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ABSTRACT: The ability to steer micromotors in specific directions and at precise
speeds is highly desired for their use in complex environments. However, a generic
steering strategy that can be applied to micromotors of all types and surface
coatings is yet to be developed. Here, we report that ultrasound of ~100 kHz can
spin a spherical micromotor so that it turns left or right when moving forward, or
that it moves in full circles. The direction and angular speeds of their spinning and
the radii of circular trajectories are precisely tunable by varying ultrasound
voltages and frequencies, as well as particle properties such as its radius, materials,
and coating thickness. Such spinning is hypothesized to originate from the circular
microstreaming flows localized around a solid microsphere vibrating in
ultrasound. In addition to causing a micromotor to spin, such streaming flows
also helped release cargos from a micromotor during a capture—transport—release
mission. Localized microstreaming does not depend on or interference with a
specific propulsion mechanism and can steer a wide variety of micromotors. This
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work suggests that ultrasound can be used to steer microrobots in complex, biologically relevant environments as well as to

steer microorganisms and cells.
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icromotors,' ~ synthetic microparticles that auton-

omously move in liquids, are gaining attention
because of their potential usefulness as microrobots
in biomedical or environmental applications. In addition to
efficient propulsion, these applications typically require a
micromotor to steer through a complicated environment such
as tortuous blood vessels or bifurcating microfluidic
channels.”™” Steering is necessary even if a micromotor only
needs to move in a straight line, which is complicated by
Brownian motion, asymmetric particle shapes that arises from
fabrication imperfections, or debris within the environments.
A micromotor can be steered by three common strategies.
First, a magnetic micromotor can be steered by a magnetic
field, generated by magnets or electromagnetic coils'’~"* or by
placing a micromotor on a magnetic track."> Although effective
and flexible, magnetic steering is only useful for magnetic
samples. In addition, because all motors are magnetized and
exposed to the same driving field, they are steered
simultaneously and often in the same direction. Alternatively,
a micromotor can find its way through taxis, ie., migration
along an external gradient.'® Examples include chemotaxis in a
chemical gradient,w_w theotaxis in flows,”* > or phototaxis
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in a gradient of light intensities.”” The disadvantage of taxis-
based steering, however, is that it requires a long-range
gradient and is less responsive. Finally, a micromotor can be
guided by geometric confinements, such as walls, steps or
grooves,”* > yet this strategy requires pre-established artificial
microstructures. In light of these limitations, strategies that are
generic, fast, easily accessible and tunable are highly desired for
steering micromotors.

Given its biocompatibility and wide use in the clinics,
ultrasound is an attractive candidate for powering and steering
micromotors.””*® Previously, megahertz ultrasound has been
demonstrated to power metallic microrods into fast axial
*773% Ultrasound of lower

frequencies, in the range of tens to hundreds of kHz, have also

propulsion and spinning in water.
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Figure 1. Localized acoustic microstreaming near a fixed micropillar. (a) Schematic of the experiment setup. See Figure S2 for an actual
photo. (b) Advection of a tracer microsphere by the streaming flows circulating a fixed micropillar. The pillar and the substrate vibrate
horizontally (shown in arrows) under the agitation of 100 kHz ultrasound. (c) Typical elliptical vibration of the substrate in the x—y plane
measured by a laser Doppler scanning vibrometer, obtained from Figure 3a of ref 51. Reprinted in part with permission from ref 51.
Copyright 2019 American Physical Society. (d) Side view and (e) top view of the circular motion of a tracer microsphere around a large
polymer microsphere fixed onto a vibrating substrate. Blue and black curved arrows indicate the streaming flows and the advection of
tracers, respectively. (f) Time-elapsed optical micrographs taken by confocal microscopy of a 3 gm PS microsphere (red fluorescence)
orbiting at an angular speed of 4.3 rad/s around a fixed 5 um PS sphere at the center (not fluorescent, circled in yellow), under ultrasound of

50 V and 110 kHz.

been used to power microcapsules via streaming flows from
trapped air bubbles resonating in ultrasound.'>*'~*° Although
ultrasound can turn a micromotor in these demonstrations,
this is often achieved by either an asymmetric motor shape®” or
by an careful, asymmetric placement of resonating bubbles.”"*°
In neither case is ultrasound a generic, stand-alone steering
tool, nor can it be applied to other types of micromotors.

