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ABSTRACT: Steering micromotors is important for using them in practical light
applications and as model systems for active matter. This functionality often requires = DEP / / \
magnetic materials in the micromotor, taxis behavior of the micromotor, or the use of ."C

specifically designed physical boundaries. Here, we develop an optoelectronic strategy ™ <
that steers micromotors with programmable light patterns. In this strategy, light

C e € o

illumination turns hydrogenated amorphous silicon conductive, generating local

electric field maxima at the edge of the light pattern that attracts micromotors via positive dielectrophoresis. As an example,
metallo-dielectric Janus microspheres that self-propelled under alternating current electric fields were steered by static light
patterns along customized paths and through complex microstructures. Their long-term directionality was also rectified by
ratchet-shaped light patterns. Furthermore, dynamic light patterns that varied in space and time enabled more advanced
motion controls such as multiple motion modes, parallel control of multiple micromotors, and the collection and transport of
motor swarms. This optoelectronic steering strategy is highly versatile and compatible with a variety of micromotors, and thus
it possesses the potential for their programmable control in complex environments.

KEYWORDS: micromotor, optoelectronic tweezers, dielectrophoresis, confinement, direction control

INTRODUCTION

Micromotors that convert local or external energy into
autonomous motion have drawn much attention over the
past two decades.'”> From a fundamental perspective,
micromotors are useful for the study of the nonequilibrium
thermodynamics and active matter because of their similarity
with biological microswimmers.”"® From an applied perspec-
tive, micromotors are prototypical miniaturized machines
capable of performing tasks such as drug delivery,”'* cargo
transportation,l "2 environmental remediation,"” and micro-
fabrication.'* However, micromotors typically move in random
trajectories because of thermal fluctuations, while applications
in complex environments require them to move along
predefined and precise paths. The development of steering
strategies is thus a key element in micromotor research.'>~*"

Several strategies are available to steer micromotors. The
most common one uses an external magnetic field to steer
micromotors that are made of magnetically responsive
materials (see refs 21—25 for examples). However, precise
and sophisticated magnetic steering often requires complicated
magnetic setups (such as a Helmholtz coil). More importantly,
due to the limitation of magnetic field, all motors are steered
simultaneously and in the same way, making it difficult to
control multiple motors independently. Alternatively, micro-
motors can respond to chemical gradients*® or light
gradients”’/direction”® and migrate accordingly,””*" i.e.,
chemotaxis and phototaxis. Unfortunately, only specialized
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micromotors that are sensitive to chemical gradients or light
gradients/direction can taxis efficiently. More recently,
boundaries have proved to be yet another effective way to
steer micromotors, which either move closely to and along
physical walls®' ~** or become confined by tweezing flows near
flat interfaces that serve as virtual walls."" Constructing
microstructures of specific shapes can therefore guide a
micromotor to move in a specific trajectory, without the
need for an external magnetic field or gradient. However,
steering micromotors with physical boundaries also has some
limitations. First, building a microstructure requires complex
and costly microfabrication processes such as photolithog-
raphy””*” or two photon nanolithography.”’ Second, once
fabricated, the boundary is fixed and cannot dynamically turn
the trajectories of micromotors. Given the above limitations of
each steering strategy, there is continued need for alternative
strategies that can be generically applied to all kinds of
micromotors, are highly precise, versatile and programmable,
and can change in space and time.
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Toward this goal, we here report an optoelectronic steering
strategy that guides the movement of micromotors along
programmable paths with dynamic light patterns. The
optoelectronic effect has been exploited extensively in
optoelectronic tweezers (OET) to manipulate microparticles
and cells.”” The key device of this technology is a
photoconductive substrate that switches from being an
insulator to a conductor upon irradiation of light of proper
wavelengths. When an electric field is applied vertical to the
photoconductive substrate, the electric field’s strength reaches
its maximum at the edges of the light pattern. Micromotors are
thus confined by dielectrophoresis to the pattern edge while
self-propelling, allowing for their precise steering. We describe
below in detail how static light patterns control the trajectory
and directionality of a micromotor and how dynamic light
patterns cause micromotors to move in multiple motion modes
as well as their ensemble transport. These examples portray
metallo-dielectric micromotors that self-propel via induced
charge electrophoresis (ICEP) under an alternating current
(AC) electric field, which serve as the source both for the
power and for dielectrophoresis. However, catalytic micro-
motors that move by chemical reactions were also steered by
this strategy, proving its generalizability. Compared with
conventional steering strategies that use magnetic fields, taxis,
or physical boundaries, the optoelectronic steering strategy has
the advantages of being flexible and reconfigurable, and thus it
is particularly well-suited to precisely manipulate one or many
micromotors in a complex and changing environment.

