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Enhancing spiral microrobot dynamics in ratchet potentials:
The role of Gaussian colored noise
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Random disturbances in microfluidic environments often cause pronounced trajectory deviations in microrobots, pos-
ing challenges for robust control. However, most existing models either neglect these disturbances or idealize them as
Gaussian white noise, limiting their applicability. To address this, we investigate the influence of Gaussian colored noise
(GCN) on the dynamics of a spiral microrobot navigating a ratchet potential. A stochastic dynamic model grounded in
resistive force theory is proposed, and the system’s response is analyzed using the steady-state probability density function.
We systematically examine how variations in ratchet potential, fluid viscosity, and noise intensity affect the microrobot’s
average velocity and mean first passage time. Moreover, we explore how geometric design impacts propulsion efficiency
under stochastic excitation. Results reveal that GCN can significantly enhance propulsion efficiency and promote direc-
tional transport, with these effects strongly dependent on the noise correlation time. These findings not only enrich the
theoretical framework of noise-induced microrobot dynamics but also provide practical guidance for optimizing design and

environmental parameters.
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1. Introduction

Microrobot technology has emerged as a transformative
tool across fields such as biomedicine, environmental monitor-
ing and precision manufacturing.!'-3 These miniature robots
excel in performing intricate tasks within microenvironments,
such as delivering chemotherapy drugs to tumor cells or per-
forming minimally invasive retinal surgeries.[*°1 However,
their precise control and motion prediction remain formidable
challenges due to the complex interplay of scale effects, Brow-
nian motion and fluid dynamics.[”-'?)' A comprehensive un-
derstanding of their motion mechanisms is thus critical for
advancing both fundamental knowledge and practical appli-
cations.

Among microrobots, spiral microrobots have attracted
considerable attention due to their unique motion mechanisms
and high propulsion efficiency. Inspired by microorganisms
such as bacteria, these microrobots navigate viscous fluids
with remarkable effectiveness.!!3~'! Their spiral tail design
generates propulsion by rotating under external stimuli such
as magnetic fields, enabling them to overcome viscous re-
sistance and maneuver adeptly in microenvironments. 17201
This propulsion mechanism offers significant advantages for
biomedical applications, including enhanced precision and
flexibility.

To address the control and stability challenges faced by
spiral microrobots in viscous microenvironments, spatially
asymmetric ratchet potentials have been widely adopted to

TCorresponding author. E-mail: Suleiman.kheder@outlook.com
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create energy landscapes that guide and constrain their mo-
tion. These potentials introduce a directional bias, constrain-
ing microrobot motion to enhance stability and control.[?!-2>]
Depending on the system design, such potentials can take var-
ious forms, including rocking and deterministic asymmetric
profiles, and can be tailored by adjusting parameters such as
amplitude, phase or spatial periodicity to meet specific control
objectives.?639 They have proven instrumental in biomedical
and microfluidic applications, including targeted drug delivery
and precise navigation along complex trajectories.31=33]
However, even with engineered control strategies such as
ratchet potentials, the motion of microrobots remains highly
susceptible to environmental fluctuations and noise. There-
fore, accurately simulating their dynamics requires careful
consideration of stochastic effects.>*71 Idealized Gaussian
white noise (GWN) fails to capture the temporal correlations
inherent in complex system noise. In contrast, Gaussian col-
ored noise (GCN), characterized by a non-zero correlation
time, more accurately reflects the stochastic properties of real
microenvironments, particularly in biological fluids.[384]
GCN is often modeled using Ornstein—Uhlenbeck processes
or related stochastic differential equations that incorporate
memory effects, enabling the representation of time-correlated
fluctuations more realistically than uncorrelated noise mod-
els. GCN has been widely applied in the study of ac-
tive matter, microswimmer navigation and noise-induced

transport phenomena.*!~*! Research shows that GCN influ-
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ences propulsion efficiency and motion patterns, with effects
strongly dependent on its correlation time and intensity. [46:47]
It has also been employed to investigate trajectory persistence,
noise-induced drift and the dynamic stability of microrobots
in confined or complex environments. #3391 A thorough un-
derstanding of these dynamics is essential for improving mi-
crorobot design and functionality in real-world applications
where fluctuating environmental conditions are significant.