We here report a generic ultrasonic steering strategy based
on acoustic streaming,”*~** which is a slip flow generated as
acoustic waves travel across an interface between two pieces of
materials of different acoustic properties. Our key discovery is
that ultrasound generates a circular streaming flow localized
around a microsphere sedimented above a substrate, and the
sphere spins in the opposite direction to the flow. We also
show that the rotational speed of such a spinning microsphere
can be precisely controlled by varying the power and
frequencies of the ultrasound, as well as the size, material
compositions, and coating thickness of the sphere. Then, we
demonstrate how this streaming-induced spinning can be used
as a “steering wheel” to turn the direction of spherical
micromotors powered by either electric fields or chemical
reactions. Notably, acoustic steering bends motor trajectories
into circles, the radii of which can be precisely tuned by
varying the relative strength of the self-propulsion and the
spinning of a motor. Finally, we show that localized streaming
can be used to steer micromotors toward cargos and release
them when needed.

Ultrasonic steering by localized acoustic streaming is fast,
tunable, and applies to micromotors of different propulsion
mechanisms, sizes, surface properties, and material composi-
tions. Because torques are generated locally rather than
imposed externally, each motor spins independently at their
own directions and speeds. These are highly valuable features
for steering micromachines in complex environments. The
progress reported here is thus a major step toward using
ultrasound for powering and controlling biomedical microbots.
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Spinning by Localized Microstreaming. It is long
known that time-averaged, steady streaming flows are
generated as acoustic waves pass through a medium, where
the acoustic momentum flux is absorbed and energy is
dissipated.*~*" In particular, boundary-driven acoustic stream-
ing flows arise as acoustic waves propagate across a solid—
liquid interface.*”** These streaming flows can be localized as
microstreaming,** especially near sharp edges***° or oscillating
bubbles.*’

In the past few years, there have also been reports of
localized microstreaming flows circulating a micropillar fixed on
a vibrating substrate."~>* An example of such streaming flows
is given in Figure 1. Here, a piezoelectric transducer is glued
onto a piece of glass slide and next to a sealed, water-filled
experimental chamber made of silicone. In this chamber were §
um polystyrene (PS) microspheres partially melted to the
bottom glass slide (“micropillars”, see Supporting Information
for details of fixing) as well as 3 ym microspheres freely
suspended as tracers. A previous measurement has shown that
similar micropillars vibrated in elliptical trajectories in both x
and y directions,”’ leading to circular microstreaming flows
around the pillar. Indeed, we saw that 3 ym microspheres were
advected in rough circles at 10.5 ym/s (4.3 rad/s) around the
larger, fixed microspheres when agitated by ultrasound of 110
kHz and 50 V. Such circular microstreaming also occurs
around nanopillars as small as 500 nm in diameter, as shown in
Video S1. Note that ultrasound of driving frequencies of 100—
200 kHz are used throughout this study, which yielded the
strongest localized streaming. Lower or higher frequencies
caused large-scale streaming flows that advected all micro-
particles, or no streaming at all beyond 1 MHz. At 100—200
kHz, our transducer is believed to vibrate in the radial mode,
so that the substrate vibrated horizontally. More information is
given in Figure S3.

Instead of a fixed micropillar, the surprising discovery was
that a microsphere unattached to the bottom substrate (ie., a
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Figure 2. Mobile microspheres spin by localized acoustic microstreaming. (a) Schematic of a mobile microsphere spinning about an axis
vertical to a vibrating substrate. Blue arrows represent streaming flows, and the black arrow indicates sphere spinning at an angular speed of
. (b) Spinning of a fluorescent, isotropic 5§ gm PS microsphere with a nanoparticle attached to its surface, taken from Video SI. (c)
Scanning electron micrograph of a PS-Pt Janus microsphere. (d) In-place spinning of a PS-Pt Janus microsphere (the PS core is fluorescent
and the Pt hemisphere is dark). (e) SiO,-Pt Janus microsphere spins in the opposite direction to a nearby 1 gm PS microsphere, taken from
Video S1. Ultrasound conditions: 75 V and 120 kHz in (b,d), 75 V and 113 kHz in (e).
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Figure 3. Tuning the spinning speed of a mobile microsphere by ultrasound parameters (data acquired from Video S10). (a) Change in the
direction of a spinning PS-Pt Janus microsphere over time. The orientation angle @ is defined in the inset. (b,c) Time-averaged angular speed
@ of a spinning PS-Pt microsphere at different ultrasound voltages (b) and frequencies (c). Clockwise rotation is defined as positive. (d)
Switching a PS-Pt microsphere between clockwise (black squares) and counterclockwise (red filled circles) spinning by switching between
driving frequencies of 113 and 143 kHz, respectively. Error bars in (b,c) are standard errors from 10 microspheres during § s.

sphere and the substrate, respectively). The sphere then floated
above the substrate and underwent typical Brownian motion in
the absence of ultrasound.