RESULTS/DISCUSSION

Micromotors and Light Patterns on a Photoconduc-
tive Substrate: Basic Properties. We begin by describing
the basic features of our optoelectronic setup and the
micromotors used. Figure la shows the schematic of the
experimental setup of an optoelectronic system. Red light of
625 nm of power density up to 2960 mW/cm* was passed
through a digital micromirror device (DMD), which generated
structured light patterns that were focused on a photo-
conductive substrate via an upright optical microscope. This
substrate is a key component of the experiment and contains a
1 pm layer of hydrogenated amorphous silicon (a-Si:H) on top
of an indium tin oxide (ITO) glass slide. a-Si:H is a
photoconductive material that becomes conductive upon
irradiation of red light but otherwise remains insulating.” A
sealed experimental chamber of 200 ym height was placed
above the substrate and held a suspension of metallo-dielectric
microspheres suspended in 0.1 mM NaCl liquid medium.
These particles were prepared by sputtering 10 nm of Pt on
SiO, microspheres of 5 ym in diameter (referred to as SiO,-Pt
micromotors, see Figure S1 for a scanning electron microscope
image). They move in an AC electric field toward the SiO,
hemisphere via induced charge electrophoresis (ICEP)**~*°
(Figure 1b), which originates from the asymmetric electro-
osmotic flow on the Pt and the SiO, hemisphere that polarize
differently in the same electric field. A detailed propulsion
mechanism can be found in refs 48 and 49 but is beyond the
scope of this study.

These SiO,-Pt micromotors then moved upon applying AC
electric fields between two ITO slides typically oscillating at
100 kHz. Notably, because illuminated a-Si:H patches become
electrically conductive, a SiO,-Pt micromotor, which moves
faster in stronger electric fields (Figure S3), moved
significantly faster in a light pattern than regions that were
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Figure 1. SiO,-Pt Janus micromotors in an optoelectronic tweezer
setup. (a) Schematic of the optoelectronic device. Structured light
generated by a digital micromirror device (DMD) is projected on a
photoconductive substrate composed of a layer of hydrogenated
amorphous silicon (a-Si:H) on a glass slide coated with indium tin
oxide (ITO). An alternating current (AC) electric field is applied
between two ITO slides. (b) Proposed propulsion mechanism of a
Si0,-Pt micromotor. The Pt and SiO, hemispheres polarize
differently under an electric field (black arrow), generating
induced-charge electroosmotic flows (blue arrows) of different
magnitudes. The motor thus moves in the direction of its SiO,
hemisphere. Only one half cycle is shown for AC electric fields; the
motor moves in the same direction in both cycles. (c and d) Time-
lapsed optical micrographs illustrating representative trajectories
over 2.8 s for SiO,-Pt motors inside (c) and outside (d) light
patterns, taken from Video S1. Tracked velocities (red, high; blue,
low) are superimposed on the images. Experimental conditions:
AC electric fields at 100 kHz and $§ V., were used, and light
intensity was 2690 mW/ cm?

not illuminated (“dark”). This is qualitatively compared in
Figure lc, d and Video SI. Therefore, we consider them
“immotile” when outside of a light pattern for the remainder of
this article. Although not important for steering discussed
below, the speeds of SiO,-Pt micromotors can be readily tuned
by adjusting the applied voltage and/or light intensity (Figure
S4), which ultimately affects the electric field strength a motor
experiences and thus the magnitude of ICEP and the
associated propelling force. Note that a high oscillating
frequency of 100 kHz (or less commonly 75 kHz) was used
throughout this article to reduce the effects caused by ions,
such as electrode polarization that screens applied potentials,50
electrochemical reactions on the electrode surfaces,”’ or
electroosmosis,”” that could become significant at lower
frequencies.

