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Crossing the Dimensional Divide with Optoelectronic
Tweezers: Multicomponent Light-Driven Micromachines
with Motion Transfer in Three Dimensions

Gong Li, Bingrui Xu, Xiaopu Wang, Jiangfan Yu, Yifan Zhang, Rongxin Fu, Fan Yang,
Hongcheng Gu, Yuchen Huang, Yujie Chen, Yanfeng Zhang, Zhuoran Wang,
Guozhen Shen, Yeliang Wang, Huikai Xie, Aaron R. Wheeler, Jiafang Li,*
and Shuailong Zhang*

Micromachines capable of performing diverse mechanical tasks in complex
and constrained microenvironments are of great interest. Despite important
milestones in this pursuit, until now, micromachines are confined to actuation
within a single 2D plane due to the challenges of transferring motion across
different planes in limited space. Here, a breakthrough method is presented to
overcome this limitation: multi-component micromachines that facilitate 3D
motion transfer across different planes. These light-driven 3D micromachines,
fabricated using standard photolithography combined with direct laser
writing, are assembled and actuated via programmable light patterns within
an optoelectronic tweezers system. Utilizing charge-induced repulsion and
dielectrophoretic levitation effects, the micromachines enable highly efficient
mechanical rotation and effective inter-component motion transfer. Through
this work, fascinating patterns of similarities are unveiled for the new
microscale 3D systems when compared with the macro-scale world in which
they live, paving the way for the development of micromechanical devices and
microsystems with ever increasing functionality and versatility.
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1. Introduction

Micromachines are miniature mechan-
ical or electromechanical devices with
sizes ranging from several micrometers
to several millimeters.[1] These tiny ma-
chines find wide applications in fields
such as medicine,[2–5] electronics,[6,7] and
robotics,[8–11] where their small size allows
for precise manipulation and control in
constrained environments. There are mi-
cromachines can carry internal power sup-
plies, such as chemically driven micromo-
tors, which convert stored chemical energy
into kinetic energy, enabling motion with
significant applications in targeted drug
delivery and assisted reproduction.[12,13]

However, this propulsion is often unidi-
rectional and irreversible, requiring sup-
plementary driving mechanisms. Because
of the small size, most micromachines
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are powered by external physical fields, such as magnetic,[14–19]

acoustic,[20–25] electric,[26–29] or optic fields.[30–35] Among these
examples, light-driven micromachines represent a focal area of
research, benefitting from the versatile array of optical tools that
can be used to control and manipulate mechanical systems in
the microscale. The most common optical technique used to
control micromachines is optical tweezers (OT), which relies
on the light–matter interactions and the transfer of photonic
momentum.[36–40] For example, OT-driven micromachines have
been used for many useful applications such as hydrodynamic
manipulation,[41,42] directed tissue growth,[43] surface mor-
phology scanning,[44,45] bio-sensing,[46] imaging[47] and precise
cell/particle translation.[48–50]

Optoelectronic tweezers (OET)[51–55] has recently emerged as
an alternate approach to control the behavior of microrobots
and micromachines.[56–60] Compared to OT, OET offers the ad-
vantage of exerting stronger manipulation forces and is par-
ticularly well-suited for the parallel control of multiple targets
simultaneously.[51–54] This capability enables the assembly and
actuation of micromachines for applications in micromanipula-
tion, microfluidics, and cell biology studies.[56–59] More impor-
tantly, the unique capabilities offer researchers the capacity to
control complex micromachines that feature multiple compo-
nents working together to implement sophisticated, multi-axis
mechanical operations.[56–58] Despite the intriguing potential of
these systems, until now, they have been confined to two dimen-
sions (2D) and coplanar movements due to the challenges in
cross-plane motion transfer, which limits their mechanical ver-
satility and potential applications in the realistic 3D world.
Here, we introduce amethod to bridge the dimensional divide:

multi-component micromachines capable of inter-component
motion transfer in 3D and across different planes, as depicted
in Figure 1. Optically controlled rotatable systems have signifi-
cant applications, such as altering the fluid environment around
micromachines.[61] However, to achieve a more pronounced ef-
fect, larger micromechanical structures, such as those with di-
ameters exceeding 100 micrometers, would be required, which
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would be challenging to manipulate using OT. Specifically, uti-
lizing horizontally rotating and vertically rolling cogwheel micro-
gears, both driven by OET (Figure 1A), and inspired by their
macroscopic counterparts (Figure 1B), we propose and build a
novel type of 3D micro-gear train system with intersecting axes
(Figure 1C). This 3D assembly is achieved by using OET to posi-
tion an upright cogwheel onto a custom micro-support structure
fabricated via two-photon polymerization (2PP), which is then ac-
tuated by a micro-gear rotating in the XY plane. Programmable
light patterns that match the layout of the micro-gear are used
to operate the 3Dmicro-gear train system, where charge-induced
repulsion and dielectrophoresis (DEP)-induced levitation are piv-
otal in facilitating smooth 3D manipulation and cross-plane ro-
tational motion transfer (Figure 1C). This demonstration re-
veals compelling similarities in motion transfer mechanisms be-
tween microscale 3D systems and their larger macro-scale coun-
terparts, which may unlock important new modes of advanced
micro-control for applications in microfluidics, micro-electro-
mechanical systems (MEMS), micro-robotics, and beyond.

2. Results

2.1. Micro-Gear’s Flipping Behavior Controlled by OET

The unit component of the OET-actuated micromachines is a
micro-gear with eight teeth arranged symmetrically around a disc
with a hole in the center, as shown inFigure 2A,B. Themicro-gear
has a diameter of 200 μm and a thickness of 30 μm, as detailed in
Figure S1 andNote S1 (Supporting Information). Themicro-gear
can bemade to rotate by a rotating light pattern, which consists of
an optical axle and an optical ring spanner with teeth designed to
interface with those of the micro-gear (Figure 2A; Movie S1, Sup-
porting Information). The rotating capability of the micro-gear
is a key property that is leveraged to build the micromachines
described below. When a solid circular light pattern is projected
onto the OET bottom plate (Figure 2A), a circular virtual elec-
trode is formed, which exerts horizontal DEP force on the micro-
gear. Since the micro-gear is subjected to negative DEP force, it
will be repelled by the circular light pattern and bounce off. How-
ever, when the circular light pattern keeps pushing the bounced
micro-gear (Movie S2, Supporting Information), it will be flipped
at some point so that the working plane of the micro-gear trans-
forms from the horizontal plane to the vertical plane, as shown
in Figure 2B. This is because the DEP force generated by the vir-
tual electrodes not only repels the micro-gear in the horizontal
plane, but also lifts themicro-gear in the vertical direction (details
of which can be found in our subsequent discussion on micro-
gear’s lifting mechanism). After being flipped up, the micro-gear
can maintain the upright standing state due to electric polariza-
tion effect. When a hollow rectangular-shaped light pattern is
projected onto the flipped micro-gear (Figure 2C), it produces
DEP force that traps the micro-gear in the central area, prevent-
ing themicro-gear from tipping sideways.When the light pattern
moves and the flipped micro-gear is slightly displaced related to
the center of the light pattern, the negative DEP force pushes the
micro-gear to move forward and rotate in the vertical plane, like
a rolling wheel (Figure 2C; Movie S3, Supporting Information).
These results demonstrate that the flipped micro-gear can rotate
in the vertical plane when subjected to DEP manipulation force.
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Figure 1. Building multi-component micromachines that can operate across three dimensions. A) 2D microscopic manipulation of cogwheel micro-
gears, including i) horizontal rotation in the XY-plane and ii) vertical rolling in the ZX-plane. B) Gears in themacroscopic world: i) Lubrication is commonly
used to reduce friction between gears. ii) Gears are typically elevated using physical bearings to minimize friction with solid surfaces. iii) Intersecting-axis
gear trains can be constructed, enabling anisotropic torque transmission. C) OET-drivenmicro-gears in themicroscopic world: i) Surface-charge-induced
horizontal repulsion within the microsystem provides an analogous effect to lubrication in the macroscopic world. ii) DEP-induced vertical levitation
within themicrosystemmimics the function of physical bearings in themacroscopic world. iii) Intersecting-axis micro-gear trains can be formed, offering
similar capabilities to their macroscopic counterparts.

