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Gear rotation caused by self-propelling eccentric particles
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Extraction of useful work from the chaotic environments remains a captivating challenge. A gear in the bath
of self-propelling eccentric particles is investigated by computer simulation. We find that the asymmetrical
gear can rotate in a specific direction, with the angular speed first increasing and then decreasing as the
eccentricity increases. Besides, a machine-learning model is trained to predict the angular speeds and the optimal
one. Additionally, we observe that the directional rotation of a symmetric gear depends on the particle-area
fraction, the persistence length of motion, and the eccentricity. Eccentricity is not conducive to the rotation of a
symmetric gear, but a small degree of eccentricity can help increase the angular speed of the gear. There exist two
mechanisms working for gear rotation at low eccentricity of particles: edge alignment with corner trapping and
biased trapping with positive feedback. These insights suggest the tunable particle-level parameter, eccentricity,
offers a promising strategy to regulate and optimize gear rotation.
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I. INTRODUCTION

Extraction of useful work from the chaotic environments
of molecules or particles remains a captivating issue for
scientists, because it has immense potential application in
biological systems and industry [1]. In equilibrium state,
it is prohibited by the laws of thermodynamics due to the
nonexistence of Maxwell demon [2]. It has been acknowl-
edged that, to rectify a thermal system, both the time-reversal
and/or spatial-inversion symmetries of the system must be
broken [1]. Thus, the input of energy from either internal
or external sources is required. Active-matter systems pro-
vide the possibility to realize the so-called “ratchet effect”
[3]. The self-propulsion of active units intrinsically breaks
time-reversal symmetry [4–7], whereas the broken spatial
symmetry can be achieved by using asymmetrical structures.
It was manifested by experiments with different types of
active baths [3,8–11]. For example, Leonardo et al. [2] and
Sokolov et al. [3] used bacteria to drive the directed rotation
of submillimeter gears with asymmetrical teeth. The similar
phenomena were also found in the artificial microswimmers
systems, such as active Janus particles [12] and vibrated gran-
ular rods [8]. Net rotation of gears is caused by the momentum
transfer from the self-propelling rodlike agents to gears. Gear
asymmetry leads to a preferred rotation to one side than the
other [10] due to agents accumulating in the corners of the
gear and generating a net torque.

Theoretically, an asymmetrical gear in an active Brownian-
particles (ABPs) bath was systematically investigated by Xu
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et al. [9]. They found the direction of rotation is determined by
the asymmetry of the gear and the persistence length of active
particles. At certain parameters (the self-propulsion speed,
the rotation-diffusion coefficient, and the packing fraction of
active particles), the gear can reversely rotate [9]. Although
the unidirectional rotation of a symmetric gear in the bath of
active units was not reported by experiments, it was deeply
discussed by computer simulations [13–15]. Wang et al. [13]
identified a spontaneous unidirectional rotation of a symmet-
ric gear driven by spherical active Brownian particles. The
mechanism is that gear rotation and induced-biased trapping
of incident ABPs form a positive feedback loop that sustains
the unidirectional rotation. Directed rotations of a symmet-
ric gear driven by active chiral particles (ACPs) [14] or
visual-perception-dependent particles (VPDPs) [15] were also
detected recently, with different mechanisms. In the system of
ACPs, the directed rotation results from the chirality-induced
torque. While in the bath of VPDPs, the coupling of non-
reciprocity and visual misalignment allows VPDPs to form
clusters with persistent swirling, causing the directed rotation
of gears. Hence, the type of active particles plays a critical role
in the gear rotation. These studies have primarily focused on
elucidating the underlying mechanisms responsible for the di-
rected rotation of gears in different active baths. Less attention
has been paid to enhancing the efficiency of torque generation.
In particular, strategies for systematically tuning particle-level
parameters to optimize the transfer of active momentum to
the gear remain largely unexplored. Introducing controllable
parameters—such as activity strength or sensory alignment—
at the level of individual particles may offer a promising route
to regulate and improve the rotational efficiency of gears.