Two additional examples further demonstrate the spinning
of a mobile microsphere in ultrasound. In the first example, a
positively charged (40.6 + 0.5 mV) 500 nm fluorescent PS
nanosphere was electrostatically attached to the surface of a
negatively charged, S ym PS microsphere. We assumed that
the presence of this nanosphere does not significantly affect the
acoustic property or symmetry of the larger microsphere,
supported by a previous study.”* Acoustic spinning of the large

“mobile” microsphere) also generated steady, circular stream-
ing flows around its body. More importantly, the sphere spun
in place about an axis perpendicular to the substrate, in a
direction opposite to the streaming flow (see Figure 2a for a
cartoon illustration). As an example, Figure 2b and Video S1
show the steady spinning at 1.5 rad/s of a PS microsphere of 5
pm in diameter slightly above a glass substrate vibrating at 120
kHz. Here, the PS microsphere was not fixed to the substrate
but was allowed to freely settle to the bottom substrate, which
electrostatically repelled the sphere because both carried
negative charges (—50.6 = 0.2 and —68.1 + 0.6 mV for the
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Figure 4. Spinning speeds of mobile microspheres of different types. (a—c) Normalized spinning speeds of microspheres of different
diameters (a), coating thickness of Pt (b), or materials (c). SiO,-Pt microspheres of 5 gm in diameters and half-coated with 10 nm of Pt were
used in (a,b) except for cases where these parameters were varied. Isotropic PS and SiO, microspheres of 5 gm in diameters were used in
(c), whereas solid Au microspheres of ~4 ym in diameter were chemically synthesized and used in (c). Spinning speeds in (c) were
determined by tracking tracers advecting in the vicinity of the particle under study. Error bars are standard errors from 10 microspheres
during S s. Data are normalized to the value of 5 gm particles in (a), 5 nm metal coating in (b), and PS microspheres in (c).

sphere (with a nano-protrusion) can then be readily visualized
in Figure 2b. Spinning is even more visible for a Janus
microsphere. For example, Figure 2d,e and Video S1 show that
a § ym PS microsphere half-coated with 10 nm of Pt (see
Figure 2c for an electron micrograph) spun at 2.66 rad/s at
120 kHz ultrasound. Such Janus microspheres are used for the
rest of the article for studying streaming-induced spinning,
because their rotation was easier to identify and quantify than
isotropic microspheres, even though both spin in qualitatively
the same way in ultrasound.

Such acoustic spinning of mobile microspheres is a robust
observation: it was observed for microspheres made of
polymers, SiO,, and metal (see Figure 4c and Figure S4),
microspheres of a wide range of sizes (Figure 4a) and coated
with metal of different thickness (Figure 4b), in experimental
chambers of diameters ranging from 1 to a dozen mm, in
chambers shaped in triangles, circles, squares, or even in the
absence of any chamber (i.e., in a water droplet), and on
substrates made of glass or silicon wafers (the results of the
experiments performed in different chambers and substrates
are not shown). Preliminary experiments also confirmed that a
snowman-shaped colloidal dimer could also spin, which stands
with its long axis vertical to the substrate and spins around this
axis (see Video S9).

We do not fully understand why a mobile microsphere
spontaneously spin in ~100—200 kHz ultrasound, but we
speculate that it is caused by the same circular, localized
acoustic streaming that occurs near fixed micropillars. A
tentative mechanism is given below, and the key is the
observation that a mobile microsphere spins in the opposite
direction to its surrounding fluid. For example, Figure 2e
shows a 1 pm polymer tracer sphere being advected into
orbiting a spinning S ym SiO,-Pt Janus microsphere. Here, the
tracer moved clockwise, while the center Janus sphere spun
counterclockwise. The circular acoustic streaming flows around
a Janus microsphere are suspected to arise from the same
physical reasons as those around a fixed pillar:**™>* as sound
waves propagate across the solid—water interface, momentum
is transferred from a vibrating sphere to the fluid, imparting
torques that leads to vortices. Following the Newton’s third
law, the sphere (fixed to the substrate or not) reciprocally and
simultaneously receives a torque from the fluid. Importantly,
this torque does nothing to a fixed microsphere that is held in
place, but spins a mobile microsphere that is free to rotate, so
that it spins opposite to the surrounding flows to conserve
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angular momentum of the entire system. This tentative
mechanism will be followed by a later study with more
quantitative and rigorous understanding.

