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Individual closed-loop control of micromotors by selective
light actuation

Independent control of micromotors is a critical challenge
in unlocking their potential for real-world applications like
targeted drug delivery and advanced microfabrication. This
study presents a novel approach using UV light, directed
by a digital micromirror device, to activate and guide
individual micromotors. Combining light-based activation
with magnetic steering, the micromotors were arranged
into patterns, showcasing the precision of this method.
Furthermore, automated computer-controlled guidance
was demonstrated, highlighting its efficiency and potential
for precise, scalable micromotor control.
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Control of individual micromotors within a group would allow for
improved efficiency, greater ability to accomplish complex tasks,
higher throughput, and increased adaptability. However, indepen-
dent control of micromotors remains a significant challenge.
Typical actuation techniques, such as chemical and magnetic, are
uniform over the workspace and therefore cannot control one
micromotor independently of the others. To address this challenge,
we demonstrate a novel control method of applying a localized
region of UV light that activates a single light-responsive TiO,
micromotor at a time. To achieve this, a digital micromirror device
(DMD) was employed which is capable of highly precise localized
illumination. To demonstrate this precise user-defined control,
patterns of micromotors were created via selective actuation and
magnetic steering. In addition, a closed-loop system was also
developed which automates the guidance of individual micromo-
tors to specified locations, illustrating the potential for more
efficient and precise control of the micromotors.

Controlling a group of micromotors individually would signifi-
cantly increase their ability to perform complex tasks efficiently
and quickly, making such independent control critical for many
potential applications."* For example, spatially controlled delivery
of signaling molecules in biomedical research,® or the manipula-
tion of micromotors into patterns or groupings for better maneu-
verability through difficult-to-navigate environments,™ would
greatly benefit from the ability to control individual micromotors
independently. One of the strategies that has been employed
toward this end include the creation of special substrates that
create localized forces. For example, a magnetic coil array
embedded on a circuit board created localized magnetic fields,®
and, in another study, electrostatic anchoring pads acted to
selectively stick microrobots to a surface.” However, these
approaches involve the use of special substrates that are impractical
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in many applications. Another method used optical tweezers to
move one colloid at a time, although this requires the use of high
intensity light that can damage biological organisms.® Additionally,
optical tweezers produce weak forces, require specific types of
colloids, and, due to the requirement of focusing the beam into
a small area, operate in a small workspace.” Other strategies
include the creation of sub-millimeter robots that respond to
oscillating magnetic fields at different resonant frequencies.’ This
enables independent control of the microrobots by changing the
frequency of magnetic actuation. However, such methods require
the manufacturing of complex robot designs. Other studies have
utilized microrobots of various shapes or sizes to capitalize on
differences in their magnetic rolling or swimming speeds.'® ">
However, this requires sophisticated algorithms and is inefficient.
Another design took advantage of acoustic resonance of micro-
robots that contain microbubbles to actuate microrobots within a
certain frequency band.® Creating a large number of swimmers
with different acoustic resonant frequencies is difficult, however. In
addition, the resonant frequency can be hard to know a priori and
can change somewhat over time. Lasers have been used to create
and manipulate multiple microbubbles independently,** although
generating the bubbles requires strong laser intensity and are
confined to the 2D surface.

To overcome these challenges, we created a new approach to
individual control by using a digital micromirror device (DMD)
to produce a localized ‘“spotlight” that is small enough to
actuate only one micromotor at a time, and we designed a
closed-loop system to automate their control. The light spot-
lights are used to actuate individual titanium dioxide magnetic
Janus micromotors and magnetically steer them to a desired
location. Our DMD system produces a light intensity around
500 mW cm ™2, which is much less than optical tweezers, for
example, which can be 10° times greater.”® The independent
control we attain is demonstrated by creating patterns of the
micromotors on the glass surface. We also developed a closed-
loop control system to automatically guide specific micromo-
tors to user-defined locations. Therefore, this work demon-
strates a new method to selectively control the motion of
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micromotors independently and in an automated fashion,
which addresses a major challenge in the microrobotic field
and provides a step towards realizing more efficient and
effective control of micromotors for physics and biomedical
research, as well as for real-world applications.

