality or radial symmetry62

is absent [49], and chirality-density coupling that renor-63

malizes orientational persistence and generates nontrivial64

dynamical crossovers [50]. CABPs exhibit pronounced65

diffusion enhancement in disordered obstacles [4, 51–53],66

a similar counterintuitive enhancement has recently been67

observed for self-propelled polymer-like worms in disor-68

dered media [54], in stark contrast to the diffusion sup-69

pression typically observed for linear self-propelled parti-70

cles under analogous conditions [55–58]. Numerical sim-71

ulations by van Roon et al. further indicate that the dif-72

fusivity of CABPs depends nonmonotonically on obstacle73

density, arising from the interplay between chirality and74

static disorder that induces orbit rectification and chan-75

neling [4]. This characteristic nonmonotonic response,76

rooted in the redirection of intrinsic self-propulsion, rep-77

resents a transport mechanism specific to CABPs and is78
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absent in pure rotors lacking self-propulsion [59]. Col-79

lectively, these results underscore the role of chirality in80

particle-environment interactions and indicate that ob-81

stacle disorder, noise, and density act as tunable param-82

eters for active transport.83

Despite these advances, previous studies have primar-84

ily focused on rigid and immobile obstacles. In contrast,85

obstacles in biologically relevant settings, such as cell ag-86

gregates and extracellular matrices, are deformable, dis-87

placeable, and often capable of structural reorganization.88

The diffusion dynamics of CABPs in such environments89

remain poorly understood, limiting our ability to pre-90

dict and control diffusive behaviors in biologically rele-91

vant contexts.92

In this paper, we combine experiments with theory93

to investigate the diffusion dynamics of CABPs confined94

within annular channels embedded with deformable, dis-95

placeable, and ring-shaped obstacles. Both experimen-96

tal measurements and theoretical analyses reveal a non-97

monotonic dependence of the diffusion coefficient on the98

obstacle area fraction, which arises from two competi-99

tive effects between the obstacle-induced enhancement100

of CABPs motion collimation and reduction in their mi-101

gration velocity. Furthermore, the maximum diffusion102

enhancement also exhibits a nonmonotonic relationship103

with the orbital radius of CABPs, due to the intrinsic104

differences in their free-space diffusive capability at dif-105

ferent orbital radii.106

RESULTS107

In our experiment, CABPs were modeled using Hexbug108

robots, each powered by an internal miniature motor109

that drives planar self-propulsion through twelve slightly110

backward-bent elastic legs [top of Fig. 1(a)]. By tuning111

the asymmetry between the two rows of legs, five distinct112

Hexbug robots with varying orbital radii r were obtained,113

with their respective parameters listed in Table. 1. θ is114

defined as the angle between the robot’s position vec-115

tor and the x-axis. The representative trajectories of116

a CABP with r = 4.46 cm in the absence [Fig. 1(c)]117

and presence of obstacles at blue ϕ = 0.50 [Fig. 1(d)].118

The ring-shaped obstacles, composed of thin stainless-119

steel ribbons, are flexible and readily deform or displace120

upon contact with robots [Fig. 1(b)], thereby forming a121

dynamically reconfigurable medium.122

We first investigate the diffusion of CABPs in annular123

channels with various area fractions of soft-ring obstacles,124

ϕ = NrSr/S, where Nr is the number of rings, Sr is the125

area of a single ring, and S is the total channel area. The126

dynamics of CABPs are quantified by the mean square127

displacement (MSD) of the angular coordinate θ, evalu-128

ated in a polar coordinate system centered at the disk ori-129

gin for different time interval t [Fig. 2(a)]. At short time,130

the MSD exhibits a ballistic scaling, MSD ∝ t2, reflecting131

the circular motion. After many orbital cycles, it crosses132

over to a normal diffusion regime with MSD ∝ t at long133

FIG. 1. Experimental setup and trajectories of chiral active
Brownian particles. (a) Experimental setup at an obstacle
area fraction of ϕ = 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. θ represents the polar
angle of the CABP relative to the x-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 ϕ = 0.50, with the
color bar representing the time from the beginning (green) to
the end (orange).