Tuning the Spinning. Before using localized acoustic
streaming to turn a micromotor, we first show that the
direction and speed of a spinning microsphere can be precisely
tuned by varying a number of experimental parameters. First,
we quantified the angular speed @ of a spinning microsphere
from the temporal variation of its direction € (see Figure 3a for
definition), so that its average angular speed @ = (d6/dt),
where (), refers to taking the time average. We then examined
@ as a function of the ultrasound voltages (V) and driving
frequencies (f), as well as the size (sphere diameter), material
composition, and coating thickness of the microsphere. Results
in Figure 3b show that, intuitively, a microsphere spins faster at
higher ultrasound voltages that inject more energy into the
system, in agreement with previous studies on circular acoustic
streaming flows around fixed micropillars.*®>'~>*

Less intuitively, Figure 3c shows that a microsphere could
reverse its spinning direction as the driving frequencies
changed. Over a larger frequency range, such direction
switching can occur multiple times, shown in Figure S5 and
Video S11. Similar direction reversal of streaming flows around
micropillars upon changing driving frequencies has been
reported in the literature™>” and was attributed to a change
in the vibrational mode of the substrate. Such direction
switching is highly reproducible, as shown in Figure 3d, where
the clockwise and counterclockwise spinning of a 5 ym PS
microsphere is switched back and forth by switching the
driving frequencies between 113 and 143 kHz.

The spinning speeds of a microsphere are also related to
their intrinsic properties such as sizes, materials or coating
thickness. For example, Figure 4a shows that larger micro-
spheres spun more slowly than smaller spheres made of the
same material and activated under the same ultrasound.
However, acoustic spinning was not observed for mobile Janus
PS-Pt nanospheres of 500 nm diameter, or gold nanorods of 3
pum long and 300 nm in diameter. We suspect a few physical
effects could collectively determine how sizes affect the
spinning speeds: a larger particle could experience a stronger
streaming flow but is counteracted by larger viscous drags that
not only scales with 6za (a being particle radius) but also
increases as a larger particle gets closer to the bottom.
Increasing the thickness of the metal coating of a metal—
polymer Janus microsphere from S to 50 nm increased the
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spinning speeds by ~40% (Figure 4b), but an even thicker
coating caused slower spinning, possibly because of an increase
in particle size.

Materials play a major role in determining the spinning
speed of a mobile microsphere. For example, Figure 4c shows
that SiO, microspheres spin faster than polymer spheres, and
Au microspheres were even faster. This difference could be
related to the different acoustic contrast factors of PS (0.22),
Si0, (0.59), and Au (0.79) (see Supporting Information for
definitions and calculations), which causes microspheres made
of different materials to vibrate and stream in different
magnitudes. However, the ratio of their spinning rates does
not exactly match that of their acoustic contrast factors. Figure
S4 further shows that AuPt Janus microspheres spin
significantly faster than either PS-Pt or SiO,-Pt Janus spheres,
in qualitative agreement with the above discussion. The choice
of the metal for the cap material (Au vs Pt), however, had a
minor effect on the spinning speed of a Janus microsphere
(Video S10).

Although a detailed understanding of how various
parameters affect the spinning speeds of a microsphere is
lacking at this moment, it is clear that ultrasonic spinning of
mobile microspheres is widely found in a variety of samples
and under different operating conditions. More importantly for
applications, these results show that the direction and
magnitude of a spinning microsphere can be tuned.

Ultrasonic Steering of Micromotors. The acoustic
spinning of microspheres described above can be used to
steer micromotors that tend to move in tortuous, diffusive
trajectories.”*° The idea is simple: ultrasound is applied every
time a micromotor needs to make a turn, so that the motor is
steered to a direction and with an angle precisely determined
by humans operators. In Figure 5, we demonstrate the
usefulness and generatability of ultrasonic steering with two
types of micromotors. In each case, a spherical micromotor
self-propels slightly above a glass substrate, and ultrasound is
turned on and off via a ceramic transducer located next to the
experimental chamber as in the case of Figure 1. Both types of
micromotors are made of PS-Pt Janus microspheres but
powered differently. The first type (Figure Sa—c and Video S2)
moves in an alternating current (AC) electric field by
asymmetric electroosmotic flows, a mechanism known as
induced charge electrophoresis (ICEP).*”~*° The second type
(Figure Sd—f and Video S3) catalyzes the decomposition of
H,0, into O, and water on the Pt cap, and the resultin
chemical gradient powers the motor via self-phoresis.”>*%%' =%
A third example of the ultrasonic steering of a photochemically
powered TiO,-Pt micromotor is given in Video S4. It showed
qualitatively the same result as a SiO,-Pt motor, and not
elaborated here.