Recently, self-propelling eccentric particles (SPEPs) were
fabricated [16]. Particle eccentricity originates from the devia-
tion between the geometric center (GC) and the center of mass
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FIG. 1. Schematic diagram of a gear in the bath of self-propelling
eccentric particles (SPEPs). Two kinds of gears with eight teeth
of asymmetrical/symmetrical geometries are displayed. The gear is
composed of 12 008 beads arranged along its perimeter with interval
of 0.02 σ .The eccentric particle (disk) has a geometric center (GC,
blue) and a center of mass (COM, gray) with a distance δ. The
particle is self-driven along the orientation n̂, from COM to GC.

(COM). They displayed an amazing collective behavior in the
small rotation-diffusion coefficient [17], due to the effective
alignment caused by the mutual coupling of the positional
and orientational degrees of freedom of each particle [18].
Inspired by the design of SPEPs, we raise two questions:
Could gears rotate in the bath of active eccentric particles?
And, what’s the influence of eccentricity on the rotation be-
havior? Can it be used to optimize power output? To answer
the questions, here we investigate the dynamics of gears
with asymmetrical and symmetrical geometries in the bath
of SPEPs via computer simulations. We find that the asym-
metrical gear can rotate in a specific direction due to edge
alignment of particles with corner trapping, with the angular
speed first increasing and then decreasing as the eccentricity
increases. Additionally, we found that the directional rotation
of a symmetric gear depends on the particle-area fraction, the
persistence length of motion, and the eccentricity, due to the
existence of biased trapping with positive feedback. Eccen-
tricity is not conducive to the rotation of a symmetric gear,
but a small degree of eccentricity can help increase the angular
speed of the gear. Moreover, we propose a machine-learning
(ML) model to predict the angular speed for the asymmetric
gear with the input parameters of particle-area fraction, eccen-
tricity, and rotational-diffusion coefficient.

II. MODEL AND METHODS

The particle (disk) was modeled by a rigid body charac-
terized by two centers (Fig. 1): one is the geometric center
(GC), the other is the center of mass (COM) displaced from
GC by a distance δ. A particle i is described by its GC ri(t ),
COM rci(t ), and orientation n̂i(t )([cos θi, sin θi]), which goes
from COM to GC. All particles interact with an expanded

Lennard-Jones potential with a distance shifted by �,

U (ri j ) =
{

4ε
[(

σ
ri j−�

)12 − (
σ

ri j−�

)6]
ri j < � + 6

√
2σ

0 otherwise
,

(1)

where ri j is the distance of GCs between particle i and j. It
should be noticed that we also inspected the gear behavior
without particle-particle interactions for comparison. � is the
size of hard core.

The dynamics of each particle is described by the following
equations:

mcr̈ci(t ) = Fan̂i(t ) − ∇iU − γt ṙci(t ) +
√

4γt kBTtηi(t ), (2)

I θ̈i (t ) = �i − γr θ̇i(t ) +
√

2γrkBTrξi(t ), (3)

�i = δ n̂i ⊗ [−∇iU ], (4)

where mc is the mass of COM, I the moment of inertia, γt

the translational-friction coefficient, γr the rotational-friction
coefficient, Fa the strength of self-propelled force, kB the
Boltzmann constant, U = 1

2

∑
i, j U (ri j ) the total potential

of the system including active particles and beads on the
gear. Tt and Tr are parameters of strength of translational and
rotational noises, respectively. For the granular system, the
Tt = Tr is not mandatory. �i denotes the torque on particle i
due to collision. Besides, ηi(t ) and ξi(t ) are Gaussian white
noises on the COM with zero mean and unit variances, as
follows:

〈η(t )〉 = 0; 〈ηα (t )ηβ (t ′)〉 = δαβδ(t − t ′), (5)