This study examines the dynamics of a spiral micro-
robot navigating a spatially asymmetric ratchet potential under
GCN, which more accurately reflects realistic noise character-
istics. We develop a stochastic dynamic model based on re-
sistive force theory and analyze the system’s behavior through
its steady-state probability density function. By systematically
varying ratchet potential strength, fluid viscosity and noise in-
tensity, we quantify their effects on the microrobot’s average
velocity, mean first passage time (MFPT) and propulsion effi-
ciency. Additionally, we investigate how the microrobot’s geo-
metric design influences performance under stochastic excita-
tion. Our findings demonstrate that GCN can significantly en-
hance propulsion efficiency and facilitate directional transport,
with effects modulated by the noise correlation time. These in-
sights advance the theoretical understanding of noise-induced
microrobot dynamics and offer practical strategies for optimiz-
ing design and operational parameters in complex microfluidic
environments.

This paper is structured as follows. Section 2 introduces
the stochastic dynamic model describing the microrobot’s be-
havior. In Section 3, the motion characteristics under GCN
are analyzed and compared with those under GWN. The main
conclusions are summarized in Section 4.

2. Model

This section analyzes a microrobot composed of a spher-
ical load and a rigid helical tail, as shown in Fig. 1(a). The
structural design is inspired by the locomotion mechanism
of flagellated bacteria. In specific application scenarios, the
spherical load serves as a payload module, enabling the mi-
crorobot to transport drugs, sensors or other miniature devices
for precise targeted delivery or real-time monitoring. In con-
trast, the helical tail is responsible for generating propulsion,
allowing the microrobot to move efficiently in fluid environ-
ments with a low Reynolds number. Its non-reciprocal mo-
tion enables it to overcome viscous resistance and achieve
self-propulsion. This biomimetic configuration provides the
microrobot with excellent maneuverability and controllability,
supporting autonomous navigation through various complex
environments.

In low Reynolds number regimes, inertial effects are typ-
ically negligible and conventional models often omit their in-
fluence on microrobot motion. However, to more accurately

characterize the dynamic behavior of the microrobot across
a broader range of practical applications, particularly in fluid
media such as lipids and water, inertial effects are incorpo-
rated into the theoretical framework. The refinement enables
detailed modeling of the microrobot’s motion, capturing fun-
damental dynamic quantities such as velocity, acceleration and
trajectory across both translation and rotation. The governing

equations are listed below: %]

mX =-UX)+F—F,+&(1),
JO =T, — T, +&(1), (1

where X represents the displacement along the forward di-
rection, 0 indicates the angular orientation and U (X) is the
ratchet potential. The forces Fy and F, refer to the propul-
sion force induced by the tail and the resistive force caused
by the load ball, respectively. The torques acting on the mi-
crorobot comprise the tail torque 7; and the resistive torque 7,
due to the load ball in the X-direction. Taking into account
that the microrobot is affected by noise &;(z) and &(z).>!
We consider &;(¢) to be induced by the ratchet potential or
other microrobots, therefore assuming &;(z) to be an expo-
nentially correlated GCN with zero mean and the correlation
function (&;(7)& (7)) = Dyexp(|t —10]/71)/ 71 with correla-
tion time 7; > 0. &(¢) represents a zero mean GWN with
<é2(l)§2 (l‘o)> = 2D25(t —t()), where
D; (i = 1,2) represents the noise intensity, (-) denotes the ex-

the correlation function

pected value, and () refers to the Dirac delta function.

Ts1 _— Ts2

—04 0 04 08
xr

08

Fig. 1. Geometric structure of the spiral microrobot and ratchet poten-
tial field: (a) schematic of the spiral microrobot; (b) schematic of the
applied ratchet potential.

The system’s total mass and moment of inertia are defined
as m = mg+my, and J = 2mpr? /5 + mib* /2, respectively. The
load mass is calculated by m, = 4rr Pp/3, and the tail mass
by m; = ﬂsztp[, where r, b and L; denote the load radius, tail
cross-sectional radius and tail length, respectively. p, and py
are the corresponding material densities.
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By utilizing the interference and diffraction effects of the
light field, an optical ratchet potential can be created. It is
shown in Fig. 1(b), and the expression for the ratchet potential
U (X) with slope parameter Uy and period L can be written as
follows:

U(X):Uo[sin (27£X> +0.25sin (47£Xﬂ 2)

The force and torque generated by the tail have the

forms 2!