The precision of ultrasonic steering is perhaps better
illustrated with the electrical micromotors shown in Figure
Sa—c, given their relatively straight trajectories. Importantly,
although all micromotors were steered simultaneously when
ultrasound was applied, they moved in independent
trajectories (Figure Sc and Video S5). This is in stark contrast
to magnetically steered micromotors whose trajectories are
strongly correlated (see Figure S11 in ref 64). This difference,
elaborated below, is fundamentally rooted in how steering is
achieved in either case: magnetic steering works by aligning a
magnetic micromotor with an external magnetic field, while
ultrasonic steering works by an individual micromotor
generating its own torque locally.
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Figure S. Ultrasonic steering of electrically (a—c) and chemically
(d—f) powered micromotors. The sections of trajectories under
ultrasonic steering are marked red. (a,d) Schematics of the
propulsion mechanisms of micromotors powered by alternating
current (AC) electric fields (a) and surface catalysis of H,0, (d).
See main text for details. (b—f) Typical trajectories without (b,e)
and with (cf) ultrasonic steering. (g—i) Circular trajectories of
different radii of electrically powered micromotors steered by
ultrasound of different voltages (marked in red). Experimental
conditions: AC electric field of 400 V/cm and 1 kHz for (b,c) and
(g—1); ultrasound of 75 V and 110 kHz for (c,f); 3% H,0, for (e,f);
ultrasound of 183, 120, and 153 kHz for (g—i), respectively.
Videos S2, S3, and S6 correspond to (b,c), (ef), and (g—i),
respectively.

While a short burse of ultrasound turns a motor left or right,
prolonged ultrasound turns a micromotor in circles.
Importantly, the radius R of the circular trajectory can be
fine-tuned following R = U/®, where U is the motor’s intrinsic
self-propulsion speed and w is the angular speed caused by
acoustic spinning. Both U and @ are easily tunable, yet
decoupled from each other. For example, in the case of an
electrical micromotor, U varies with the driving amplitude
and/or frequency of the AC electric field, while @ varies with
those of ultrasound. By adjusting the relative magnitude of U
and w, a micromotor can be steered into circular trajectories of
different R. For example, Figure Sg—i and Video S6 showcase
electrical micromotors moving in circular trajectories of three
different R: large orbits of R = 23.9 ym (Figure Sg, U = 16.1
um/s and @ = 0.67 rad/s), medium sized circles of R = 11.5
um (Figure Sh, U = 24.8 ym/s and @ = 2.16 rad/s), and tight
circles of R = 5.7 um (Figure Si, U = 13.9 ym/s and @ = 2.44
rad/s). The trajectories of a chemical micromotor can, in
principle, be tuned, as well, for which U is typically a function
of fuel concentration (experiments not performed).

Acoustic Spinning in a Capture—Transport—Release
Mission. Taking ultrasonic steering one step further toward an
application, we demonstrate in Figure 6 and Video S7 a crude
example of its usefulness in microscopic cargo transport. Here,
ultrasound not only steers a micromotor toward specific
cargos, but also releases cargoes when needed. The operating
principle is illustrated in Figure 6a. As an example, Figure 6b
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Figure 6. Cargo pickup, transport, and release enabled by acoustic spinning. (a) Schematic of the operation. The motor is a metal dielectric
Janus microsphere moving in AC electric fields. Inset, left: at high AC frequencies (e.g., 1 MHz), the Janus microsphere moves toward the

metal cap and attracts polymer tracers to the metal cap by dipolar attractions.