〈ξ (t )〉 = 0; 〈ξ (t )ξ (t ′)〉 = δ(t − t ′), (6)

where ηα or ηβ is the x/yth component of the vector η(t ).
A symmetric gear or asymmetrical gear with eight teeth

(Fig. 1) is placed in the center of box. The inner radii of
the gear are set as 16σ for symmetric gear and 21σ for
asymmetrical gear and outer radii of the gear are set as 30σ ,
respectively. The gear is composed of 12 008 beads arranged
along its perimeter with interval of 0.02 σ ; the interaction
between the beads and the particles is a purely repulsive
Weeks-Chandler-Anderson (WCA) potential as Eq. (1). We
treat the gear as a rigid body. To focus on its rotational motion,
we fix the position of its center but allow it to rotate freely
[19,20]. The rotational motion of the gear is governed by

Jω̇ = −γRω + �. (7)

J is the moment of inertia of gear, γR the rotational-friction
coefficient, � = ∑

i
⇀

ri ⊗ ∇iU the total torque on the gear
through collision by particles, and

⇀

ri the vector from the gear
center to the ith bead.

Our model is two-dimensional with periodical boundary
conditions in x and y directions. Initially, N particles were
randomly placed in a square box of size L x L. m, σ , and ε

are used as scaling units and the corresponding time unit τ =√
mσ 2/ε. The area fraction φ is defined as φ = Nπσ 2

4(L2−A) , where

A is the area of gear. We set mc = 1.1m, I = 0.01 mσ 2, kBTt =
0, kBTr = 0.1ε, J = 1mσ 2, L = 50σ, γR = 100

√
ε/mσ 2. In

addition, we set Fa = 100ε/σ, � = σ, and γt = 100
√

mε/σ 2,
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FIG. 2. (a) Snapshots at sequential times of the simulation, and
(b) time sequences of angular speed ω for φ = 0.1, δ = 0.1, Dr =
0.01. (b) Schematics of collision of a SPEP from different incident
angles.

γt and γR are large enough that the motions are essentially
overdamped [19,20]. Keeping the inertial terms in Eqs. (2)
and (7) allows us to use the velocity-Verlet algorithm. All
simulations began from random initial configurations (Fig. 1).
Particles with random orientation are placed homogenously in
the box at the beginning. For each case, it ran in a minimum
time of 1 × 108τ with a time step 10−4τ . It should be pointed
out that, since the radius of a SPEP is 1.0σ , δ in the range from
0 to 1σ can be used as the eccentricity of particles. It should be
noted that the radius of particle is 2.0σ , which means that the
largest eccentricity is 0.5 in our simulation. We mainly focus
on the influence of particle-area fraction φ, eccentricity δ, and
Dr = kBTr

γr
, which controls the persistence length of a particle.

� and angular speed ω were reduced by ε and 1
τ
, respectively.

Unless otherwise specified, the units of physical quantities in
the following are the same as above.

III. RESULTS AND DISCUSSION

A. Asymmetrical gear

We first focus on the rotational behavior of the asymmetric
gear in the bath of SPEPs with φ = 0.1. A net unidirec-
tional motion is observed, with a fluctuating angular velocity
around a nonzero mean value. Typical snapshots for the time
evolution of gear are given in Fig. 2(a), at δ = 0.1. The in-
stantaneous angular velocity of the gear as a function of time
is shown in Fig. 2(b). The finding is in good agreement with
previous work of an asymmetric gear in the bath of bacterial or
Janus particles [10,12]. The onset of a directed rotation can be
understood by analyzing the collision of a SPEP with the gear
boundary [Fig. 2(c)]. When a SPEP touches a gear edge, it will
exert a force on the gear. Meanwhile, the reacting force will
produce a net torque to align the orientation of a SPEP along
the edge. Depending on the incident angle, the SPEP will then
dwell at the corner exerting a torque on the gear or leave the
gear back. The mechanism applies for both the long and short
edges. Most of the collisions will occur on the long edge and

FIG. 3. Mean angular speed 〈ω〉 and torque 〈�〉 as a function of
eccentricity δ at φ = 0.1, Dr = 0.01.

thus more SPEPs with orientation normal to the short edges.
The mechanism is similar to that of rodlike particles such as
bacteria [10].