To explore the flipping behavior of micro-gears, we built two
simulation models corresponding to two micro-gears with thick-
nesses of 30 and 60 μm, respectively (Figure S2A,B, Supporting
Information). Details of the simulation model are presented in
the Materials and Methods Section. The electric field distribu-
tions for micro-gears of differing thicknesses are illustrated in
Figure S2C,D (Supporting Information). Notably, when a micro-
gear is positioned at the edge of the circular light pattern (x =
196 μm), the relative distribution of electric field strength across
the micro-gear (in the XY plane) is uneven. Particularly, the
field strength is much stronger on the right side of the micro-
gear (see Figure 2D). Consequently, a repulsive DEP force is
exerted on the micro-gear in the XY plane, with the resultant
force directed toward the right (positively along the X-axis and
away from the light pattern), verifying the observations from
the experiment (Movie S2, Supporting Information). Notably, the
variation in relative electric field strength for the 30-μm-thick
micro-gear is more pronounced than that for the 60-μm-thick
micro-gear, thereby rendering the DEP repulsive force consid-
erably stronger for the thinner micro-gear. Similarly, the distri-
butions of relative electric field strength across the micro-gears
in the XZ plane (see Figure 2E) suggest that the thinner micro-
gear also experiences a stronger vertical DEP force. Finally, the
DEP torque responsible for flipping the micro-gear was com-
puted and depicted in Figure 2F. It was observed that the DEP
torque exerted on micro-gears of different sizes exhibits no sig-
nificant difference in absolute value. However, owing to vari-
ations in thickness/structure-induced rotational inertia, a no-
table difference exists in the DEP angular acceleration for micro-
gears of different sizes, as illustrated in Figure 2G. These find-
ings suggest that the 30-μm-thick micro-gear is more easily to
flip in the OET system compared to the 60-μm-thick micro-gear

and is therefore chosen for constructing the multi-component
micromachines capable of operating in 3D, as reported in the
following.
Utilizing a circular light pattern to push themicro-gear and in-

duce its flipping typically requires extensive motion over a long
range and a sizable working space. However, in the context of
OET devices, space is often limited, emphasizing the signifi-
cance of achieving micro-gear flipping within its original posi-
tion or within a confined area. Illustrated in Figure 3A are the
schematic and experimental images demonstrating the use of
a specially designed rectangular-shaped light pattern to achieve
micro-gear flipping in its original position. When the micro-
gear is positioned to the right side of the light pattern, it will
be propelled to the left by the OET and initiate flipping as it ap-
proaches the center of the light pattern. The direction and an-
gular velocity of the flip can be precisely controlled by adjust-
ing the relative distance between the micro-gear and the cen-
ter of the light pattern, as depicted in Figure 3B,C (further de-
tails provided in Movie S4, Supporting Information). It is ob-
served that the flipping angular velocity of the micro-gear in-
creases with the relative distance to the center of the light pat-
tern. Nevertheless, due to the constraints imposed by the light
pattern, when the micro-gear is positioned too far from the cen-
ter of the light pattern (exceeding 70 μm), it will experience hor-
izontal repulsion from the light pattern, posing challenges to
the flipping process. To analyze the distribution of DEP force
acting on the micro-gear, simulations were conducted with de-
tails described in the Materials and Methods section. Figure 3D
illustrates the simulated DEP flipping angular acceleration of
the micro-gear at different relative positions to the center of the
light pattern. Additionally, Figure 3E depicts the simulated DEP
horizontal acceleration (XY plane) of the micro-gear at different
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Figure 2. Flipping behavior of the micro-gear. A) Schematic diagram and microscope image of a micro-gear rotating in the horizontal plane (Movie S1,
Supporting Information). B) Schematic diagram and microscope image of a lying micro-gear at the center of a circular light patten when the voltage is
switched off. When the voltage is switched on, the micro-gear flips to become upright standing and switches the working planes. The transformation of
the micro-gear from lying state to the upright standing state was achieved via pushing the micro-gear with a circular light pattern (Movie S2, Supporting
Information). C) Schematic diagram and microscope image of an upright standing micro-gear being pushed by a hollow rectangular light pattern and
roll forward in the vertical plane (Movie S3, Supporting Information). D) Simulated relative electric field distributions in the XY plane for the 30-μm-thick
and 60-μm-thick micro-gear (E0 = 20 V/225μm). E) Simulated relative electric field distributions in the XZ plane for the 30-μm-thick and 60-μm-thick
micro-gear (E0 = 20 V/225μm). F) Simulated DEP flipping torque for the 30-μm-thick and 60-μm-thick micro-gear at different positions relative to the
center of the circular light pattern. G) Simulated flipping angular acceleration for the 30-μm-thick and 60-μm-thick micro-gear at different positions
relative to the center of the circular light pattern.