Robot 1 2 3 4 5

r
(cm)

2.85 3.76 3.88 4.46 6.41

v0
(cm · s−1)

24.04± 0.94 23.39± 1.11 22.28± 0.70 26.12± 0.61 24.95± 0.75

ω0

(s−1)
8.43± 0.24 6.23± 0.21 5.73± 0.13 5.85± 0.21 3.89± 0.28

T
(s)

0.74 1.01 1.10 1.07 1.61

Dr

(s−1)
0.39± 0.095 0.24± 0.053 0.14± 0.023 0.24± 0.064 0.27± 0.071

τr
(s)

2.56 4.17 7.14 4.17 3.70

l
(cm)

61.44± 2.4 97.54± 4.6 40.91± 5.0 108.9± 2.5 92.32± 2.8

TABLE 1. Parameters of Hexbugs used in the experiments.
r, v0, ω0, T , Dr, τr, and l 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 coefficientD134

is extracted via MSD = ⟨[θ(t0 + t)− θ(t0)]
2⟩ = 2Dt. Fig-135

ure 2(b) plots the normalized diffusion coefficient D/D0136

as a function of ϕ for CABPs with different orbital radii r,137

where D0 is the obstacle-free diffusion coefficient shown138

in Fig. 2(c). D/D0 exhibits a pronounced nonmono-139

tonic dependence on ϕ. As ϕ increases, diffusion signifi-140

cantly enhances and reaches a peak within the range of141

ϕ = 0.6 – 0.75. This enhancement is especially prominent142

for CABPs with smaller r, where D/D0 approaches 60,143

nearly two orders of magnitude greater than without ob-144

stacles. At higher ϕ, motility is reduced due to crowding,145

resulting in a gradual decline of D/D0. When ϕ ≥ 0.8,146
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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 t at different ϕ. Solid black lines indicate linear scaling, MSD ∼ t, characteristic of the normal diffusion. (b) The relation
between ϕ and D/D0 for CABPs with r = 2.85, 3.76, 3.88, 4.46 and 6.41 cm. Inset: D/D0 of CABP with r = 6.41 cm. (c)
Diffusion coefficient D0 for five CABPs in the absence of obstacles. Inset: D0 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-147