F, = —L(Cysin’® B 4 Cycos® B) sec BX
+ Lt (Ctt — Cm )At Sil’l B 9,
Tt = Mvt +Mdt7 (3)

where the viscous torque My = 4mub*LicosBO and the
driving torque Mg = Li(Cy — Cin)Acsin BX + Li(Cysin B +
Cincos?B)AZsecBO. A, refers to the tail amplitude and u
refers to the fluid viscosity. The tail’s pitch angle § is de-
termined by the relation 8 = arctan(2wA¢/A) and A is the
tail wavelength. Cy = 2zu/[In(2A/b) — 1/2] and Cy =
47 /[In(2A4/b) 4+ 1/2] are the resistive coefficients.

The following equations describe the resistive force and
resistive torque exerted by the load sphere:

F, =6murX,
T, = 8mur'e. 4)

By substituting Eqs. (2)—(4) into Eq. (1), the microrobot
system is mathematically modeled as follows:

X=V,

. U 2nX 4nX
V = _ ol 2cos i + cos ma
mL L L

+ AV +Bo+& (1),

6 = o,
o =CV+Do+&(t), )
where A = —[L(Cycos? B + Cpnsin®B)sec + 6mur]/m,

B = Li(Ct — Cu)Assin3/m, C = L(Cy — Cin)Arsin/J,
D = [L(Cy sin? B + Cucos?B)AZsec B + 4nub’Licos B —
8mur’]/J, V denotes the velocity and @ represents the angular
velocity.

In summary, the resulting system (5) captures the micro-
robot’s coupled translational and rotational dynamics under
both deterministic forces and stochastic disturbances. The ex-
plicit inclusion of GCN and GWN accounts for realistic en-
vironmental fluctuations, enabling more accurate modeling of
microrobot behavior in complex microfluidic settings. This
framework serves as the theoretical basis for analyzing propul-
sion performance, noise-induced transport phenomena and tra-
jectory stability in the following sections.

3. Results and discussion

In this section, the effects of various parameters on the
microrobot’s dynamic response, average velocity, MFPT and
propulsion efficiency are investigated. The simulations are
carried out using a stochastic Runge—Kutta method (order 4)
in MATLAB. Table 1 summarizes the geometric characteris-
tics of the microrobot.

Table 1. Geometrical parameters.

Parameters Values
r 8x 1073 m
L 8x 1073 m
A 4%103 m
A 2x 1073 m
b 2x107° m
Pp 6500 kg - m~3
I 2500 kg -m~3

3.1. Steady-state response at 7, — 0

When 7; — 0, GCN degenerates into GWN, and the prob-
ability density function (PDF) of the system (5) satisfies the
Fokker—Planck—Kolmogorov equation

ap(X,V,0,0)
ot

4 0 Upm 2nX
= —ax\Vp)- av({ Tl [2“"5 <L>

+ cos (47;4)()] +AV+Ba)}p)

d 0
0? 9?
+D1 5+ D25t ©)

which adheres to the periodic boundary condition and the
initial condition. When the system has reached a stable
state in one period, that is dp/dt = 0 on the basis of the
isotropic diffusion, >34 Eq. (6) satisfies the equilibrium con-
dition CD{ /A = BD,/D. 1t has a stationary solution for the

PDF in the following form:

p(X)V767a))

= Cexp (DI{ZV + P [sm <L>
. [4nX D ,
+0.25sin (L ﬂ } + —ZDzw ), @)

where C is the normalization constant.

The results are verified by comparing with the theoret-
ical solution of the PDF of the response of the system. In
Fig. 2, the model assumes GWN with D; = ABD,/(CD),
where D, = 0.5 J-(Pa-s)~!, 0.7 J-(Pa-s)~!, 0.9 J-(Pa-s)"!. It
can be observed that as the noise intensity gradually increases,
the fluctuations of the microrobot’s velocity and angular ve-
locity in the time domain become significantly larger, and
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the microrobot system exhibits more pronounced stochastic
responses. This phenomenon indicates that stronger random

0.40
0.351
0.30f
0.25¢

% 0.20f1
0.15¢
0.10f
0.051

0

(a)

0.00}
0.08}
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0.04}
0.03}
0.02}
0.01}

p(w)

Fig. 2. The steady-state PDF of a microrobot system under different
noise intensities when 7; — 0. (—) Theoretical results, (o * <) numeri-
cal results. (a) Marginal PDF of movement speed. (b) Marginal PDF of
angular velocity. 4 =0.001 Pa-s, Uy =0.5J,L=1m.