Now, we turn to the effect of eccentricity on the mean
angular speed 〈ω〉. The method to extract 〈ω〉s is given in
Sec. I and Fig. S1 (Mean-square angular displacements as a
function of time) of the Supplemental Material (SM) [21]. The
〈ω〉 as a function of δ is plotted in Fig. 3. Interestingly, 〈ω〉
increases and then decreases with δ, exhibiting a nonmono-
tonic behavior, implying that there is an optimal eccentricity
for gear rotation. That is to say, eccentricity is indeed to be
used as a parameter to adjust the angular speed. The profile
of angular speed with the eccentricity is determined by the
effective torque on the angular dynamics. To understand why
there exists an optimal δ, we calculate the total torque exerting
on the gear (Fig. 3). One can find that the torque shows the
similar profile with 〈ω〉 as the function of δ. The effective
torque also first increases and then decreases with the increase
of eccentricity. Intuitively, an increase of eccentricity strength-
ens SPEPs moving parallel to the gear edge, while it might
promote cluster formation of SPEPs in the bulk, reducing the
number of edge-clinging SPEPs due to steric interactions. We
further investigate the system without pair-pair interactions
among SPEPs and find a similar profile of 〈ω〉 as a function of
δ (see Fig. S2 for mean angular speed 〈ω〉 and torque 〈�〉 as
a function of eccentricity in the Supplemental Material [21]),
indicating that the nonmonotonicity does not fully stem from
density difference caused by interparticle interactions.

To further understand the nonmonotonicity of torque, we
calculate the influx-particle number [Fig. 4(a)], dwelling time
of each particle [Fig. 4(b)], and vertical component of active
force [Fig. 4(c)] as a function of eccentricity for short and long
edges, respectively, for the system without steric interactions
between SPEPs. The influx-particle number is calculated by
counting particle moving to the corner per τ . The dwelling
time is the average time that a SPEP stays on the edges. One
can find that, at each δ, influx-particle number is larger for the
long edge and dwelling time is longer for short edge. These
induce the larger force exerting on the short edge [Fig. 4(c)],
which ensures the sustained unidirectional rotation. The
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FIG. 4. The influx-particle number (a), dwelling time of each particle (b), and vertical component of active force (c) as a function of
eccentricity for short and long edges, respectively, at φ = 0.1, Dr = 0.01. �sl denotes the difference of vertical component of active force
applied to the short and long edges.

vertical components of active forces exerting on the short edge
and the long edge decrease with the increase of eccentricity.
However, the difference between them exhibits a profile of
first increasing and then decreasing as a function of δ, which
induces the nonmonotonic profile of 〈ω〉.

〈ω〉 in the φ−δ space is given in Fig. 5(a), which demon-
strates that all 〈ω〉s are larger than zero in our parameter
window. It indicates that the asymmetric gear can direction-
ally rotates in the bath of SPEPs. 〈ω〉 also changes with the
particle fraction at a specific δ. At δ = 0.01, 〈ω〉 slightly
increases with φ, where a larger area fraction brings more
particle close to the gear. At larger δs (= 0.1 and 0.5), it
increases first then decrease with φ. This is because large
fraction of SPEPs in the bulk promotes the cluster formation
of SPEPs at larger δs (see Fig. S3 and Fig. S4 for typical
snapshots in the Supplemental Material [21]), then lowers
collision frequency of SPEPs with the gear. Here, φ is smaller
than that (φ > 0.4) at which cluster forms for the system of
active Brownian particles. [22]

B. Machine learning predicts the optimal value

How to obtain the optimized angular speed is another in-
triguing topic? Although extensive parameter scanning with
high computational cost might achieve the goal, here we pro-

pose to explore the issue using a machine-learning approach.
We employ the combined machine-learning (ML) methods
of random forest regressor (RFR) [23] and Bayesian opti-
mization (BO) [24] to train a model via supervised learning
based on our simulation data and to predict the optimum ω.