65,66 Inset, middle: ultrasound is used to steer the micromotor,

and its trajectory under ultrasonic steering is marked red. Inset, right: when in need of releasing the captured cargo, a strong pulse of
ultrasound is applied that causes strong streaming flows around the motor, which brings the cargo close to the dielectric hemisphere and
releases it by dipolar repulsion. The motor—tracer conjugate can be steered into arbitrary trajectories before the cargo is released. (b) Series
of optical micrographs demonstrating one example of (a). Here, a 5 pgm SiO,-Pt Janus microsphere moved in an AC electric field of 1 MHz
and 250 V/cm in water. It picked up two 2 gm SiO, microspheres as it moved. Ultrasound of 113 kHz and 50 V was used to steer the motor,
and ultrasound pulses of 113 kHz and 100 V were turned on for 1 s at t = 36 and t = 82 s to release two cargos. The two spheres were not
released together likely because of the randomness of their initial positions when ultrasound was applied. See the Supporting Information for

experimental details.

shows a 5 ym Pt-SiO, Janus micromotor, powered by 1 MHz
AC electric fields, picked up two 2 ym SiO, tracers (as cargos)
sequentially by dipolar interactions (principles of attraction are
detailed in refs 65 and 66 and described in Figure $S6).
Ultrasound was turned on very briefly at the beginning to turn
the motor toward cargo #1 rather than other cargos scattered
around. The motor—tracer conjugate then moved on its own
course and picked up cargo #2 by the same dipolar attraction
that captured #1. Later, cargos were released by a short,
powerful ultrasound pulse of 100 V. This was much stronger
than that used for steering (S0 V), thus generating strong
streaming flows that spun the cargo around the motor to the
SiO, side. The cargo is then released by dipolar repulsion
because both the cargo and the SiO, hemisphere are
electrically polarized in the same direction. The second cargo
was later released by the same mechanism, after the motor was
acoustically steered for some time. The operations described
above, “steered capture”—“steered transport”—“release”, could,
in principle, be optimized and fully automated to enable
applications such as microrobotic cell manipulations in a
microfluidic chip.

Differences between Ultrasonic and Electromagnetic
Steering. The ultrasonic steering strategy we proposed and
demonstrated here is fundamentally different from other
strategies that turn micromotors by external torques, such as
magnetic spheres in rotating magnetic fields®” or Ni nanowires
in rotating electric fields.”® This difference might not be
obvious, given that in both cases energy is applied from an
external source to the entire population, and in both cases all
particles spin simultaneously. However, ultrasound breaks
local, rather than global, symmetry. As a result, a microsphere
spins by itself, with a frequency and a spinning direction
controlled but not dictated by acoustic parameters. Electro-
magnetic spinners, on contrary, rotate in the same direction as
the field, and with the same frequency as the field (unless the
field frequency is too high for it to catch up).*’
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These fundamental differences between electromagnetic and
acoustic spinning lead to two distinct modes of trajectories,
shown as oversimplified cartoons in Figure 7. In terms of

electromagnetic steering

(a) Y

acoustic steering

EorB ~
C <

©
=
)

C ¢
< <

Figure 7. Differences between electromagnetic (left) and acoustic
(right) steering. (a) Motors align with the field lines if steered by
an electromagnetic field (left) but rotate in circles if steered by
ultrasound (right). (b) Population of motors move in the same
direction if steered by an electromagnetic field (left) but move in
independent trajectories if steered by ultrasound (right). These
cartoons are schematics and oversimplified.

trajectory shapes (Figure 7a), electromagnetically steered
motors move in straight trajectories parallel or perpendicular
to the external field lines, while ultrasound steers motors into
circles. This distinction could also lead to different hydro-
dynamic interactions among colloidal particles spun by
electromagnetic fields or acoustic streaming, a topic to be
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explored in a separate study. In terms of directionality (Figure
7b), a population of electromagnetically steered motors all
move in the same direction (or two orthogonal directions
depending on their magnetization).'' Acoustically steered
motors, on the other hand, move in their own directions, but
all turning by the same angle (ideally) dictated by the acoustic
spinning.

Neither of these two steering strategies, ultrasonic or
electromagnetic, is necessarily “better” than the other, but
they could be better suited for a specific task or application.
For example, electromagnetic steering could be more useful if
all motors are expected to move toward the same target, while
ultrasonic steering could be more useful if autonomy is needed
or the motors are expected to probe their local environment.
We also note that the principle of acoustic steering is similar to
the run-and-tumble strategy proposed in ref 57, where
electrically powered micromotors switch between moving
linearly or in circles when the electric frequencies are switched.
The key advantage of our ultrasonic steering strategy, however,
is that it is independent of the motor’s propulsion, thus
applicable to a much wider variety of micromotors than ref 56.