relative positions to the center of the light pattern. The simula-
tion results align closely with the experimental results presented
in Figure 3C.
Shown in Figure 3F,G are the distributions of the electric po-

tential and the relative electric field strength of a micro-gear posi-
tioned 47 μm to the right of the center of the light pattern, where
it experiences the strongest DEP flipping torque. According to
the simulation results, the micro-gear in this position encoun-
ters horizontal attracting DEP force, prompting its movement
toward the center of the light pattern, as well as DEP flipping
torque, which causes it to flip up. Furthermore, the simulation

results indicate that the portion of the micro-gear closest to the
center of the light pattern initiates flipping first, aligned with the
experimental observations shown inMovie S4 (Supporting Infor-
mation). Consequently, by adjusting the relative position of the
micro-gear to the light pattern, precise control over the micro-
gear’s flip within a confined area were achieved. Notably, the flip
axis of the micro-gear can be manipulated by adjusting the posi-
tion and rotation angle of the light pattern, as demonstrated in
Movie S5 (Supporting Information). These results are important
as they highlight the capacity of OET-manipulated micro-gears
to obtain degrees of freedom in motion, encompassing both
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Figure 3. Controlled flip of micro-gear with OET. A) Schematic diagram and microscope images showing the flipping process of a micro-gear in a
confined area. B) Microscope images and C) measured flipping angular velocity of a micro-gear with different distances to the center of the light pattern.
More details provided in Movie S4 (Supporting Information). D) Simulated flipping angular acceleration and E) simulated horizontal acceleration of the
micro-gear with different distances to the center of the light pattern. F) Simulated electric potential distribution and G) simulated relative electric field
strength distribution of the bottom surface and XZ cross-section of the micro-gear, positioned 47 μm to the right of the light pattern center.

translation and rotation along three axes, which is important for
the development of multi-component micromachines capable of
motion transfer in 3D and across different planes.

2.2. Assembly and Operation of Micro-Gear train Systems

A micro-gear train is a mechanical system comprising multiple
gears that collaborate to transmit power from one shaft to an-
other. It serves as a foundational element in various mechanical
systems, offering a crucial method to transmit and regulate rota-
tional motion. In our prior research, we showcased the applica-

tion of OET in constructing micro-gear trains capable of execut-
ing 2D coplanar movements.[56] Inspired by existing 3D optical
manipulation technologies,[12,61,62] we fabricated micro-supports
to improve the stability and controllability of 3D manipulation.
In this study, we have dramatically improved on previous efforts,
crossing the dimensional divide to expand the micro-gear train’s
capabilities to facilitate 3D movement and effective motion
transfer.
Figure 4A shows the scanning electron microscope (SEM) im-

ages of the microstructures fabricated on the OET top plate, con-
sisting of a thin micro-wall with four micro-rods on the sides.
A top-view microscope image of the fabricated microstructure