sitions, i.e., D/D0 approaches zero. Additional control148

experiments varying obstacle size, softness, and confine-149

ment geometry consistently confirm the robustness of this150

nonmonotonic diffusion behavior of CABPs [Supplemen-151

tary Note 1-3]. whereas no such nonmonotonic behavior152

is observed for achiral particle [Supplementary Note 4].153

Two dynamical states of CABPs in obstacles154

To elucidate the nonmonotonic dependence of D/D0155

of CABPs on obstacle area fraction ϕ, we identify two156

representative dynamical states that emerge in the pres-157

ence of flexible obstacles, referred to as the trapped state158

and the migrating state. In the trapped state, CABPs159

interact with surrounding soft rings through collisions,160

displacing them to form transient, obstacle-depleted re-161

gions. Within these regions, CABPs exhibit confined162

circular motion, resulting in markedly suppressed diffu-163

sion, as exemplified by a CABP with an orbital radius164

of 3.88 cm at an obstacle area fraction of 0.60 [Supple-165

mentary Movie 1]. The CABP is defined as being in the166

trapped state if it remains within a circular region of ra-167

dius Rc centered at its initial position and completes at168

least two rotations. The confinement radius Rc is deter-169

mined by the characteristic confinement scale at a given170

obstacle area fraction ϕ and is defined as the average di-171

ameter of all identified trapped regions [Supplementary172

Note 5]. Otherwise, if the residence time within the Rc173

region is shorter than two rotational periods, the CABP174

is classified as being in the migration state. Increasing175

this threshold to three rotations yields nearly identical176

trapping durations, confirming the robustness of this def-177

inition [Supplementary Note 6]. In the migrating state,178

CABPs undergo successive inelastic collisions with sur-179

rounding deformable rings, which gradually reorient their180

motion and support sustained quasi-linear trajectories, as181

illustrated by a particle with an orbital radius of 3.88 cm182

at ϕ = 0.70 [Supplementary Movie 2]. The non-circular183

shapes observed in the videos mainly arise from experi-184

mental and imaging factors rather than irreversible de-185

formation. In particular, local curvature variations result186

from the tape used to fix the soft rings, while the imag-187

ing geometry introduces slight distortions near the ring188

boundaries. The small elastic deformations of the rings189

were quantified at different obstacle area fractions ϕ in190

the presence of a CABP with r = 3.76 cm [Supplemen-191

tary Note 7]. We speculate that substantially stronger192

deformations, such as leading to rod-like or highly elon-193

gated obstacles, may potentially modify the transport194

behavior and warrant future investigation.195

To further investigate the two distinct dynamical states196

of CABPs in flexible and crowded environments, we an-197

alyze the self-part of the two-point overlap correlation198

function Q(t) [60], defined as199

Q(t) =

〈
1

N

N∑
i=1

q(|θ(ti + t)− θ(ti)|)

〉
, (1)

where ⟨ ⟩ denotes ensemble averaging, N is the number200

of temporal averages, and θ(t) is the polar angle of the201

CABP at a time interval t. The characteristic function202

q(|∆θ|) is given by203

q(|∆θ|) =

{
1, if |∆θ| < b,

0, otherwise,
(2)

which quantifies the probability that a CABP remains204

within an angular window of width 2b over a time inter-205

val t. Here, the angular threshold parameter is defined206

as b = 3arcsin[r/(Rin + r)], where Rin = 20.0 cm rep-207

resents the maximum radial distance from the system208

center to the inner boundary. Detailed procedures for209

determining b are provided in the Supplementary Note210

8. A comprehensive sensitivity analysis confirms that211
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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 ϕ. (b) Scaling relation between the diffusion coefficient D
and the relaxation time τ for different CABPs at various ϕ.
The solid black line represents a power-law fit of D ∝ τ−0.75.