Dielectrophoresis Confines Micromotors to the Inter-
face between the llluminated and Dark Areas. A key
observation is the preferred confinement of SiO,-Pt micro-
motors at the edge of a light pattern (i.e., the interface between
the illuminated and dark areas). As an example, Figure 2 and
Video S2 show that a SiO,-Pt micromotor, placed either
outside or inside a light pattern to begin with, was attracted
toward the pattern’s edge upon turning on the light. Once
close to the interface, the SiO,-Pt motor self-propelled along
the edge by reorienting its Janus interface perpendicular to the
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Figure 2. SiO,-Pt micromotors confined to and moving along an
OET light pattern. (a) Schematic illustrating the movement of a
micromotor (Pt, dark gray; SiO,, light gray) toward and along the
edge of a square light pattern approaching the edge from the
outside (left) and the inside (right). (b and c) Time-lapsed optical
micrographs corresponding to (a), taken from Video S2.
Experimental conditions: AC electric fields of 100 kHz and 10

V,.p» and a light pattern of 100 yum X 100 gm at 2960 mW/ cm?,

patten’s edge. It then continuously traced the entire pattern
contour. Notably, the speed of a micromotor that started from
within the light pattern increased from ~20 to ~32 ym/s upon
moving close to the pattern’s edge. As we show below in Figure
3e and 3f, this acceleration is consistent with the higher electric
field strength at the pattern’s edge than its center.

The preferred confinement of a micromotor to a light
pattern’s edge, the cornerstone that we build our steering
strategy around, can be explained by positive dielectrophoresis
(DEP). DEP is the directed transport of an electrically
polarizable particle in a gradient of electric field,>™>> and
positive DEP refers migration up the gradient. The magnitude
of the DEP force Fpgp, whether positive or negative, of a
sphere is given (to the leading order) by’

Fpgp = 47e, R°Re(K)VE (1)

where R is the microsphere radius, €, is the permittivity of the
medium, Re(K) is the real component of the Clausius—
Mossotti factor K (related to the electrical polarizability of the
particle), and E is the electric field strength. Note that eq 1
uses a point-dipole approximation, which assumes that the
particle is small compared with the spatial inhomogeneities of
the electric field.

Specific to our experiments, we propose that a metallo-
dielectric micromotor (such as SiO,-Pt used here) undergoes
positive dielectrophoresis to the pattern’s edge where the
electric field strength is the highest. A schematic is shown in
Figure 3a and b. This proposed DEP trapping mechanism is
supported by the following evidence. First, we confirm in
Figure 3c that a 5 um SiO,-Pt microsphere undergoes positive
DEP, manifested by its positive electrical polarizability (i.e.,
positive Re(K)) across a wide range of driving frequencies,
including 100 kHz used here. The detailed calculation is given
in the Supporting Information. Similarly, pure SiO, or metal
microspheres of positive Re(K) both accumulate at the light
pattern’s edge in the same way as a SiO,-Pt micromotor
(Figure S6). Second, a simulation model was built to study the
distribution of electric field in the OET system, and Figure 3d
shows the model configuration. The simulation results in
Figure 3e and f show that the electric field norm reaches its
maximum at the edge of the light pattern, with an electric field

strength roughly twice as high as that at the light pattern’s
center (Figure 3g). Therefore, a SiO,-Pt micromotor is
attracted to the edge of a light patten by positive
dielectrophoresis.

Dielectrophoresis alone, however, predicts that a SiO,-Pt
micromotor would stall at the light pattern’s edge, because it
prefers to align its Janus interface flush with the light pattern’s
edge so that its metal hemisphere, which polarizes more
strongly than the dielectric hemisphere, points toward the
electric field maximum. This is inconsistent with the
observation in Figure 3b that a SiO,-Pt micromotor self-
propelled along the light pattern’s edge. The phenomenon of
guided motion of Janus particles can be explained by the
rotation of Janus particles in an electric field. The electric field
induces two effects that result in the rotation of Janus particles.
First, the electric field polarizes Janus particles and induces a
dipole moment that is parallel to the boundary separating the
two hemispheres. This dipole moment prefers to align with the
direction of the electric field as it maximizes the polarization
and minimizes the electrical energy (See Figure 3b for a
schematic and Figure SS for an example of such an alignment
of a Janus particle in an external electric field).”**” Second,
hydrodynamic torque resulting from the electroosmotic flow
also contributes to the alignment of the Janus micromotor,
thereby maintaining its orientation.”® As a result, the vertical
component of the electric field (E,) in the OET system can
cause out-of-plane rotation of a SiO,-Pt micromotor in the
horizontal plane so that the Janus structure of the micromotor
aligns parallel to the E, line and stably swims. We also note the
presence of a strong, horizontal component of the electric field
(E, in Figure 3g) across the light—darkness interface. Its
magnitude quickly rises from 0 at the pattern’s center to 9 X
10* V/m (Figure 3g) at its edge. The E, can predominantly
influence the in-plane rotation and control the self-propelled
direction of the micromotor in the horizontal plane, making it
swim along the edge of the light pattern as observed in the
experiment.