Adv. Mater. 2025, 37, 2417742 © 2025 Wiley-VCH GmbH2417742 (5 of 11)
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Figure 4. Assembly and operation of micro-gear trains with OET. A) SEM images of the mechanical support structure created by 2PP. B) Top-view op-
tical microscope image of the mechanical support. C) Schematic diagram alongside an experimental microscope image demonstrating the assembly
process of a flipped micro-gear with the mechanical support. D) Schematic diagram and experimental microscope image showing the interconnected
structure following the assembly of the micro-gear with the mechanical support. E) Schematic diagram and experimental microscope image of a 3D
cross/multi-planar micro-gear train system in operation. F) Microscope image of a 2D co-planar micro-gear train system in operation (Movie S1 (Sup-
porting Information), Clip 2). G) The measured maximum angular velocity of a single micro-gear, a 2Dmicro-gear train, and a 3Dmicro-gear train. More
details on the assembly and driving of 3D micro-gear train with OET are provided in Movie S6 (Supporting Information).

is presented in Figure 4B. This microstructure is generated us-
ing two-photon polymerization (2PP), a precision laser writing
technique capable of selectively polymerizingUV-curablemateri-
als to create 3Dmicrostructures with submicron resolution.[63–65]

The 2PP-fabricated microstructure functions as a mechanical
support for the flipped micro-gear, which can be manipulated by
a light pattern and assembled with the 2PP support, as depicted
in Figure 4C (with further details provided in Movie S6, Support-
ing Information).
Following assembly, a micro-rod passes through the central

hole of the flipped micro-gear, establishing a stable intercon-
nection between the micro-gear and the 2PP support, as illus-
trated in Figure 4D. After the assembly, a micro-gear rotating in
the horizontal plane was precisely positioned to engage with the
flipped micro-gear. Upon the application of torque, the flipped

micro-gear started rotation in the vertical plane, as depicted in
Figure 4E andMovie S6 (Supporting Information). Here, the hor-
izontally rotating micro-gear acts as an active micromotor, pro-
pelling the flipped micro-gear and facilitating its rotation in the
vertical plane, thereby enabling the microscopic transmission
gear set (a micro-gear-train system) to achieve 3D cross/multi-
plane motion transfer and anisotropic torque transmission. In
this configuration, the micro-rod of the 2PP support plays a cru-
cial role as it serves as the physical axis for the vertically rotating
micro-gear.
In the experiment, it was observed that the angular velocity

of the 3D micro-gear train is lower than that of a co-planar 2D
micro-gear train system (Figure 4F; Movie S1, Supporting In-
formation, similar to methods reported previously.[56] As illus-
trated in Figure 4G, the maximum angular velocity of the 3D
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Figure 5. Repulsion mechanism of micro-gears. A) Simulated surface charge distribution in a 2D micro-gear train system. B) Microscope image illus-
trating the utilization of a light pattern to facilitate the physical engagement of two micro-gears. C) Microscope image demonstrating that deactivating
the bias voltage while maintaining illumination has minimal impact on the motion of micro-gears. D) Microscope images depicting the physical sepa-
ration of two micro-gears after deactivation of the light pattern while sustaining the voltage. E) Time-dependent measurement of the center-to-center
distance between the micro-gears at various bias voltages. F) Voltage-dependent measurement of the center-to-center distance between the micro-gears
subsequent to voltage activation while maintaining darkness for a duration of 30 s.

micro-gear train remains at 17 deg s−1, which is less than that
of the 2D micro-gear train (120 deg s−1). To elucidate this phe-
nomenon, simulations were conducted to analyze the flow field
distribution around the micro-gear train, with detailed informa-
tion provided in Figure S3 and Note S2 (Supporting Informa-
tion). Based on the simulation results depicted in Figure S3 (Sup-
porting Information), the mechanical efficiency of the 3Dmicro-
gear train was calculated to be 6.46% (Figure S4A, Supporting
Information). Moreover, Figure S4B (Supporting Information)
demonstrates the torque distribution in the 3D micro-gear train,
revealing a predominant torque allocation on the horizontally
rotating micro-gear rather than the vertically rotating one. This
observation suggests mechanical losses during torque transmis-
sion within the 3D micro-gear train system, possibly attributed
to frictional interactions among various micro-gear components
and between the flipped micro-gear and its mechanical support.
In contrast, the mechanical efficiency of the 2D micro-gear train
is remarkably high at 84.46%, exceeding conventional expecta-
tions for such microsystems. It is worth noting that even com-
monly used macro-scale gear systems, when operating without
lubrication, may experience a significant drop in efficiency to
50%-70% or even lower in most cases.[66] This finding prompts
a deeper investigation into the underlying physical mechanisms

driving this phenomenon that will presented in the following
section.