the results are robust across a broad parameter range212

b ∈ (0.38, 0.98) for the five different CABPs. This uni-213

versality does not diminish the fundamental role of chi-214

rality. Instead, the coexistence of trapped and migra-215

tory states, which underlies the observed dynamical het-216

erogeneity, arises directly from particle chirality. The217

chirality-driven circular motion couples with deformable218

obstacles and induces intermittent transitions between219

these two states.220

The temporal decay of Q(t) characterizes the system’s221

relaxation dynamics, and the relaxation time τ is de-222

fined as the time when Q(t) decays to 1/e [Fig. 3(a)].223

Relaxation is dominated by slow modes, whereas diffu-224

sion predominantly reflects faster processes. The scaling225

relation between the diffusion coefficient D and the relax-226

ation time τ , D ∝ τ−κ, provides as a sensitive indicator227

of dynamic heterogeneity. κ = 1 indicates a dynamically228

homogeneous systems, while κ < 1 signifies the pres-229

ence of heterogeneous dynamics [60, 61]. As shown in230

Fig. 3(b), the diffusion coefficient and relaxation time231

for CABPs with various r exhibit a power-law relation232

D ∝ τ−0.75, indicative of significant dynamical hetero-233

geneity in the motion of CABPs within obstacle-rich envi-234

ronments. This heterogeneity arises from the coexistence235

of two dominant motility modes, namely a slow, localized236

trapped state and a fast, persistent migration state, as237

exemplified by CABP motion in the presence of obsta-238

cles at ϕ = 0.50 [Fig. 1(d)]. The data for CABPs with239

different r collapse onto a unified scaling curve, imply-240

ing that the observed dynamical heterogeneity is largely241

independent of chirality and exhibits universal features.242

Nonmonotonic dependence of D/D0 on obstacle area243

fraction244

The effective diffusion of CABPs is thus governed by245

the competition of these two states. Migrating motion fa-246

cilitates longrange displacement, while intermittent trap-247

ping reduces effective transport, collectively leading to a248

nonmonotonic variation of the normalized diffusion coef-249

ficient D/D0 with ϕ. Figures 4(a)-(e) present the nor-250

malized migration time tm/ttot and normalized velocity251

v/v0 for various CABPs as functions of the obstacle area252

fraction ϕ. Here, the migration time tm is defined as the253

cumulative duration that a CABP spends in the migra-254

tion state during a single experimental run, and ttot de-255

notes the total duration of that run. The velocities v and256

v0 are obtained by averaging the frame-to-frame displace-257

ment divided by the frame interval over the full trajectory258

in the presence and absence of obstacles, respectively.259

As ϕ increases, the deformable rings create channel-like260

pathways that promote persistent directional migration,261

significantly enhancing the nonlocal diffusion of CABPs262

and leading to a progressive increase in the migration263

time tm. At sufficiently high ϕ, CABPs remain predom-264

inantly in the migrating state with tm/ttot → 1, and265

trapping events become negligible. However, sustained266

migration at low velocity yields limited net displacement,267

i.e., tm alone is inadequate to characterize the diffusion268

ability. A comprehensive evaluation of CABP diffusion269

thus necessitates accounting for both the migration time270

tm and corresponding translational velocity v. As ob-271

stacle area fraction increases, sustained obstruction by272

soft rings gradually reduce the migration speed v, which273

eventually approaches zero due to overcrowding-induced274

immobilization. At moderate densities, however, the flex-275

ible obstacles facilitate a transition from chiral orbital276

motion to directional migration, thereby enhancing dif-277

fusion. With further increase in ϕ, the continued sup-278

presses of v becomes dominant, reducing particle mobil-279

ity. The competition between enhanced collimation of280

CABP motion and suppressed migration velocity gives281

rise to a critical area fraction ϕc, at which the diffusive282

coefficient D attains its maximum, leading to the ob-283

served nonmonotonic dependence of D/D0 on ϕ.284

To validate the competing mechanisms underlying285

CABP diffusion, we evaluate the ratio v2tm/(v20ttot),286

which captures the combined effects of obstacle-induced287

motion collimation and velocity suppression. As the ob-288

stacle area fraction increases, CABP-obstacle collisions289

reduce the migration speed v while simultaneously en-290

hancing directional persistence, as reflected by an in-291

crease in tm. Because the product v2tm has the same292

physical dimension as the diffusion coefficient, the nor-293

malized ratio provides a natural, dimensionless measure294

of the effective diffusion behavior. As shown in Fig. 5(a),295

v2tm/v20ttot exhibits a pronounced nonmonotonic depen-296

dence on ϕ, closely following the trends observed in the297

experimental diffusion coefficient D/D0 [Fig. 2(b)]. Fur-298

thermore, the critical obstacle area fraction ϕc, obtained299
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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) r = 2.85 cm, (b) r = 3.76 cm, (c) r = 3.88 cm, (d) r = 4.46 cm, and (e) r = 6.41 cm, as functions of ϕ. Green
and blue dashed lines in (b) represent fits to the data using empirical functions tm/ttot = A1e

b1ϕ and v/v0 = 1/(y2 +A2e
b2ϕ),

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/D0 and the300

empirical prediction, yields consistent values and system-301

atically shifts toward smaller ϕ with increasing orbital302

radius r [Fig. 5(c)]. These results confirm that the ob-303

served nonmonotonic diffusion enhancement arises from304

the competition between the obstacle-induced enhance-305

ment of CABP motion collimation and the suppression306

of their migration velocity.307

In the annular channel geometry, CABP motion along308

the azimuthal direction θ is effectively unconfined and309

experiences periodic boundary conditions, allowing the310

angular displacement ∆θ can exceed 2π. Across the ex-311

plored obstacle area fraction ϕ, the mean radial coor-312

dinate remains approximately constant [Supplementary313

Note 9], indicating that radial fluctuations have a neg-314

ligible influence on longtime transport. Diffusion can315

therefore be characterized by the angular diffusion co-316

efficient, which can be converted to the corresponding317

translational diffusivity through the mean radial coordi-318

nate. Under obstacle-free conditions, the effective diffu-319

sion coefficient of a CABP can be expressed theoretically320

as [36, 62, 63],321

D0 = DT
t +

v20τr
2 [1 + (ω0τr)2]