Lo
;1,:0.007‘—>/ (a) |

0.9f
0.8} u=0.005 -
0.7t
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0.3}
0.2}
0.1t

1 =0.003

i/ g S SRS )

0.25F T T T 7%

020f  p=0.005—> %

Fig. 3. The steady-state PDF of a microrobot system under different
fluid viscosities when 7; — 0. (—) Theoretical results, (o * ©) numeri-
cal results. (a) Marginal PDF of movement speed. (b) Marginal PDF of
angular velocity. D, = 0.5 J-(Pas)™, Up=05),L=1m.

disturbances can substantially reduce the stability of the mi-
crorobot’s motion and increase the unpredictability of its tra-
jectory. On the contrary, as the fluid viscosity increases, where
1t =0.003 Pa-s, 0.005 Pa-s, 0.007 Pa-s, the fluctuation ranges
of velocity and angular velocity gradually decrease in Fig. 3.
This behavior is closely related to the damping effect of the
A higher-
viscosity fluid can effectively suppress the microrobot’s move-

fluid environment on the microrobot’s motion.

ment: the viscous resistance experienced by the microrobot
is larger, its response is slower and its sensitivity to external
noise is reduced, manifesting as enhanced convergence in its
dynamical response. It is noteworthy that under various com-
binations of noise intensity and fluid viscosity, the theoretical
analytical solutions remain in excellent agreement with the nu-
merical simulation results. This not only validates the correct-
ness of the theoretical model but also demonstrates the relia-
bility and applicability of the established microrobot motion
model under the combined effects of stochastic disturbances
and viscous resistance.

3.2. Influence of ratchet potential on system speed
When 1) # 0, &(¢) is GCN, which can be generated
by the Ornstein—Uhlenbeck equation &, (t) + &, (1) /71 = (1),
where 1(7) denotes a zero mean GWN with the correlation
function (n(1)n (o)) = 2D /728 (¢ — o). In this case, its PDF
satisfies the FPK equation
ap(X7V7 97 w7 él)
ot

o & (- (2

+ cos (472}()] LAV LB }p

_a‘le(wp)_ai[(cvwﬂ))p]

sr@n+ g (32) + 21

Finding the exact solution of Eq. (8) is a challenging task; even

D, 9*p d%p

2ge TG @

finding the steady-state solution is quite complicated. When
a microrobot is affected by GCN, i.e., 7| # 0, analyzing the
motion characteristics of the microrobot using the theoretical
solution of the system is difficult. In this context, the impact
of the related system parameters on the average velocity of the
microrobot will be studied numerically.

Analyzing the effect of ratchet potential parameters on
the average velocity of a microrobot enables a comprehen-
sive understanding of its dynamic behavior within a complex
potential field. It can be seen from Fig. 4 that the average
velocity of the system is negative, indicating that the micro-
robot moves in the negative direction. In Fig. 4(a), when the
microrobot is affected by GWN, the average velocity gradu-
ally decreases in the negative direction with the increase of
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the slope of the ratchet potential. Due to the lack of temporal
correlation in GWN, the induced motion becomes effectively
directionless in the potential field, which makes the driving ef-
fect of noise on the microrobot’s movement more dispersed.
Moreover, a steeper ratchet potential increases the energy bar-
riers, making directional transport more difficult. In contrast,
when the microrobot is affected by GCN, the average veloc-
ity of the microrobot increases gradually in the negative di-
rection with the increase in the slope of the ratchet potential.
GCN has time correlation, which helps the microrobot over-
come potential barriers in the ratchet potential and pushes it to
move in the negative direction. Figure 4(b) shows that regard-
less of whether the microrobot is affected by GWN or GCN,
the average velocity of the microrobot gradually increases in
the negative direction with the increase in the ratchet potential
period. A longer ratchet potential period reduces the potential
energy obstacles encountered by the microrobot in the move-
ment process, making the noise more significant in promot-