A brief introduction to these methods is given in the SM
[21]. Figure 8(a) illustrates the process flow. The training
process begins with input parameters—represented by Dr, δ,
and φ —which serve as the model’s independent variables.
These input data are first used to train a random forest re-
gressor, which learns the nonlinear relationships between the
inputs and the target variable ω. To improve the model’s
performance, Bayesian optimization is employed to tune the
hyperparameters of the random forest, ensuring that the model
achieves the highest predictive accuracy. Once the optimized
random forest model is obtained, differential evolution [25]
is applied to search for the optimal combination of input
parameters (Dr, δ, and φ) that maximizes the ω.

We use 80% of the data from the database as the training set
for initial model construction, and then use the remaining 20%
of the data as the test set to evaluate the model’s predictive
performance. Figure 6(b), as well as Tables S1 and S2 in the
Supplemental Material [21], evaluates the predictive results
of our model. Besides, the coefficient of determination (R2) is

FIG. 5. (a) 〈ω〉 in the φ-δ space. (b) 〈ω〉 as a function of φ for various δs.
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FIG. 6. (a) Flowchart of the process for predicting the optimum ω using the combination of random forest regressor and Bayesian
optimization. (b) Comparison of the training and test ωs. The green line denotes y = x.

utilized to evaluate the goodness of fit (see Sec. II of the Sup-
plemental Material [21]). Tenfold cross validation is used in
our numerical experiments (see Table S1 of the Supplemental
Material [21]). The average R2 reaches to 0.91. It demon-
strates the effective predictive capability of the ML model for
ω. Through differential evolution method, we obtained the op-
timum value of ω = 0.019 23 at the features: Dr = 0.000 93,

δ = 0.034 83, and φ = 0.115 15. It should be noted that the
ML model cannot provide an analytical function; however, the
model can be used to predict ω under various variables and
determine the maximum value of ω, which is not necessarily
the peak value of Figs. 3 or 5.

C. Symmetrical gear

For symmetrical gear, we observed three states under dif-
ferent conditions. For example, at φ = 0.1, δ = 0.05, Dr =
0.001, unidirectional rotation exists, with the ω fluctuating
around a nonzero mean value [Fig. 7(a)]; at φ = 0.15, δ =
0.3, Dr = 0.001, the gear could rotate in one direction for
a long-time interval, but the direction could reverse many
times due to sudden and large fluctuations [Fig. 7(b)]. In
another state, the gear shows a random rotation without appar-
ent directional rotation (data not shown). The unidirectional
rotation significantly depends on the parameters φ, Dr , and
δ. Phase diagram in the φ-Dr space at δ = 0.1 is depicted in
Fig. 7(c). It can be found that at large- and small-area fraction,
the gear is hard to rotate directionally. It is also hard at large
Dr . For large φ, particles aggregate in the bulk, which results
in the decrease of particle density around the gear. Therefore,
the phenomenon is similar to that of low-fraction system. We
also give the phase diagram in the φ-δ space at Dr = 0.001
[Fig. 7(d)]. It can be found that the symmetric gear shows
no directional rotation when δ > 0.3. Directional rotation of
symmetric gear occurs at specific parameters: small Dr , low
δ, and mediate φ.