. (3)

Since the thermal contributionDT
t is negligibly compared322

with the activity-induced term, the effective diffusion co-323

efficient can be approximated as324

D0 ≈ v20τr
2 [1 + (ω0τr)2]

. (4)

Here v0 = Fd/γ
0
t and ω0 = Td/γ

0
r , where γ0

t and γ0
r de-325

note the translational and rotational friction coefficients326

in obstacle-free space, while Fd and Td are the driving327

force and torque acting on the particle. The persistence328

time is defined as τr = 1/Dr [62], where Dr is obtained329

from the mean-squared angular displacement or the ori-330

entation autocorrelation [64, 65]. For the Hexbug sys-331

tems, Dr ∝ γ−1
r and can be written as Dr = Eeffγ

−1
r ,332

where the proportionality factor Eeff is related to the ef-333

fective thermal energy. Eeff can be reasonably assumed334

to remain unchanged with and without obstacles since335

the energy input originates from the Hexbug itself.336

In obstacle-rich environments, increasing obstacle area337

fraction ϕ modifies both translational and rotational dy-338

namics. Frequent collisions reduce the migration speed,339

effectively increasing the translational friction γt(ϕ),340

while obstacle-induced alignment enhances orientational341

persistence, thereby reducing the rotational diffusion co-342

efficient and increasing the effective rotational friction343

γr(ϕ). Both friction coefficients are therefore treated as344

ϕ-dependent. Experimentally, they are captured by the345

empirical relations γr(ϕ) ∝ tm/ttot and γt(ϕ) ∝ v0/v,346

which quantify the enhancement of directional persis-347

tence and the suppression of migration speed, respec-348

tively. Substituting these relations into Eq. (4) yields349

the effective diffusion coefficient for obstacle-free and350

obstacle-rich environments,351

D0 =
F 2
d γ

0
r

2Eeff (γ0
t )

2[1 + (E−1
effTd)2]

, (5)

352

D =
F 2
d γr(ϕ)

2Eeffγ2
t (ϕ)[1 + (E−1

effTd)2]
, (6)

leading to the normalized diffusion coefficient353

D

D0
=

γr(ϕ)(γ
0
t )

2

γ2
t (ϕ)γ

0
r

. (7)

As shown in Figs. 4(a)-(e), the normalized migra-354

tion duration tm/ttot increases with ϕ and approaches355

unity at high obstacle densities, while the normalized356

velocity v/v0 decreases correspondingly, indicating a357

confinement-induced transition from rotational to di-358

rected motion. Both dependences are well captured by359

the empirical functions tm/ttot = A1e
b1ϕ and v/v0 =360

1/(y2 + A2e
b2ϕ), from which the scaling forms of the361

friction coefficients are extracted as γr(ϕ) = γ0
re

b1ϕ and362

γt(ϕ) ≈ γ0
t [1 + (A2/y2)e

b2ϕ].363

We take a CABP with an orbital radius of r = 3.76 cm364

as a representative case. The exponential fits for tm/ttot365
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FIG. 5. Dynamics and critical behavior of chiral active Brow-
nian particles. (a) The relations between v2tm/v20ttot of dif-
ferent CABPs and ϕ. (b) The empirical predictions of the
normalized rotational friction coefficient γr/γ

0
r (black line)

and translational friction coefficient (γ0
t /γt)

2 (red line) of a
CABP with r = 3.76 cm, as functions of ϕ. Inset: The em-
pirical predicted normalized diffusion coefficient D/D0 versus
ϕ, exhibiting a peak at ϕ = 0.70. (c) Critical area fraction ϕc

corresponding to the peak of experimentally measured D/D0

(black squares) and empirical prediction (red dots) for CABPs
with different r.