Controlling Micromotor Trajectories with Static Light
Patterns. The discovery that micromotors are dielectrophor-
etically confined to the edges of a light pattern enables the
control over the trajectory and moving directions of one or
more micromotors. Figure 4 shows a few basic controls
achieved with static light patterns, i.e., those that do not
change in space or time. Examples of controlled trajectories
include a straight line (vs diffusive trajectories typical for
micromotors) in a narrow light pattern (Figure 4a, b), and
trajectories following the contours of light patterns of various
simple shapes (Figure 4c), letters (Figure 4d), or even complex
shapes such as a crossed serpentine (Figure 4e). Moreover,
Figure 4f shows that multiple micromotors can be controlled in
parallel to move in completely different trajectories, a
challenging task for motors steered by magnets or taxis.
Furthermore, Figure 4g shows that a micromotor can be
optoelectronically guided through complex physical landscape/
maze/barriers, such as a photolithographically fabricated
microstructure. Finally, Figure 4h and i show that ratchet-
shaped light patterns can rectify an otherwise Brownian
micromotor to move in clockwise or counterclockwise circles.
The rectification of the direction of a micromotor is related to
the heart-shaped element of the light pattern. For instance, in
the light pattern shown in Figure 4h, when the OET system is
activated, the micromotor is attracted to the edge of the light
pattern. At this point, the micromotor’s clockwise or
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Figure 3. Dielectrophoretic confinement of a Janus SiO,-Pt micromotor at the edge of light pattern. (a) Schematic of the operating principle
of positive dielectrophoresis (DEP) in an OET device. Light (pink) irradiated on a photoconductive a-Si:H substrate greatly increases its
electrical conductivity, generating electric field strength maxima at the edge of the light pattern. A colloidal particle more polarizable than its
surrounding medium, such as a SiO,-Pt Janus microsphere (Pt, dark gray; SiO,, light gray), migrates toward the electric field maxima by
positive DEP. (b) x—y plane of the OET device: once close to the edge of the light pattern, the Janus micromotor aligns itself and moves
along the edge due to ICEP. One half a cycle of an AC electric field is shown in (a) and (b) for illustrative purpose. (c) Plots of the real
component of the Clausius—Mossotti factor (Re(K)) as a function of frequency for three types of S ym diameter microspheres: SiO, (gray
triangles), SiO, coated with a metal shell (red squares), and a SiO,-Pt Janus microsphere (blue circles). See Supporting Information for
calculations. (d) COMSOL Model configuration to simulate the electric field for a 100 gm X 100 gm light pattern projected into an OET
device. (e) Top-view plots of the simulated electric field norm (blue, low; red, high) for a 100 gm X 100 pm light pattern projected into an
OET device. (f) Side-view plot of the simulated electric field norm of the same light pattern (arrows represent normalized electric fields in
the x and z dimensions, not to scale). See Figure S2 for more results. (g) Plots of the x and z components of the simulated electric field
strength (E,, blue; E_, black) plotted along a line cross-sectioning the light pattern in the x dimension in (d), located 2.5 gm above the
substrate in the z dimension. Positive values in E, and E, are along the positive axes.

counterclockwise movement is random. However, if the
micromotor moves counterclockwise, it changes direction
from counterclockwise to clockwise upon encountering the
heart-shaped area. This specific pattern shape can turn the
micromotor around by aligning the Janus micromotor with the
light pattern’s edge as mentioned before. Once the micromotor
begins moving clockwise, it will continue to do so throughout
the light pattern. In contrast, if the light pattern is a simple

circle, the micromotor’s clockwise or counterclockwise move-
ment is random (Figure S7).