2.3. Mechanism of electric lubrication in OET-driven micro-gear
train

The high mechanical efficiency observed in the OET-driven
micro-gear train implies minimal friction among the micro-
gears, suggestive of a lubrication-like mechanism. To investigate
this phenomenon, systematic simulations were conducted to an-
alyze the interactions among the micro-gears (simulation model
provided in Figure S5A,B, Supporting Information). Illustrated
in Figure 5A is the simulated surface charge distribution of the
2D coplanar micro-gear train system.
It was found that the surface charge distribution exhibited par-

ity across the two micro-gears, with equivalent charge residing at
the interfaces between them. Consequently, an electrostatic re-
pulsive force manifests between the micro-gears, quantitatively
determined through simulation to be 2511.8 pN under the AC
bias of 20 V at 10 kHz. It is posited that this repulsive force in-
stigates the lubrication-like phenomenon, thereby significantly
mitigating physical interfacial friction between the micro-gear
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teeth and increasing the mechanical efficiency and torque trans-
mission within the micro-gear train system. Similarly, investiga-
tion of the surface charge distribution within the 3D micro-gear
train system unveils a slightly diminished uniformity relative to
its 2D counterpart (Figure S5C, Supporting Information), indi-
cating a reduced repulsive force between micro-gears and poten-
tially stronger frictional interactions.
To verify the simulation results, a series of experiments were

conducted. Illustrated in Figure 5B are two micro-gears arranged
in a configuration for mutual engagement. Following the cessa-
tion of voltage application while maintaining illumination, min-
imal displacement of the micro-gears is observed, as depicted in
Figure 5C, suggesting negligible influence of the light pattern on
the inter-gear physical interactions. Conversely, upon deactivat-
ing the light pattern and sustaining the voltage, rapid separation
of themicro-gears occurs, as shown in Figure 5D (with additional
details provided in Figure S5D and Movie S7, Supporting Infor-
mation). Figure 5E depicts the temporal evolution of the center-
to-center distance between the micro-gears under different ap-
plied bias (see Figure S6, Supporting Information for more mea-
sured results). Notably, the separation between the micro-gears
increases over time, while the rate of change in center-to-center
distance diminishes, likely attributable to the attenuation of re-
pulsive forces as the micro-gears become more distanced. Ad-
ditionally, Figure 5F illustrates the voltage-dependent center-to-
center distances between the micro-gears after 30 s of voltage
application. Evidently, higher voltages prompt greater separation
between themicro-gears, indicative of intensified surface-charge-
induced repulsive forces. These findings underscore the capabil-
ity of micro-gear surface charges to generate repulsive forces,
thereby mitigating physical frictions and facilitating enhanced
motion transfer within the micro-gear train system.
The surface-charge-assisted lubrication-like mechanism be-

tween micro-gears plays a pivotal role in augmenting the me-
chanical efficiency of the micro-gear train system. However, it
is not the sole contributor. Subsequent experiments unveil that
the heightened mechanical efficiency of the 2D micro-gear train
system also owes to the levitation phenomenon exhibited by
the micro-gears, which notably diminishes friction between the
micro-gears and the OET bottom plate. The levitation mecha-
nism is elucidated in Movie S8 (Supporting Information) and
Figure 6A, wherein the application of a bias voltage to the OET
device engenders an upward lifting force on themicro-gear, caus-
ing it to ascend from the OET bottom plate by a discernible dis-
tance and traverse freely. To quantitatively assess the elevation
achieved by the micro-gear, a computational methodology was
devised,[67,68] as presented in Figure S7 (Supporting Informa-
tion). This approach entails Z-axis scanning of the micro-gear at
increments of 0.1 μm. Prior to each scan, the microscope’s fo-
cal plane is adjusted to achieve optimal clarity of the micro-gear’s
top surface (in the absence of voltage application, with the micro-
gear resting on the OET bottom plate). Subsequently, the Z-axis
scan is executed, and the Z coordinates of the initial point are
recorded.
To determine the uplifted height of themicro-gear post-voltage