and v/v0, shown as green and blue dashed lines in366

Fig. 4(b), excellently describe the experimental data with367

parameters A1 = 0.001, b1 = 10, y2 = 1.0, A2 =368

4.5×10−5, and b2 = 13. On this basis, the empirical pre-369

diction from Eq. (7), presented in the inset of Fig. 5(b),370

successfully reproduces the trends observed in both the371

experimental diffusion coefficient D/D0 [blue triangles372

in Fig. 2(b)] and v2tm/v20ttot [blue triangles in Fig. 5(a)].373

The same empirical fitting functions and scaling analy-374

sis were applied to four additional CABPs with different375

orbital radii r, all of which show consistent agreement376

with the observed trends [Supplementary Note 10]. Fur-377

thermore, the critical obstacle area fraction ϕc, obtained378

from the experimental diffusion coefficient D/D0 and the379

empirical prediction, yields consistent values and system-380

atically shifts toward smaller ϕ with increasing orbital381

FIG. 6. The peak of the normalized diffusion coefficient. The
relation between the peak of D/D0 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 the382

empirical functions together with the scaling arguments383

capture the essential physics underlying the experimen-384

tally observed nonmonotonic diffusion of CABPs in com-385

plex media.386

Nonmonotonic dependence of the diffusion peak387

D/D0 on the orbital radius388

Figure 2(b) demonstrates not only the nonmonotonic389

dependence of D/D0 on the obstacle area fraction ϕ,390

but also a pronounced variation in the magnitude of en-391

hancement among different CABPs. The peak of D/D0392

itself varies nonmonotonically with the orbital radius393

[Fig. 6]. CABPs with smaller orbital radii (r = 2.85, 3.76,394

and 3.88 cm) exhibit strong diffusion enhancement with395

D/D0 > 40, while those with larger radii (r = 4.46 and396

6.41 cm) show only modest enhancement (D/D0 < 10).397

This disparity primarily originates from intrinsic differ-398

ences in their free-space diffusive capability: the baseline399

diffusive coefficient D0 increases with the orbital radius400

r [Fig. 2(c)], as illustrated by representative free-space401

trajectories of CABP with r = 6.41 cm [Fig. 7(a)] and402

2.85 cm [Fig. 7(c)] at ϕ = 0.0. In contrast, in the presence403

of soft-ring obstacles, the maximum diffusive capabilities404

attained by CABPs with r = 6.41 cm [Fig. 7(c)] and405

2.85 cm [Fig. 7(d)] become comparable. Consequently,406

the relative diffusion enhancement is significantly larger407

for CABPs with smaller orbital radius (r = 2.85 cm), in-408

dicating that the obstacle-induced collimation dispropor-409

tionately enhances the transport of CABPs with different410

r. Thus, soft-ring obstacles not only facilitate diffusion411

overall but also induce a radius-dependent modulation412

of transport efficiency. Additionally, the critical obstacle413

area fraction ϕc decreases monotonically with increasing414

r [Fig. 5(c)], a consequence of the higher collision fre-415

quency experienced by larger-radius CABPs at a given416

ϕ, which accelerates directional reorientation and drives417

a transition from orbital to directed migration. Conse-418
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FIG. 7. Trajectories of chiral active Brownian particles. (a)-(b) Trajectories of the CABP with r = 6.41 cm in free space (ϕ = 0)
and an environment with soft-ring obstacle at ϕ = 0.60, respectively. (c)-(d) Trajectories of the CABP with r = 2.85 cm at
ϕ = 0 and ϕ = 0.75. All trajectories are recorded over a duration of ∆t = 100 s, and the color bar represents the time from
the beginning (green) to the end (orange).