These results demonstrate the simplicity, flexibility, and
versatility of using light patterns and associated light-induced
dielectrophoresis to steer micromotors and control their
motions.

Trajectory Control and Swarm Transport of Micro-
motors by Dynamic Light Patterns. A distinct advantage of
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Figure 4. SiO,-Pt micromotors steered by static light patterns (Video $3). (a) Optical micrograph of linear pattern projected into an OET
device with superimposed electric field (high, red; low, blue). (b—g) Time-lapsed optical micrographs of light patterns (b: line; c: sequential
triangle, square, pentagon, hexagon; d: sequential letters spelling “NANO”; e: sequential horizontal then vertical serpentine patterns; f:
parallel line, squiggle, doughnut; g: corrugated pattern in a physical microchannel) in an OET device with superimposed particle trajectories
(start, blue; end, red). (h and i) Time-lapsed optical micrographs of a micromotor rectified to move in clockwise (h, red arrowhead) and
counterclockwise (i, blue arrowhead) circles by rachet-shaped light patterns. Past locations are indicated by white circles. Experimental
conditions: AC electric fields of 100 kHz (75 kHz for (d)) and 10 V,.pi light intensity of 2960 mW/ cm?,

a) shrinking light pattern

b) expanding light pattern

V=5 um/s  20pm

Figure S. Spiral, helical, and linear motion of a micromotor in dynamic light patterns (Video S4). (a and b) Schematics (left) and time-lapsed
optical micrographs with superimposed trajectories (start, blue; end, red) (right) of spiraling motion of a micromotor in a circular light
pattern that shrinks (a) or expands (b) at 4 yum/s. (c) Schematic (left) and time-lapsed optical micrographs with superimposed trajectories
(start, blue; end, red) (right) of micromotors in a circular light pattern that translates to the right at velocity v = §, 10, or 20 pym/s.

Experimental conditions: AC electric fields of 75 kHz and 10 V,; light intensity of 2960 mW/ cm’.

structured light generated by a DMD is its capability to change
in space and time. Below we take advantage of this feature to
generate dynamic light patterns that not only confine a
micromotor but also modulate its modes of motion and
transport them in space, which could prove useful in complex
and changing environments.

First, Figure Sa and b show that a micromotor confined by a
circular light pattern can be made to move inward or outward

along a spiraling trajectory when the light pattern shrinks or
expands, respectively. This is a result of a micromotor always
moving at the edge of the light pattern, so that its tangential
velocity remains constant but the radius of its circular
trajectory decreases over time. The angular velocity and the
pitch length of this spiraling motion can be precisely controlled
by the speed of the motor and that of the increase/decrease of
the light pattern’s radius (results not shown). Second, a
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Figure 6. Collection and transport of five SiO,-Pt micromotors by a dynamic light pattern (Video S5). Optical micrographs collected at
different times ¢ (top right corner) of a circular light pattern moving along three edges of a square (white arrowheads) at a constant velocity
of 10 pm/s. Trajectories of each micromotor are color-coded in elapsed time (start, blue; end, red). The rough location of the light spot at ¢
= 87.1 s (just before the light was turned off) is marked by a dashed circle. Experimental conditions: AC electric fields of 75 kHz and 10 V,_;

light intensity of 2960 mW/ cm?.

circular light pattern that moves linearly causes trapped
micromotors to move in helically shaped trajectories (Figure
Sc), with a pitch length increasing with the speed of the light
pattern. Interestingly, the motor no longer moves in helices but
instead in straight lines when the light pattern moves beyond a
critical speed. At this point the motor is essentially dragged
forward by the back edge of the light pattern so that both move
at the same speed.

Finally, the optoelectronic effect can also collect and
transport multiple micromotors to a predefined location,
building upon the knowledge we discussed above: micro-
motors are attracted to the edge of a light pattern and move
along when the light pattern moves. This is demonstrated in
Figure 6, where five individual micromotors were first collected
by a circular light pattern. The light pattern then moved for
hundreds of micrometers in arbitrary trajectories, transporting
the trapped motors with it. More advanced operations can be
envisioned (but not attempted), such as individual trapping
and transport of any number of micromotors along complex
yet independent trajectories. Once reaching their destinations,
these micromotors can then move in different directions and at
different speeds, enabled again by light patterns of different
shapes, speeds, and light intensities.