application, the starting point of the Z-axis scan is maintained
consistent with its counterpart during the non-voltage condition.
Illustrated in Figure 6B is the Z-axis scanning process without
voltage application, characterized by a transition from clear to

blurred micro-gear contours, with the micro-gear deemed absent
from the image upon the algorithm’s inability to distinguish it.
The count of frames containing the micro-gear is then recorded.
Figure 6C depicts the scanning procedure after bias voltage ap-
plication, wherein the micro-gear outline gradually shifts from
blurry to clear and then from clear to blur, enabling frame count
determination through the same algorithm. Subsequently, the
micro-gear’s lift distance is computed by multiplying the Z-axis
scan step size (0.1 μm) by the difference in frame numbers be-
tween the two Z-axis scans (detailed calculation method is pro-
vided in Figure S7, Supporting Information). Notably, at an AC
bias of 20V at 10 kHz, the micro-gear attains a levitation height
of ≈5.8 μm, as illustrated in Figure 6D.
To elucidate the levitation mechanism, a simulation model

was built to explore the lifting force acting upon micro-gears
of different thicknesses. As illustrated in Figure 6E,F, the pres-
ence of a micro-gear induces a more concentrated and increas-
ingly inhomogeneous electric field distribution, thereby subject-
ing the micro-gear to an upward DEP force. Particularly notewor-
thy is the discernible impact of micro-gears on the inhomogene-
ity of the surrounding electric field, which is more pronounced
for micro-gears with a thickness of 30 μm, indicating that thin-
ner micro-gears experience a more robust upward DEP force
compared to their thicker counterparts. The acceleration of the
DEP force acting on 30-μm-thick and 60-μm-thick micro-gears is
also simulated and presented in Figure 6G,H, respectively. From
these simulations, it becomes evident that while resting on the
OET bottom plate, the micro-gear experiences an intensified up-
ward DEP force, prompting its elevation as observed in the exper-
iment. As the lift distance increases, the DEP force undergoes a
rapid decline until it reaches equilibrium with the viscous and
gravitational forces acting to draw the micro-gear downward. At
this juncture, the upward motion of the micro-gear halts, main-
taining a distance from the surface of the OET bottom plate with-
out physical contact. These observations underscore the occur-
rence of a DEP-assisted levitation mechanism on the micro-gear,
thereby mitigating physical frictions between micro-gears and
the OET bottom plate and facilitating smooth rotational motion
transfer within the assembledmicroscopic transmission gear set.

3. Discussion

Compared to existing 3D manipulation methods,[13 ,61 ,62] we uti-
lized the advantages of OET in precision and sufficient ma-
nipulation force, combined with micro-gears, to achieve more
controllable and robust 3D motion and transmission. In this
study, we presented the utilization of OET to proficiently ma-
nipulate micro-gears and micro-gear train systems, thereby sub-
stantially broadening the functional capabilities of OET from tra-
ditional 2D co-planar manipulation to intricate 3D cross/multi-
planar manipulation. Employing diverse strategies, on-demand
flipping of micro-gears was successfully achieved, with experi-
mental outcomes validated through numerical simulations and
systematic analysis. To establish a 3D micro-gear train system,
2PP technology was utilized to fabricate a microstructure serving
as a stable physical axis for the flipped micro-gear. This pivotal
advancement facilitated the assembly and effective manipula-
tion of 3D cross/multi-planar micro-gear train systems, with the
horizontally oriented gear serving as the active component and
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Figure 6. The levitation mechanism of micro-gear. A) Schematic diagram illustrating the lifting of a micro-gear under the influence of an electric field.
B) Z-axis scan of the micro-gear without voltage applied. In i) bright-field microscope images and ii) microscope images based on SURF transformation,
the contour of the micro-gear transitions from clear to blurred. C) Z-axis scan of the micro-gear after voltage activation. In i) bright-field microscope
images and ii) microscope images based on SURF transformation, the contour of the micro-gear shifts from blurred to clear and then back to blurred.
D) Measured lifting distance of a 30-μm-thick micro-gear at an AC bias of 20 V at 10 kHz. E) Relative electric field intensity distribution across the bottom
cross-section of the 30-μm-thick micro-gear and 60-μm-thick micro-gear; F) Relative electric field intensity distribution across the longitudinal section of
the 30-μm-thick micro-gear and 60-μm-thick micro-gear. G) Simulated acceleration of DEP force acting on a 30-μm-thick micro-gear at different distances
to the surface of OET bottom plate. H) Simulated acceleration of DEP force acting on a 60-μm-thick micro-gear at different distances to the surface of
OET bottom plate.