quently, optimal transport and maximal diffusion occur419

at lower ϕc for larger–radius CABPs.420

DISCUSSION421

Using experimental measurements and theoretical422

modeling, we have systematically investigate the dif-423

fusion dynamics of CABPs confined within annular424

channels embedded with deformable and displaceable425

ring-shaped obstacles at varying area fraction. A pro-426

nounced nonmonotonic dependence of the normalized427

diffusion coefficient D/D0 on the obstacle area fraction428

ϕ was identified, with strongly enhanced diffusivity429

at intermediate ϕ, followed by suppression at higher430

densities. Both experiments and theory consistently431

demonstrate that this nonmonotonicity originates from432

the interplay between two competing effects, namely433

the enhancement of CABP motion collimation and the434

suppression of their migration velocity as increasing ob-435

struction. The enhancement in diffusivity was found to436

be more significant for CABPs with smaller orbital radii,437

where lower intrinsic diffusivity leads to stronger suscep-438

tibility to confinement-induced motion collimation. A439

robust scaling relation, D ∝ τ−κ with κ < 1, was further440

uncovered, revealing pronounced dynamical heterogene-441

ity characterized by the coexistence of intermittent442

trapping and longrange migration. The results highlight443

the critical influence of flexible confinement in regulating444

active transport and reveal a radius-dependent selection445

mechanism by which the transport of less diffusive446

particles is preferentially enhanced. Beyond clarifying447

the competing mechanisms governing CABP dynamics448

in deformable and crowded environments, this work449

establishes a conceptual framework for understanding450

structure-sensitive transport and chirality-dependent451

behavior in both biological and synthetic active systems.452

These insights open avenues for future studies, including453

obstacle stiffness modulation and spatial heterogeneity,454

to achieve controlled active navigation in complex455

environments.456

457

METHODS458

Experimental setup459

The Hexbug robots used in the experiments measured460

4.3 cm in length and 1.3 cm in width. They are con-461

fined within an annular channel approximately 23.0 cm462

in width, effectively emulating periodic boundary condi-463

tions. To suppress persistent sliding along the channel464

boundaries, both the inner and outer boundaries were465

constructed from petal-shaped arc segments [66], with466

16 and 32 segments, respectively, each subtending a cen-467

tral angle of 160◦ [Fig. 1(a)]. Flexible obstacles consisted468

of mobile soft rings with a diameter of σ = 4.90 cm, fab-469

ricated from 0.02 mm-thick stainless steel ribbons.470

Data acquisition and CABP dynamic analysis471

Each experimental run was limited to 15 minutes to472

ensure stable propulsion speeds, and batteries were re-473

placed before each run to maintain consistency across474

trials [30]. Images of the sample were recorded with ap-475

proximately 10 minutes by a camera at 25 frames·s−1.476

For each CABP and obstacle area fraction ϕ, 3–7 in-477

dependent measurements were performed under identi-478

cal conditions, yielding an ensemble of long-time diffu-479

sion coefficients D. The error bars shown in Fig. 2(b)480

represent the statistical variability across these measure-481

ments and increase near the critical density ϕc, where482

CABPs stochastically switch between trapped and mi-483

grating states with the variable relative duration of these484

states. CABP trajectories were extracted using parti-485

cle recognition and tracking software, aided by a red486

marker affixed to the back of each robot to facilitate487

accurate image-based tracking. For CABP moving in488

free space, the mean translational velocity v0 was ob-489

tained by averaging the displacement between consecu-490
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tive frames divided by the frame interval over the entire491

trajectory. The angular velocity ω0 was determined by492

tracking the particle orientation in each frame and aver-493

aging the angular increment per unit time. The orbital494

radius was defined as r = v0/ω0, and the rotation period495

as T = 2π/ω0. The effective rotational diffusion coeffi-496

cient Dr was extracted from the mean squared angular497

displacement (MSAD), ⟨[φ(t0+t)−φ(t0)]
2⟩ = ω2t2+2Drt498

[Supplementary Note 11], where φ(t) denotes the orien-499

tation angle of the particle’s major axis [64]. The persis-500

tence time was then defined as τr = 1/Dr [49], and the501

corresponding persistence length as l = v0τr.502

DATA AVAILABILITY503

The data supporting the findings of this study are504

available in the main text and Supplementary informa-505

tion. Supplementary Movie 1 and Supplementary Movie506

2 are uploaded as Supplemental Material, and the data507

used to obtain in the plots are available as the Supple-508

mentary Data. Additional information is available from509

the corresponding author upon request.510
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Araújo, N. A. The role of disorder in the motion of chiral
active particles in the presence of obstacles. Soft Matter
18, 6899–6906 (2022).