DISCUSSION

In this section, we discuss the relevance of our work to
optoelectronic tweezers, and we compare the optoelectronic
steering reported here with steering by physical boundaries.
We then show that optoelectronic steering can be applied to
other kinds of micromotors, and we comment on its usefulness
in the study of micromotors in confined environments.

First, there is a large body of research that uses
optoelectronic tweezers (OET) for manipulating micro-objects
such as micro-/nanoparticles, microrobots, and cells.** Both
our work and other OET works rely on the same light-induced
nonuniform electric fields and achieved seemingly similar
trapping and controlled transport of micro-objects along
predefined trajectories.”” °" However, one of the main
distinctions of the current work from other OET works is
the target being manipulated. A typical OET work handles

passive (immotile) micro-objects such as tracer micro-
spheres,‘sz_64 microfabricated structures,®>™® or even
cells.”"" Although the DEP force in the OET system
provides high motility of microparticles for various applica-
tions, their transport often requires the use of moving light
patterns or substrates that exert pushing or dragging forces.
Moreover, if multiple micro-objects need to move in a to-and-
fro manner to perform a task, using OET force alone to achieve
this goal requires feedback control to identify and regulate
these micro-objects’ movement. On the other hand, the
micromotors used in our work self-propel, so that static light
patterns alone are enough to guide, rather than to force, them to
move toward a destination, making them more facile and
flexible. Perhaps the optimal approach to control the
micromotor is to combine the advantages of both the OET
force and the self-propulsion force of the micromotor. For
example, the OET force could be utilized to drag the
micromotor to a target area at a long distance and high
speed. Then, a light pattern could be introduced to precisely
guide the micromotor to swim and self-propel within this
target area.

Optoelectronic steering and a typical OET operation also
differ in the nature of the trapping forces. For typical OET,
microparticles are trapped by a combination of dielectroéPho-
resis and AC electroosmotic flows (ACEOs).”””"* In
particular, ACEO arises from the coupling between a
horizontal electric field and a charged substrate, and it
converges inward so that a microparticle is hydrodynamically
trapped to the center of a light pattern. We have however
neglected the contribution of ACEO in steering micromotors
in our experiments for two reasons. First, ACEO reaches its
maximum at a critical charging frequency f,, above which ions
cannot follow the change in the electric field directions and
cannot generate strong electroosmotic flows. f. is given by"”

Gm/lD
o= et @)
where 6, and € are the conductivity and permittivity of the
medium, A is the thickness of the electrical double layer (i.e.,
the Debye length), and L is the chamber height. In our
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experiment in 0.1 mM NaCl solution (see explanation of
choosing this medium liquid in the SI file), f. = 280 Hz, orders
of magnitude smaller than the typical driving frequency of 100
kHz. We thus suspect ACEO to be exceedingly weak. In
addition, ACEOs that converge from all sides typically confine
particles at the center of a light pattern, inconsistent with our
observation that particles are confined at the edges. It is then
reasonable to assume that the contribution of ACEO in our
experiments was small. We note, however, that micromotors
deviated from the light pattern’s edge (results not shown) at
low driving frequencies of S0 kHz or lower, revealing the
possible contributions of ACEO. Such deviation complicates
precise steering and, therefore, is not discussed in this article.