Details of the micromotor fabrication are given in the ESLf
Briefly, TiO, homogeneous spherical microspheres of two different
sizes were made. To make the smaller spheres (average diameter of
1.3 um with a standard deviation of 0.3 pm), a solvent extraction/
evaporation method was used following a previously documented
procedure.'® To create larger particles (average diameter 4.3 pm
with a standard deviation of 1.4 pm), a solvothermal method was
used following the procedure in ref. 17. Both types of particles were
annealed in a furnace at 400 °C for two hours to create the anatase
phase. The particles were then suspended in ethanol and spread
onto a glass slide. After the ethanol evaporated, the slides of the
smaller particles were coated with 20 nm each of Ni/Fe alloy, Pt,
and Ag by electron-beam evaporation, as described previously.'®
The larger particles were coated with a 20 nm layer of Ni. The Ni/Fe
and Ni coating on the microrobots gives them a magnetic moment,
allowing for them to be magnetically steered. An SEM image of one
of the resulting Janus particles is given in the ESL¥

The micromotors move when illuminated by UV light which
is thought to be due to a self-electrophoretic propulsion
mechanism, as described in previous work."®* The UV light
causes electrons on the non-coated TiO, side of the micromotor
to move into the conduction band of the semiconductor
material. These electrons then migrate to the metal coated
hemisphere of the micromotor. Oxidation of water and hydro-
gen peroxide at the TiO, side and reduction of protons at the
metal side leads to a flow of positive charges from the TiO, side
towards the metal side of the micromotors. This results in a
self-produced electric field that generates a movement of the
negatively charged micromotors with the TiO, side leading.

UV light at 365 nm was produced by a digital micromirror
device (DMD) (Mightex Polygon Pattern Illuminator) which
illuminates the sample from below. The device provides precise
spatial and temporal control of light with micron scale resolu-
tion. Mightex Polyscan software allows for any 2D binary image
to be converted into a light pattern within a rectangular region
in the field of view. Magnetic fields were supplied with a three-
axis electromagnetic system,>" which produces uniform mag-
netic fields in any direction. The magnetic fields create a torque
on the microrobot which acts to align their magnetic moment
with the applied field, enabling them to be magnetically
steered. Micromotors suspended in DI water were added to a
1.5 mL plastic tube to which hydrogen peroxide was added to a
concentration of 3-15%. The solution was mixed and then a
drop was placed on a coverslip on the microscope. Samples
were observed using a Zeiss Axiovert 200 microscope with a 50 x
objective (Zeiss epiplan-neofluar 50x/0.8) and videos were
recorded with an Amscope MU903-GS microscope digital cam-
era. A schematic of the experimental setup is shown in Fig. 1.

When illuminated with UV light, the micromotors become
motile and their direction of motion is generally stochastic.'®
With a magnetic field applied, the micromotors can be steered
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Fig. 1 A schematic of the experimental setup.

in desired directions. The speed of the larger micromotors as a
function of light intensity is shown in Fig. 2 (the speed of the
smaller micromotors has been quantified previously'® and is
shown in the ESIt). The data in the plot was taken when
applying a rectangular region of light of about 400 x 230 pm
in size. With a small disk of light applied, the micromotors
tended to move somewhat more slowly compared to the case of
maximal illumination. To quantify this, we measured the speed
of micromotors that were illuminated by a disk of radius 13 pm
and compared this to their speed when illuminated by a full
rectangle. We found that the ratio of speeds of full illumination
to the localized disk of light was 1.48 & 0.31 and 1.38 £ 0.14 for
the large and small particles, respectively. We are unsure of the
reason for the difference in speeds, although one possible
reason could be due to the micromotors not always residing
in the exact center of the disk. The light intensity may be
somewhat weaker at the edges of the disk compared to the
center, causing a lower speed. A more in depth discussion of
this is given in the ESL

We utilized the DMD system’s ability to apply light in any
spatial pattern to only illuminate a single micromotor at a time.
As an initial example of the selective illumination capabilities

0 100 200 300 400 500
Light Intensity (mli',r“'rur’)
Fig. 2 The average speed of the larger TiO, micromotors as a function of

light intensity at a hydrogen peroxide concentration of 15%. Error bars
represent standard error of the mean.
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Fig. 3 A series of images showing the light “highway” (an "“L" shape,
highlighted by dashed lines) and the trajectory of a micromotor (blue line)
that moved within the illuminated region. The micromotor was magneti-
cally steered to follow the light pattern, while other micromotors outside
the region are inactive. The concentration of hydrogen peroxide was 10%
and the smaller TiO, micromotors were used in this experiment. The light
intensity was approximately 3 W cm™2 and the magnetic field strength was
approximately 5 mT.

of the DMD system, we applied a band of light (a “light
highway”’) in an “L” shape (see Fig. 3 and Video S1, ESIf}).
Micromotors outside this region undergo slow diffusive motion
(see Fig. S3 in the ESIt) while those inside the illuminated
region self-propel and can be steered using magnetic fields to
stay within the region.

Further control was achieved by illuminating individual
micromotors with a dynamic light “spotlight” that could be
moved such that it tracked the location of the micromotor.
Manual control of the location of the spotlight could be
achieved in the DMD software.