[5] Banerjee, D., Souslov, A., Abanov, A. G. & Vitelli, V.
Odd viscosity in chiral active fluids. Nat. Commun. 8,
1573 (2017).

[6] Lou, X. et al. Odd viscosity-induced hall-like transport
of an active chiral fluid. Proc. Natl. Acad. Sci. U.S.A.
119, e2201279119 (2022).

[7] Mecke, J., Gao, Y., Ramı́rez Medina, C. A., Gompper,
G. & Ripoll, M. Simultaneous emergence of active turbu-
lence and odd viscosity in a colloidal chiral active system.
Commun. Phys. 6, 324 (2023).

[8] Soni, V. et al. The odd free surface flows of a colloidal
chiral fluid. Nat. Phys. 15, 1188–1194 (2019).

[9] Kole, S. J., Alexander, G. P., Ramaswamy, S. & Maitra,
A. Layered chiral active matter: Beyond odd elasticity.
Phys. Rev. Lett. 126, 248001 (2021).

[10] Tan, T. H. et al. Odd dynamics of living chiral crystals.
Nature (London) 607, 287–293 (2022).

[11] Scheibner, C. et al. Odd elasticity. Nat. Phys. 16, 475–
480 (2020).

[12] Huang, M., Hu, W., Yang, S., Liu, Q. & Zhang, H. Circu-
lar swimming motility and disordered hyperuniform state
in an algae system. Proc. Natl. Acad. Sci. U.S.A. 118,
e2100493118 (2021).

[13] Zhang, B. & Snezhko, A. Hyperuniform active chiral
fluids with tunable internal structure. Phys. Rev. Lett.
128, 218002 (2022).

[14] Chopra, P., Quint, D., Gopinathan, A. & Liu, B. Ge-
ometric effects induce anomalous size-dependent active
transport in structured environments. Phys. Rev. Fluids
7, L071101 (2022).

[15] Riedel, I., Kruse, K. & Howard, J. A self-organized vortex
array of hydrodynamically entrained sperm cells. Science
309, 300–303 (2005).

[16] Patra, P. et al. Collective migration reveals mechanical
flexibility of malaria parasites. Nat. Phys. 18, 586–594
(2022).

[17] Denk, J., Huber, L., Reithmann, E. & Frey, E. Active
curved polymers form vortex patterns on membranes.
Phys. Rev. Lett. 116, 178301 (2016).

[18] Liebchen, B. & Levis, D. Collective behavior of chiral
active matter: Pattern formation and enhanced flocking.
Phys. Rev. Lett. 119, 058002 (2017).

[19] Lenz, P., Joanny, J.-F., Jülicher, F. & Prost, J. Mem-
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Robot 1 2 3 4 5 
r (cm) 2.85 3.76 3.88 4.46 6.41 

v0 (cm/s) 24.04 ± 0.94 23.39 ± 1.11 22.28 ± 0.70 26.12 ± 0.61 24.95 ± 0.75 
ω0 (s−1 ) 8.43 ± 0.24 6.23 ± 0.21 5.73 ± 0.13 5.85 ± 0.21 3.89 ± 0.28 

T (s) 0.74 1.01 1.10 1.07 1.61 
Dr (s−1 ) 0.39 ± 0.095 0.24 ± 0.053 0.14 ± 0.023 0.24 ± 0.064 0.27 ± 0.071 
τr (s) 2.56 4.17 7.14 4.17 3.70 
l (cm) 61.44 ± 2.4 97.54 ± 4.6 40.91 ± 5.0 108.9 ± 2.5 92.32 ± 2.8 

 