The narrow space of parameters for unidirectional rotation
of symmetric gear is caused by the mechanism similar to that
of ABPs, in the bath of which rotation of the gear happens
in small Dr [13]. Because Dr is small, the rotation of particle
with small δ is difficult, i.e., it needs a long time to change
propelling direction. Thus, the behaviors of SPEPs after
hitting the two sides of a rotating tooth are different (see

Movie SI/II for typical trajectories of a SPEP hitting on the
gear in the Supplemental Material [21]). We refer to these two
sides as “head-on side” (HOS) and “rear-end side” (RES),
respectively (see Fig. S5 for schematics of collision of a
SPEP with the HoS and ReS in the Supplemental Material
[21]). When an SPEP collides onto the HOS, it tends to slide
inward in the next moment due to the rotation of the gear
and is then trapped in the groove until the gear rotates by a
large enough angle that the propelling direction on the SPEP
becomes outward. In contrast, when a SPEP collides onto
the RES, it tends to slide outward and leave the gear. The
rotation of the gear and biased trapping on incident SPEPs
form a positive-feedback loop that sustains the unidirectional
rotation. It should be noted that this mechanism only works
for small Dr . For large Dr , especially, when the time scale
of gear rotation is larger than that of torque-induced particle
rotation (i.e., SPEPs change direction easily), the mechanism
(edge alignment with corner trapping) for asymmetric gear
works and, hence, unidirectional rotation of symmetric gear
disappears.

Now, we turn to mean angular speed as a function of ec-
centricity at φ = 0.1, Dr = 0.001 (Fig. 8). The unidirectional
rotation of symmetric gear critically depends on the Dr and δ.
We find, at small δs, the 〈ω〉 increases then decreases with δ.
The finding is in good agreement with that for asymmetric
gear. It implies that, at the small Dr and δ, the profile of
〈ω〉 with δ is independent of geometric symmetry. For both
symmetric and asymmetric gears, the biased trapping with
positive-feedback mechanism exists at low eccentricity, lead-
ing to unidirectional rotation. At high eccentricity, the edge
alignment with corner-trapping mechanism dominates in both
cases as well; but the unidirectional rotation is determined
by geometric asymmetry. For geometrically symmetric gears,
unidirectional rotation disappears.

At the small Dr and δ, the 〈ω〉 increases with δ is indepen-
dent of geometric symmetry. It is because the biased trapping
with positive-feedback mechanism dominates here, and δ en-
hances the torque-transfer efficiency. When τr = 1

Dr
� 2π

ω
,

i.e., the particle rotates slowly compared with the gear, the
incident angle of a SPEP turns from acute to obtuse due to
the gear’s rotation [Fig. 8(b)]. Then the SPEP tends to slide
inward; meanwhile, the eccentricity induces a torque, which
facilitates the alignment of the particle’s motion direction with
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FIG. 7. (a) Time sequences of angular speed ω for φ = 0.1, δ = 0.05, Dr = 0.001. (b) Time sequences of angular speed ω for φ = 0.15,
δ = 0.3, Dr = 0.001. Phase diagram in the φ-Dr space at δ = 0.1 (c) and φ-δ space (d) at Dr = 0.001. Black squares, blue squares, and red
circles represent the random rotation, reversable rotation, and unidirectional rotation, respectively. The colored backgrounds represent the
nondirectional rotation (light grey) and unidirectional rotation (light red).

the boundary. An increase in δ further enhances this align-
ment, thereby accelerating the SPEP’s approach to the corner.
That’s why the 〈ω〉 increases with δ. It should be emphasized
that the argument is valid when the incident angle is close to
90◦. When the angle deviates significantly or δ is large, the
induced torque will hinder the positive-feedback effect. The

quantitative results are given in Fig. 8(c), which shows the
probability that SPEPs move toward the corner after colliding
with the gear for the system, that the gear rotates with a
fixed ω = 0.015, and there are no steric interactions between
SPEPs. The results show that even when the incident angle
deviates slightly from 90° (ranging from 70° to 90°), there

FIG. 8. (a) 〈ω〉 as a function of δ at φ = 0.1, Dr = 0.001. (b) Schematics of positive-feedback mechanism. The yellow dashed line is eye
guiding for the gear boundaries. The incident angle β of the SPEP turns from acute to obtuse due to the gear’s rotation. (c) The probability
of SPEPs moving to the corner at the incident angles ranging from 70◦ to 90◦ for the system without steric interactions between SPEPs at the
fixed ω = 0.015.