Applicability of Ultrasonic Steering. Acoustic spinning
and its related use in ultrasonic steering is a robust, highly
reproducible and generic physical effect, as long as the
experimental condition permits localized, circular acoustic
microstreaming. As a result, we observed spontaneous spinning
of microspheres of different sizes, shapes, and compositions in
experiments performed under a range of acoustic parameters
and in different experimental chambers and on different
substrates. Moreover, we have demonstrated successful
acoustic steering with micromotors of three different types
(one powered by electric fields, and two by chemical
reactions). These results strongly suggest that acoustic
spinning is a generic and versatile technique to spin
microscopic objects in a contactless and controllable manner.
Furthermore, given the rich literature of using acoustic
streaming to manipulate cells and microorganisms, 77072 e
are optimistic that acoustic spinning reported here can be used
to spin microorganisms or cells that are not stuck on a
substrate.

Limitations of Ultrasonic Steering. The ultrasonic
steering of a micromotor can be improved in a few aspects.
Perhaps the biggest limitation is that all motors in a population
are simultaneously steered because ultrasound is applied
globally, rather than individual steering that is sometimes
desired. Note that this statement is not contradicting the
features described in the section Differences between Ultra-
sonic and Electromagnetic Steering because even though all
motors are steered by ultrasound simultaneously, they do not
move in the same direction as in the case of electromagnetic
steering. Nevertheless, to make each motor individually
addressable, one could make each motor slightly different, so
that they only respond to a specific set of acoustic parameters.
A similar strategy has been applied to magnetic micromotors to
make each motor individually addressable.**”*~"

A second limitation is that not all microspheres in the field
of view spin the same way: some spin fast, while others might
spin more slowly, do not spin, or even spin in the opposite
direction (see examples in Videos S8 and S11). This variance
of spinning states could be because microspheres of slightly
different diameters and coatings were used. However, it is
more likely due to the nonuniformity of the acoustic field:
different points on the substrate could vibrate in different
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phases or amplitudes, depending on the vibrational modes of
the entire system at a specific frequency. The distribution of
the acoustic energy is also affected by the exact location of the
piezoelectric transducer, and by the sound scattering off the
chamber walls. As a result, it is challenging to precisely steer a
micromotor that moves across the substrate, because the
acoustic frequency required to turn it toward a specific
direction and at a specific rate varies from one spot to another.
This issue could be solved by more careful designs of the
experimental setup and the use of a pair of transducers with
well-defined phase differences, as in ref 49, so that the exact
distribution of acoustic fields is known.

Finally, although not discussed in this article, global forces
such as acoustic radiation forces”® and the drag force induced
by global streaming flows,” which are concurrent effect with
localized microstreaming discussed here, could transport or
even collect micromotors,”® and thus obstruct their steering
(see Video S11 for an example). Because these effects are
sensitive on the driving frequencies and locations on the
substrates, a micromotor could move in unintended directions
when the acoustic frequency is changed, or when the motor
moves to a different spot. This issue of uncontrolled transport
can be mitigated, or even taken advantage of, by careful
experimental designs that produces well-established acoustic
fields of known distributions. Global streaming could also be
mitigated by the use of pulsed ultrasound.”’

CONCLUSIONS

In summary, we have reported a generic strategy to steer
micromotors with ultrasound, taking advantage of the self-
spinning of a microsphere in ultrasound of ~100—200 kHz.
Such spinning is tentatively attributed to localized, circular
streaming flows, but a complete mechanistic understanding is
lacking. The spinning speed and direction of a microsphere can
be precisely controlled by the driving voltage or frequencies of
the ultrasound, or by the size, material, and coating thickness
of the particle. Such acoustic spinning was then used to steer
two types of micromotors, one powered by surface catalysis,
the other by AC electric field. By tuning the ratio of the
motor’s self-propulsion speed with its spinning speed, a motor
can be steered to move in trajectories of different tightness.
Using acoustic spinning, we have also demonstrated a crude
example of how a micromotor can approach and pick up
cargos, release them on demand, and transport cargos along
steered trajectories.

Acoustic spinning and its use in steering micromotors is a
fundamentally different strategy from electromagnetic steering,
in both the directionalities of the motors, and the shapes of the
resulting trajectories. This difference is derived from the fact
that acoustic spinning breaks local chiral symmetry, so that
each particle spins by itself. Moreover, acoustic spinning works
for motors of different propulsion mechanisms, a major
advantage in the controlled operation of microrobots in
complex environment, particularly those powered and steered
by biocompatible ultrasound. Furthermore, acoustic spinning
works for particles of a variety of sizes and compositions, so
that it could be developed into a generic and versatile tool for
rotating microscopic objects contactlessly and controllably,
including living microorganisms and cells.