—0.2 - -
(a) ©=0.001, 7, =0.007
—0.4¢ ©=0.01, 74 =0.007
-1 =0.02, 7 =0.007
—0.6} —o—pu=0.001,71=0
Fo —4—p=0.01, 7=
—0.8 —— 1, =0.02, 71 =0

-1.8 . : ' : '
0.20 0.25 0.30 0.35 0.40 0.45 0.50

Uy

(c)

ing its movement. Furthermore, an increase in fluid viscosity
results in greater motion resistance, which decreases the mi-
crorobot’s speed in a complex potential field. As illustrated
in Fig. 4(c), when the microrobot is subjected to GCN, its av-
erage velocity gradually increases in the negative direction as
the slope of the ratchet potential becomes steeper. This trend
is consistent with that observed in Fig. 4(a). Moreover, the
microrobot’s average velocity increases in the negative direc-
tion with increasing correlation time 7j, indicating that tun-
ing 7| can enhance its directional motion. Figure 4(d) shows
that with increasing ratchet potential period, the average veloc-
ity in the negative direction continues to rise. In this case as
well, a longer correlation time 7; further amplifies the negative
velocity, suggesting that the combined effect of an extended
potential period and temporal correlation enhances the ability
of GCN to drive the microrobot more effectively through the
ratchet potential.

—0.2 . . . .
(b) u=0.001, 7, =0.007
u=0.01, 7, =0.007
—0.4 By — % p=0.02, 71 =0.007 T
—o— p=0.001,7,=0
—0.6 —— 1 =0.01,77,=0
: "*** A n=0.02,7=0
*\k
—0.8¢ o
= T
T 1.0t .
***
s T
—1.2¢ P
—1.4} b
16015 20 25 30 35
L
(d) —0.4
0 —0.6
_0 5] —0.8
—1.0
= —1.0
s —-1.2
B —1.4

Pl
~ ~1.8
g 005

1 0 T1

Fig. 4. Changes in the average velocity of the microrobot under the influence of ratchet potential parameters: (a) variation of Uy at L = 3.5 m;
(b) variation of L at Uy = 0.5 J; (c) variation of Uy and 7; at L = 3.5 m, 4 = 0.004 Pa-s; (d) variation of L and 7; at Uy = 0.5 J, u = 0.004 Pa-s.

Dy =0.0003 J-(Pa-s)~!, D, = 0.0002 J-(Pa-s)~ .
3.3. Influence of noise intensity on system speed

A detailed investigation of the influence of noise inten-
sity on the average velocity of the microrobot can provide
important insights into the mechanisms by which stochastic
disturbances affect its motion. As shown in Figs. 5(a) and
5(b), when the noise intensity D, = 0.0002 J-(Pa-s)~!' and D
gradually increases, the microrobot’s average velocity in the
negative direction decreases progressively. This phenomenon
can be attributed to the increase in D, which subjects the mi-
crorobot to stronger random forces within the potential field,

thereby reducing its motion stability in the complex landscape.
Such disturbances weaken the microrobot’s ability to move di-
rectionally along the negative direction, resulting in a gradual
decrease in its average velocity. In Figs. 5(c) and 5(d), when
D =0.00011]J ~(Pa~s)’1 and D, gradually increases, the micro-
robot’s average velocity remains nearly unchanged. D; pri-
marily affects the rotational degrees of freedom of the micro-
robot, influencing fluctuations in angular velocity and random-
ness in rotational direction, but has a relatively weak direct

effect on linear motion. In a periodic potential field, the direc-
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tional transport of the microrobot is mainly driven by forces
along the forward direction rather than solely controlled by
rotational behavior. Although the rotational motion exhibits
stronger randomness as D; increases, such disturbances do not
significantly alter the microrobot’s average velocity along the
periodic potential. Under these conditions, the microrobot’s
average velocity remains relatively stable. These results indi-
cate that the influence of noise intensity on the microrobot’s

—0.2
(a)
—0.4
—0.6
—0.8
~1.0
—1.2
. ol
) ) —1.6

motion behavior exhibits significant differences. An increase
in D substantially reduces the microrobot’s ability for direc-
tional motion, whereas changes in D, have little effect on
its average velocity. This finding provides a new perspective
for understanding the role of noise in microrobot dynamics
and offers a modeling basis for optimizing its motion control

strategies.