014132-6



GEAR ROTATION CAUSED BY SELF-PROPELLING … PHYSICAL REVIEW E 113, 014132 (2026)

remains a finite probability for SPEPs to move toward the
corner, which approaches zero only when the δ � 0.3. The
profile of probability as a function of δ is similar to that of 〈ω〉
when the incident angles range from 80◦ to 90◦.

IV. DISCUSSION

The ratcheting effects of active matters have been studied
quite intensively over the last few decades [26]. It was found
that two ingredients are required to produce a ratchet effect:
one is the running of active agents along the boundaries, and
the other is the breaking of detailed balance by activity. The
effect is reduced by a finite temperature and steric agent-agent
interactions. The active-ratchet effect can be used to trans-
port larger-scale asymmetric objects such as a gear [27–29].
Here, we introduce a new parameter, eccentricity, into disklike
active particles for regulating the gear’s rotation. Compared
with active Brownian particles, the introduction of eccentric-
ity induces an alignment effect. The effect is twofold: The
collisions with the gear boundary generate an effective torque
that contribute to the particle’s motion along the periphery,
reducing the time to reach the corner. Concurrently, the torque
arising from persistent interparticle collisions favors velocity
alignment, which in turn supports the development of col-
lective motion [30,31]. Although rodlike particles also have
the alignment effect, they tend to be trapped at corners and
destroy the positive-feedback mechanism due to anisotropic
interactions with gear boundary [10].

Our results demonstrate that the angular speed and rotation
direction of the gear immersed in a bath of SPEPs are highly
sensitive to the geometric and dynamic characteristics of both
the gear and the active particles. Two rotation mechanisms
were identified—edge alignment with corner trapping, and bi-
ased trapping with positive feedback—each dominating under
different conditions of rotational diffusion and eccentricity.
When Dr is small, particles maintain their orientation longer,
enhancing the efficacy of both corner-trapping and biased-
trapping mechanisms. In contrast, large Dr disrupts persistent
motion and weakens the time correlations necessary for the
feedback loop, especially in symmetric gears, effectively shut-
ting down directed rotation. It is clear that gear rotation in
active-particle baths is multiparameter dependent. Optimal
performance arises from a careful balance between particle
persistence, coupling strength (eccentricity), and bath density.
Using the ML method is helpful to further achieve the goal.
The present model can also be trained for the symmetric gear.

Another interesting topic is how to realize the system in
experiment. A possibility is considering a foam gear in a bath
of inertial vibrobots [32] designed in such a way that the
geometric center of the particle does not coincide with the
particle center of mass. Alternatively, the eccentric particle
can be made of microrobot (Hexbug Nano) and a laser-cut
circular foam plate [33] due to the heavy tail of Hexbug Nano.
The possible designing parameters are listed in Table S3 of the
Supplemental Material [21].

V. CONCLUSION

A gear in the bath of self-propelling eccentric particles is
investigated by Brownian-dynamics simulation. Both asym-
metric and symmetric gears are studied. We find that the
asymmetrical gear can rotate in a specific direction, with
the angular speed first increasing and then decreasing as the
eccentricity increases. The rotation of the gear and biased
trapping on incident SPEPs form a positive-feedback loop
that sustains the unidirectional rotation and enhances the rota-
tional speed at small eccentricity. Additionally, we found that
the directional rotation of a symmetric gear depends on the
particle-area fraction, the persistence length of motion, and
the eccentricity. Eccentricity is not conducive to the rotation
of a symmetric gear, but a small degree of eccentricity can
help increase the angular speed of the gear. These findings
open new directions for the design of active materials and
micromachines [34–36], where optimal energy harvesting or
mechanical control can be achieved through careful tuning
of particle-level properties. To further achieve the goal, a
machine-learning model is trained to predict the angular speed
for the asymmetric gear, which might offer guidance to the
experimental design.
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