Phenomenologically, the confinements shown in Figure $
are similar to earlier reports of micromotors moving near
physical boundaries.””****** In both cases, a micromotor
preferentially accumulates near and moves along the edge of a
physical/virtual boundary, the contour of which determines
the motor trajectories. A few fundamental differences are,
however, worth noting between steering by light patterns and
by physical boundaries. First, physical boundaries confine a
micromotor either because of steric hindrance or because of a
complicated interplay among electrokinetics, chemical gra-
dients, and hydrodynamics.”*’>’® Such confinement only
works for micromotors of specific types. Light patterns, on
the other hand, confine micromotors via positive DEP and, in
principle, work for a wider range of motors and even for inert
particles that do not self-propel (see Figure S7). Second, a
micromotor could reorient when approaching a boundary in
both cases, but for different reasons: physical boundaries alter
the orientation of an attracted motor by an interplay among
different physical effects mentioned above, while light patterns
generate a horizontal electric field that aligns a metallo-
dielectric Janus particle. Last but not the least, a physical
boundary is difficult to build and, even more so, to modify
dynamically. Light patterns are, on the other hand, easy to be
turned on and off and to reprogram, providing more flexibility
for manipulating micromotors. For example, the various modes
of motion of a micromotor—helical, spiral, and swarm
transport—shown in Figure S would be quite challenging to
achieve with a fixed, prefabricated microstructure.

Optoelectronic steering shown here can be applied to other
micromotors as well. One intuitive requirement is that motors
need to be more polarizable than the solution so that they
undergo positive DEP and become trapped near the edges of
the light pattern. Because metals are extremely polarizable in
an electric field, any micromotor containing a reasonable
amount of metal would satisfy this requirement. As an example,
Figure 7 and Video S6 show that Au-Pt Janus microspheres,
motors which move by catalytically decomposing H,O, on
their surfaces,”””® are confined at and move along the edge of a
light pattern, in qualitatively the same way as a metallo-
dielectric micromotor moving under AC electric fields.
Interestingly, micromotors that experience ne_gative DEP
force (such as enzyme-coated dielectric particles”” ') could
also be steered by the optoelectronic effect, by attracting them
to dark patterns in an illuminated background. One interesting
possibility is then to sort micromotors of different electrical
polarizabilities via an optoelectronic setup, because those
undergoing positive or negative DEP would move toward
illuminated or dark regions, respectively.

Finally, the OET technology is an intriguing approach for
investigating the behavior of micromotors in confinement.

a) E b) I
H,0,+2H 42 2 2H*+0,

) Au Pt (S

2H,0 H,0,
k@)

Figure 7. Steering a Au-Pt Janus micromotor in the OET system.
(a) Schematic of a Au-Pt Janus microsphere moving by self-
electrophoresis. (b and c) Trajectories of a Au-Pt micromotor
confined by a circular (b) and square (c) light pattern.
Experiments were performed in a 3 wt % H,0, solution and
under an AC electric field of 100 kHz.

start

Micromotors are primarily designed to function within
confined microenvironments®>** such as blood vessels, porous
tissue, and microfluidic chips, making it critical to explore how
their propulsion changes with different sizes and geometries of
confinement. The OET system, which creates a virtual
confinement through a light pattern, offers a convenient and
adaptable method to systematically investigate the effects of
confined environments on micromotors. From a fundamental
research standpoint, confinement can impact the self-
organization process of micromotors.* % By actively varying
the OET confinement, both spatially and temporally, it
becomes feasible to steer the self-organization of micromotors.
This approach will improve our understanding of self-
organization in biological systems and can be applied to
develop techniques for controlling self-organization in artificial
systems.

To further help our readers to assess the usefulness of the
optoelectronic effect, we list the following requirements for the
experimental setup. An electric field is required to produce the
optoelectronic effect. AC electric fields are preferred over DC
because AC fields are easy to handle, but not strictly necessary.
A photoconductive substrate is also required, and hydro-
genated amorphous Si is typically used. Light of appropriate
wavelength is needed to activate the substrate. Finally, a device
capable of generating dynamic light patterns is needed, such as
the digital micromirror device (DMD) used in this work® or a
specialized projector used in our recent work.*”** More details
of the experimental setup can be found in the Methods, as well
as in ref 42.

CONCLUSIONS

In summary, we have introduced a versatile and powerful
strategy to steer micromotors using dynamic light patterns.
This strategy is based on the optoelectronic effect, in which
light illumination on a photoconductive substrate generates
strong electric fields at the edge of light patterns. The resulting
inhomogeneity of the electric field strength traps a micromotor
via positive dielectrophoresis, so that it self-propels along the
edge of the light pattern. An example is given for metallo-
dielectric (SiO,-Pt) micromotors moving via ICEP under AC
electric fields oscillating at 100 kHz. Using static or dynamic
light patterns, we were able to steer the trajectories and
directionality of one or more micromotors, navigate them
through complex environments, regulate their motion modes,
and collect and transport them along programmable paths.
Bimetallic, catalytically powered micromotors were also steered
to showcase the generalizability of this technique.