To demonstrate the control of multiple micromotors inde-
pendently, we created patterns of the larger sized micromotors,
namely a square and a horizontal line (see Video S2, ESIT). The
horizontal line pattern is shown in Fig. 4. The spotlight was
moved to illuminate the selected micromotor while the others
underwent slow Brownian diffusion. Magnetic fields were
applied using a joystick to steer the motile micromotor to its
final location at which time a different micromotor was illumi-
nated and steered in a similar fashion. This was repeated until
the pattern was achieved.

Additionally, we made the micromotor control fully auto-
mated. Previous reports have demonstrated automated mag-
netic steering of active micromotors using closed-loop control
algorithms and micromotor tracking,”*”>> however this is the
first demonstration of closed-loop control using both light and
magnetic actuation. The closed-loop control system works by
tracking a micromotor that the user selects and translating the
UV spotlight to follow the micromotor. Magnetic steering
guides the micromotor to the user-defined goal position. An
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Fig. 4 A series of images showing the creation of a linear pattern of
micromotors by selective light activation and magnetic steering. Each
micromotor was illuminated using a “spotlight” of UV light which acted
to selectively activate only that micromotor. The micromotors were then
steered to their final location to form the horizontal line. The arrows
represent the intended destination of the micromotors, and the white line
in the final image is a visual aid to indicate the created horizontal line of
four micromotors. The concentration of hydrogen peroxide was 3%. The
smaller TiO, micromotors were used in this experiment. The light intensity
was approximately 3 W cm~2 and the magnetic field strength was approxi-
mately 5 mT.

example of the closed-loop control process is shown in Fig. 5
and Video S3 (ESIt). Details of our magnetic steering algorithm
can be found in a previous report*® and in the ESL{ Briefly, the
code evaluates the average direction of motion of the micro-
motor over a short time period and determines the angular
offset between this and the applied field. It then updates the
orientation of the field to compensate for this offset, while also

Fig. 5 A series of images showing the creation of a triangular pattern of
micromotors using automated closed-loop control (also see Video S3,
ESIT). To from the pattern, the final desired location of each micromotor
was selected using our custom python interface and the spotlight (high-
lighted by a dashed circle to act as a visual aid) was automatically translated
to follow the trajectory of the micromotor while also supplying the
appropriate magnetic fields to guide it to the desired location. Three
micromotors were maneuvered to their final locations in a series, forming
the triangular shape. The selected micromotor is highlighted by a red
circle. The yellow arrows point to the desired final location of the micro-
motor. We used the larger TiO, micromotors in this experiment and the
concentration of hydrogen peroxide was 3%. The light intensity was
approximately 500 mW cm ™2 and the magnetic field strength was approxi-
mately 5 mT.
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re-orientating the field in order to direct the micromotor
toward the target location. The light following was done by
continuously shifting the location of applied light to follow the
trajectory of the micromotor using custom python code. More
details are given in the ESL{ Fig. 5 shows the automated
maneuvering of micromotors (dashed circles represent the
edge of the light disk) to create a triangular shape. We used
the larger particles in cases in which we applied closed loop
control control since they tended to move in a more consistent
and controllable manner, while also being easier to track due to
their larger size.

The ability to control micromotors independently is a major
objective in microrobotics and opens up many new ways to
apply the robots to a host of important applications. In this
paper, we have shown that independent control is achievable
using a localized region of applied light from a DMD system.
Patterns of micromotors were created by utilizing this selective
actuation, demonstrating an advantage of independent control
over global actuation. We have also demonstrated automatic
computerized control of the light-actuated micromotors that
integrates their light and magnetic responsiveness. Overall, the
use of a DMD system for localized UV illumination and selec-
tive control of light-actuated micromotors could be a promising
method to employ micromotors in a variety of applications
where such independent control is required. The DMD system
produced relatively low intensity light which is compatible with
future biomedical applications. However, these micromotors
still require the use of hydrogen peroxide fuel for improving
their motility. There has been reports of light-activated micro-
motors moving in water alone without the need for toxic
fuel.’®'® Therefore, future work is needed to apply non-toxic
actuated micromotors in the body or with living organisms, and
in particular to create faster and more powerful micromotors
which could be essential to certain applications. Our system
requires the use of controllable magnetic fields to steer the
micromotors. Due to the long working distance of magnetic
fields produced by electromagnetic coils, this is not expected to
limit its application in most situations, however. Light actua-
tion is limited to semi-transparent systems, making it difficult
to employ in many biomedical settings. However, these micro-
motors could be promising candidates for applications in lab-
on-chip devices or other semi-transparent systems like the eye.
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