(b) —0.2

—0.4

-0.5
= -1.0
1.5
-2.0,

—-0.8
—1.0

0.008
3 0.004

—1.4

—1.6

—0.4
—-0.5
—0.6
—-0.7
—0.8

—-0.9

D, —1.0

L 170

Fig. 5. Changes in the average velocity of the microrobot under the influence of noise intensity: (a) variation of Uy and D; at D; =
0.0002 J-(Pa-s)~!, L =4 m; (b) variation of L and D; at D, = 0.0002 J-(Pa-s)~!, Uy = 0.5 J; (c) variation of Uy and D; at D; = 0.0001 J-(Pa-s)~!,
L =4 m; (d) variation of L and D, at D; = 0.0001 J-(Pa-s)~!, Uy = 0.5 J. u = 0.004 Pas, 7, = 0.01 s.

3.4. Influence of ratchet potential and noise intensity on
the MFPT

Investigating the impact of ratchet potential parameters
and noise intensity on the MFPT provides a deeper under-
standing of the microrobot’s motion mechanism within an
asymmetric potential field while also indirectly indicating the
transition rate of the microrobot system. According to for-
mula (2), we need to calculate the two stable points

Xs1

—Llarccos(V/3/2 —1/2)]/2x,
xg = —L[arccos(v/3/2—1/2)]/2n+L

of the microrobot system within the interval [—1,1]. The
MFPT is defined as

MFPT (x51 — xs2) = (inf{z : x(¢) > x2|x(0) = x51 }) .

In order to ensure the accuracy of the calculation results, all
the calculated values are higher than the average of the 200000
paths. Figure 6(a) shows that the MFPT of the microrobot sys-
tem gradually increases with the slope of the ratchet potential
Up. This phenomenon indicates that a steeper potential slope

corresponds to higher energy barriers, requiring more time for
the microrobot to cross the barriers under stochastic distur-
bances, thus further constraining its dynamical transition pro-
cess. A larger Uy effectively increases the barrier that the mi-
crorobot must overcome to transition between potential wells,
thereby slowing the rate at which it moves from one stable
state to another. In addition, the figure shows that an increase
in the correlation time 7 also significantly prolongs the MFPT.
Since the ratchet potential itself has directional bias, it tends to
drive the microrobot along the negative direction. The increase
in 7 partially weakens the promoting effect of noise on motion
in this direction, making it more difficult for the microrobot to
complete effective transitions quickly, thus further increasing
the MFPT. Figure 6(b) shows that the MFPT of the microrobot
system gradually decreases as the noise intensity D; increases.
An increase in D corresponds to stronger random forces act-
ing on the microrobot along the translational direction, which
enhances the amplitude of trajectory fluctuations. Since the
potential barriers of the ratchet potential represent the main
obstacle for the microrobot along its principal motion direc-
tion, stronger stochastic disturbances increase dynamic pertur-
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bations in the trajectory, making it easier to overcome the bar-
riers and achieve transitions from one stable point to another.
Therefore, the increase in D effectively facilitates the transi-
tion process of the microrobot system, shortening the MFPT.
Figure 6(c) further demonstrates that increasing the noise in-
tensity D, does not significantly affect the MFPT of the mi-
crorobot system. This result indicates that the primary driving

force for crossing the barriers of the ratchet potential is still
the microrobot’s translational motion, rather than its rotational
behavior. Although D; induces perturbations in the rotational
direction, these changes have limited impact on the directional
transition behavior of the microrobot in the periodic potential

and therefore exert only a weak influence on the MFPT.