Compared with other strategies for steering micromotors,
such as those using magnetic fields,*” =" physical boundaries,*
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or taxis,”’ optoelectronic steering is dynamic and reprogram-
mable and capable of manipulating single micromotors or their
collectives. Moreover, because dielectrophoresis and the
optoelectronic effect are universal, micromotors of a wide
variety of propulsion mechanisms or physiochemical properties
can be steered with high precision and tunability. Looking
forward, we envision the optoelectronic steering of micro-
motors to greatly expand the usefulness of OET and provide
opportunities for the precise and programmable control of a
wide variety of micromotors in complex environments.
However, optoelectronic steering also has its disadvantages,
like requiring a specific photoconductive substrate. Thus, each
steering approach possesses its own advantages and disadvan-
tages, and it is more appropriate to compare and evaluate these
methods of steering micromotors for a specific application
scenario.

METHODS

Micromotor Fabrication. SiO, microspheres with a diameter of 5
um were purchased from Tianjin Baseline Chrometch Research
Center. Janus SiO,-Pt microspheres were fabricated by sputtering a
layer of Pt of 10 nm on a monolayer of SiO, microspheres. They were
then sonicated off the substrate and dispersed in distilled water for
later use. See Figure S1 for a scanning electron microscope image of a
SiO,-Pt Janus microsphere.

Experimental Setup. An optoelectronic tweezers device consists
of two plates. The top plate is an ITO-coated glass slide from Riley
Supplies. The bottom plate is an ITO-coated glass slide with an
additional layer of 1 ym hydrogenated amorphous silicon (a-Si:H)
deposited by plasma-enhanced chemical vapor deposition. An
experimental chamber was made by placing on the bottom plate a
silicone spacer of 200 ym thick with a circular hole of 5 mm in
diameter. Then the suspension of micromotors was pipetted into the
hole and the top plate was placed on the top of the silicone spacer to
seal the chamber. The bottom plate and top plate were connected to a
function generator (Agilent 33220A) with a power amplifier (Thurlby
Thandor Instrument WA31). Unless otherwise noted, square waves of
100 kHz and a peak-to-peak voltage of 10 V were applied to drive the
optoelectronic tweezers device. Light patterns were projected onto
the a-Si:H layer of the device by a DMD-based light pattern projector
(Mightex Polygon 1000G, 1100 mW LED source at 625 nm) through
an upright optical microscope with a X20 objective. (Nikon Eclipse
Ni-E microscope integrated with a Marzhauser Scan Plus 130—85
motorized stage).

Single-Particle Tracking. The motion of the micromotor was
recorded by a CMOS camera (PCO Edge 4.2 CMOS monochromatic
camera) typically at 25 frames per second (fps). These videos were
then analyzed by homemade MATLAB codes to obtain the
trajectories and instantaneous speeds of micromotors.

Fabrication of Physical Obstacles. Microstructures shown in
Figure S in the main text were fabricated by standard photo-
lithography. Photomask was designed using AutoCAD and then
fabricated by exposing a chrome-on-glass substrate covered with
AZ1500 photoresist using PG 501 (Heidelberg) followed by
development and etch steps. Briefly, photoresist (SU8 2005) was
deposited on the bottom plate by spin coating at 1000 rpm for 30 s,
followed by soft baking at 65 °C for 1 min and 105 °C for 4 min. The
bottom plate with SU8 was then illuminated by a mask aligner (OAI
model 30) with exposure energy of 180 mJ/cm® through the
photomask to selectively photo-cross-link the SU8. Next, the bottom
plate was baked at 65 °C for 1 min and 105 °C for 4 min and
immersed in SU8 developer for 2 min with agitation to obtain the
physical microstructures. After that, the bottom plate was rinsed with
IPA and blow-dried with nitrogen, followed by hard baking at 150 °C
for 5 min.

Numerical Simulations. A 3D finite element model was built in
COMSOL Multiphysics (version S5.4) using the Electric Current
module to simulate the distribution of electric potential and electric

fields. Detailed information about this COMSOL model is given in
the Supporting Information.
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