its flipped counterpart as the passive component. Subsequently,
comprehensive experiments and systematic simulations were
conducted to elucidate the smooth motion transfer within the
micro-gear train system. Notably, our analysis revealed that the
surface charge of the micro-gears induces repulsive forces, mit-
igating interfacial frictions (a phenomenon termed the surface-
charge-assisted lubrication). Furthermore, we observed a remark-
ableDEP-induced levitation phenomenon for themicro-gears, re-
sulting in their suspension from the surface of the OET bottom
plate, thereby minimizing friction.
Such ability to engineer and control 3D micro-gear train via

OET marks a significant leap forward compared to alternative
light-driven microsystems and micromechanical devices. To our
knowledge, this study represents a pioneering demonstration of
light-driven multi-component micromachines comprising con-

stituent units operating at distinct planes simultaneously, which
may promote new applications that are currently difficult to
achieve (see Figure S8, Supporting Information). Moreover par-
ticularly intriguing is the alignment between technological solu-
tions utilized in the macroscopic world and the physical mecha-
nisms unveiled in the microscopic realm within this study, as de-
picted in Figure 1B. In macroscopic micro-gear trains, for exam-
ple, chemical lubricants are typically employed to mitigate phys-
ical friction between micro-gears, thereby boosting the overall
mechanical efficiency. Moreover, gears are usually elevated from
the base using physical bearings to reduce friction with solid sur-
faces. These critical technological solutions have been replicated
in the micro-gear train systems driven by OET (see Figure 1C
for more details). For example, the surface-charge-induced re-
pulsive interaction between micro-gears and the DEP-induced

Adv. Mater. 2025, 37, 2417742 © 2025 Wiley-VCH GmbH2417742 (9 of 11)
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lifting mechanism has notably diminished physical frictions in
the micro-gears comprising the micro-gear train, enabling it to
exhibit exceptional mechanical performance within the OET sys-
tem. Therefore, this study serves as a compelling illustration of
how lessons from technical solutions and engineering principles
in the macroscopic domain can inspire new ideas and method-
ologies for microengineering at the microscopic scale. For in-
stance, drawing inspiration from the bevel micro-gear train sys-
tems used in the macroscopic world, we developed a correspond-
ing 3D micro-gear train system utilizing OET technology within
the micro realm, and both systems operate on similar mechani-
cal principles. It can be envisioned that the adoption of more so-
phisticated fabrication techniques, such as super-resolution 2PP
technique, could produce micro-gears with involute profiles and
holds significant promise in substantially augmenting the perfor-
mance of the 3D micro-gear train system.
In conclusion, our work demonstrates the utilization of OET

in flipping, assembling, and propelling micro-gears and micro-
scopic transmission gear sets (micro-gear trains) across both 2D
and 3D configurations. We affirm that the foundational princi-
ples and mechanisms outlined in this study signify a notable
progression for the microsystem field, ushering in a new era of
sophisticated and applicable light-driven micromachinery capa-
ble of smooth motion transfer in 3D and across different planes.
These discoveries offer potentials for enhanced manipulation ca-
pabilities and novel modes of micro-control covering a variety of
applications in MEMS, microfluidics, and microrobotics, estab-
lishing the foundation for future innovations in this burgeoning
domain.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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