METHODS
Sample Synthesis. Polystyrene (PS) and SiO, microspheres of
various sizes were purchased from Tianjin Baseline Chrometch
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Research Center. Janus microspheres were fabricated by sputter-
coating on a monolayer of microspheres with Pt of typically S—10 nm.
The choice of the sputtered metal, or whether it is sputter-coated or
thermally evaporated, is not important. Gold microspheres were
chemically synthesized following ref 82, and spheres of different size
ranges were separated by centrifugation. TiO, microspheres were
chemically synthesized following ref 83 by coating commercial SiO,
microspheres with a thin TiO, shell. Scanning electron micrographs of
gold and TiO, microspheres are given in Figure S1.

Snowman-shaped colloidal dimer were synthesized following ref 84.
In a typical experiment, 20 mg of TiO, particles was dissolved in 30
mL of deionized water (DI) and sonicated for 15 min. Then, 100 uL
of NH;-H,0O was added, followed by the addition of 300 uL of 3-
(trimethoxysilyl)propyl methacrylate (TPM) monomer, and the
mixture was kept under stirring for 1 h. To dewet the TPM from
the TiO, particles, a desired amount of Triton X-100 (TX) was added
to the mixture. The extent of dewetting can be controlled by varying
the concentration of TX (Cryx). Then the polymerization of the TPM
oil was realized by adding 10 mg of AIBN and heating the solution at
80 °C for 6 h. The resulting particles were cleaned by multiple cycles
of sedimentation and resuspension in deionized water. Optical
micrograph of snowman-shaped colloidal dimers are given in Figure
S1.

The zeta-potential of the glass substrate was measured by Zetasizer
ZEN1020, Malvern, in deionized water. The zeta-potential of
microspheres was measured by Zetasizer Nano ZSP, Malvern, in
deionized water. Each measurement was performed automatically for
12—1S5 cycles and repeated for 3 times.

Experimental Setup. A piezoelectric ceramic transducer (model
SMD12T06R412WL, STEMINC) was glued by epoxy to the
conductive side of an indium tin oxide glass slide (70 mm X 25
mm). The ceramic disk was 0.6 mm thick and 12 mm in diameter and
had a nominal resonating frequency of 3.4 MHz. Next to the
transducer and on the same side of the ITO slide, attached a silicone
spacer of 200 pum thick with a circular hole of 6 mm in diameter.
Colloidal suspension was pipetted into the hole, and a clean coverslip
was placed on the top to seal the chamber. Care was needed to
prevent air bubbles from being trapped in the chamber. A cartoon
schematic of the experimental setup is given in Figure la in the main
text, and an actual photo is shown in Figure S2.

To fix PS microspheres onto a substrate, their aqueous suspension
was drop-casted on a piece of glass slide. After drying, the slide was
placed on a hot plate and heated at 90 °C for 20 s, so that PS spheres
partially melted and stuck on the slide surface to serve as fixed
micropillars.

Micromotor Experiments. ITO slides were used as both the top
and the bottom substrates for experiments with electrically powered
micromotors shown in Figure Sa—c and Figure 6. These two
electrodes were connected to a function generator via conductive
copper tapes, and sine waves of typically 8 V were applied. The
driving frequencies were typically 1 kHz for experiments in Figure
Sa—c and 1 MHz for Figure 6. A schematic of the experimental setup
is shown in Figure S3. Chemically powered SiO,-Pt micromotors
moved in 3% H,0,. Photochemically powered TiO,-Pt micromotors
moved in 2% H,0, under UV light of 365 nm (model M365LP-C1,
Thorlabs) at a power density of 60.3 mW/cm?.

Microscopic Imaging and Tracking. In a typical experiment, an
inverted optical microscope (model IX73, Olympus) was used to
observe samples from below (videos recorded at 15 fps with a CMOS
camera). Occasionally, confocal microscopy (SP8, Leica) was used to
record fluorescent videos of high spatial resolutions (at 4 fps, such as
Figure 2d). To calculate the rotational speed of a spinning
microsphere, its orientation angle 6 (see Figure 3a for definition)
was identified with a homemade MATLAB code, by first identifying
the circular contour with Circle Finder APP, then drawing an arrow
that points from the black to the white hemispheres. Trajectories of a
micromotor were obtained by tracking the particle with homemade
MATLAB codes, courtesy of Prof. Hepeng Zhang from Shanghai
Jiaotong University.
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