B 140 — — 140
250f (5 — 7, =0.03 (b) —— Up=0.2 130l © jg“fg%
+n:8.8§ 120 ——Up=0.3 =01
200 71=0. - o="5
100 Up=0.4 120
150 B g0 g 110
& & & 100
= B 60 =
40 80
50
20 T0f—"—
0 N N N N N N N N -
0.1 0.2 0.3 0.4 0.5 %5 35 4 5 6 7 8 910 %2 3 4 5 6 7 8 9 10
Uo D, (1074) D, (1074)

Fig. 6. The MFPT under the influence of the ratchet potential parameter and noise intensity: (a) variation of Uy at D; = 0.0007 J-(Pa-s)~!,
Dy =0.0002 J-(Pa-s)~! ; (b) variation of D; at 7; = 0.05 s, D, = 0.0002 J-(Pa-s)~!; (c) variation of D, at 7, = 0.05 s, D; = 0.0007 J-(Pa-s)~'.

u=0.004Pas, L=1m.
3.5. Influence of geometric parameters on efficiency

Analyzing the performance of various wavelengths and
tail radii in a stochastic environment provides a comprehen-
sive understanding of how the geometric parameters of a mi-
crorobot influence its propulsion efficiency. These insights
can be used to optimize the microrobot’s design in order to
maintain efficient propulsion in random environments. The
propulsion efficiency of a spiral microrobot is defined as
M) = (F) (V) /((T) (@)),5>) where () refers to the average
over 10000 paths. As shown in Fig. 7(a), the propulsion ef-
ficiency of the microrobot exhibits a clear downward trend as
the wavelength of the helical tail gradually increases. This
phenomenon can be attributed to the fact that a longer wave-
length leads to a larger pitch per unit length of the helical struc-
ture, thereby increasing the time required to complete one full
helical cycle. When the period becomes longer, the effective
propulsion distance generated per unit time decreases, result-
ing in an overall reduction in the microrobot’s propulsion effi-
ciency. Figure 7(b) shows that the propulsion efficiency gradu-
ally increases with the tail radius. An increase in the tail radius
enhances the hydrodynamic effect of the helical tail, generat-
ing a larger propulsive force per unit rotation. Specifically,
a larger tail radius provides a greater contact area, which im-
proves the relative flow interaction between the helical tail and
the surrounding fluid. This change enhances the stability and
continuity of the helical propulsive force, thereby improving
the propulsion efficiency. It is worth noting that Fig. 7 further
reveals the effect of noise type on the propulsion performance
of the microrobot. When GCN is introduced into the micro-
robot system, its propulsion efficiency is generally higher than
that under GWN. This improvement arises from the temporal
correlation of GCN, which generates a more continuous dis-
turbance pattern, thereby promoting the stability and effective-

ness of the microrobot’s power output. In contrast, GWN has
zero correlation time and produces completely random distur-
bances, which reduce the propulsion efficiency of the micro-
robot system. These findings provide new insights into opti-
mizing microrobot propulsion performance in stochastic envi-
ronments and offer valuable references for future research in
this field.

(a) —o— D;=0.0001, Dy=0.0002, 7, =0
—6— D;=0.0001, Dy =0.0002, 7, =0.01]

0.08 1
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0.02+
SN

Soooo s

35 40 4.5
A (10-3)

2.0 2.5 3.0 5.0

0.16

(b) —e— Dy =0.0001, Ds = 0.0002, 7 =0

0.14f —¢— Dy =0.0001, Dy=0.0002, 7 = 0.011
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Fig. 7. The relationship between geometric parameters of the micro-

robot and the propulsion efficiency: (a) the propulsion efficiency under

the influence of A; (b) the propulsion efficiency under the influence of
b. u=0.001Pas,Uy=0.1]J,L=1m.
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4. Conclusions

This study presents a robust theoretical framework for an-
alyzing the directional transport of a spiral microrobot nav-
igating a ratchet potential under GCN excitation. Our find-
ings reveal that the temporal correlations inherent in GCN sig-
nificantly enhance the microrobot’s ability to surmount po-
tential barriers, thereby improving directional transport effi-
ciency. Specifically, increasing the ratchet potential period or
reducing fluid viscosity markedly boosts the microrobot’s av-
erage velocity, while a lower potential slope combined with
higher GCN intensity reduces the MFPT, enabling faster bar-
rier transitions. Comparative analysis underscores that GCN
outperforms GWN in enhancing propulsion efficiency, empha-
sizing the critical role of noise correlation in accurate micro-
robot modeling. These insights deepen the theoretical under-
standing of stochastic dynamics in microrobotic systems and
offer practical strategies for optimizing their design and per-
formance in complex microfluidic environments. Future work
could explore experimental validation of these findings and
extend the model to account for multi-dimensional noise ef-
fects, further advancing microrobot applications in precision
medicine and beyond.
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