& Cite This: ACS Nano XXXX, XXX, XXX-XXX

WWwWw.acsnano.org

Twists and Turns of Orbiting and Spinning
Metallic Microparticles Powered by Megahertz

Ultrasound

Chao Zhou,+ Leilei Zhao,T Mengshi Wei, and Wei Wang™

Harbin Institute of Technology (Shenzhen), Shenzhen, Guangdong 518055, China

© Supporting Information

ABSTRACT: Micromotors powered by megahertz ultrasound,
first reported about S years ago, have lately been considered a
promising platform for a wide range of microscale applications,
yet we are only at the early stage of understanding their operating
mechanisms. Through carefully designed experiments, and by |==12
comparing the results to acoustic theories, we present here an in-
depth study of the behaviors of particles activated by ultrasound,
especially their in-plane orbiting and spinning dynamics. Experi-
ments suggest that metallic microrods orbit in tight circles near =
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the resonance ultrasound frequency, likely driven by localized

acoustic streaming due to slightly bent particle shapes. On the other hand, particle spins around their long axes on nodal
lines, where phase-mismatched orthogonal sound waves possibly produce a viscous torque. Intriguingly, such a torque
spins metal-dielectric Janus microspheres back and forth in an unusual “rocking chair” fashion. Overall, our observations
and analysis provide fresh and much needed insights on the interesting particle dynamics in resonating ultrasound and
could help with developing more powerful and controllable micromachines with biocompatible energy sources.
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icromachines, especially those that move autono-
l \ / I mously at colloidal or nanometer scales, have always
captured popular imagination.l_4 In recent years,
laboratory implementations of micromachines have emerged;
some inspired by living animals and micro-organisms®~* and
others driven by a slew of chemical,”™"" electromagnetic,lz_15
thermal,'® and optical effects'’ ™' that in one way or another
breaks symmetry and generates gradients.”” One of the latest
development is the use of megahertz ultrasonic standing waves
to power the motion of metallic microparticles.”>** When
suspended in water and levitated by ultrasonic standing waves,
metallic microrods exhibit three distinctive types of fast
dynamics (Figure 1 and Video S1): in-plane directional motion
(Figure 1a), in-plane orbiting in tight circles (Figure 1b), and
spinning about their long axes (Figure 1c).”> However, the
advancement in this field is still limited by our relatively poor
understanding of their individual operating mechanisms, as well
as their spatial inhomogeneity: groups of metallic rods at
different locations on the nodal plane can exhibit different types
of motion in Figure 1, with seemingly little pattern to follow
(see, for example, supporting videos of ref 23).

Given the mounting popularity of micromotor research, the
ultrasound powered directional motion (Figure la) has
received the largest share of attention among the three
modes of motion.”* For example, preliminary but exciting
applications of these “acoustic micromotors” have been
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Figure 1. Schematics of three distinct modes of motion for metal
microrods in ultrasonic standing waves (Video S1). Particles
levitate to a central nodal plane and exhibit in-plane directional
motion (a), orbiting (b), and spinning (c). Particle and device sizes
are not to actual scale.

reported in the field of nanomedicine.”” ** Although a few
possible mechanisms for such directional motion were
23,28 . .
proposed, the one based on near-particle acoustic stream-
ing is quickly gaining popularity.””* The orbiting and spinning
motion of metal rods in ultrasound (Figure 1b,c), on the other
hand, are equally interesting but much less understood. These
two modes of motion might prove quite useful in micro-
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Figure 2. Single particle dynamics of three microstirrers. (a) Trajectories of three orbiting rods on the levitation plane during 1.0 s. These
rods moved at different speeds, possibly because of their differences in the degree of shape asymmetry. (b) Displacement of the same three
rods along X (solid) and Y (dashed) directions. (c—e) As voltage increases, the linear speeds U (c) and angular speeds @ (d) of microstirrers
scale to V?, while their orbiting radii R (e) remain nearly constant. Solid lines are linear fits. (f) As the ultrasound frequency shifts away from
the resonance frequency (3.000 MHz in this case), the trajectories of orbiting rods change from circles to more linear and random shapes.
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machinery, such as microdrillers®'”** or microstirrers, and
can serve as biocompatible alternatives to more commonly
studied chemical or electromagnetic counterparts. A better
understanding of the ultrasound powered rotating and spinning
of microparticles, however, is required for applications beyond
proof-of-concepts.

To this end, we combined carefully analyzed experiments
with recent acoustic theories to advance our understanding of
the orbiting and spinning motion of metallic (and half-metallic)
microparticles powered by MHz ultrasonic standing waves.
Their orbiting and chirality-flipping dynamics suggest that
streaming-induced in-plane torques operating at single particle
levels are likely responsible for their rotation. On the other
hand, the spinning dynamics of SiO,—Ti Janus microspheres
could be semiquantitatively accounted for by streaming-
induced viscous torques due to phase-mismatched incident
sound waves propagating in different directions. Finally, a
tentative but unified picture is given to explain how and when
the three modes of ultrasound powered motion in Figure 1
occur, a topic that has haunted researchers in this field since the
very beginning. This study therefore provides insight in the
general interaction between sound and matter, at the same time
advancing our capability in designing more powerful and
controllable micromachines powered by ultrasound.

RESULTS AND DISCUSSION

Our ultrasound experiments were carried out in a homemade
setup (see Methods and Figure S1 in Supporting Information
that is available online). A nodal plane at the center of the
chamber forms at the resonance ultrasound frequency, where
particles move by Figure 1; this plane is where all the following
experiments were conducted. In a typical experiment, a
chamber height of ~200 pm and a resonance frequency of
~3 MHz was used. Ultrasound propagates in the Z direction,
and a nodal plane forms in the XY direction at half the height of
the chamber. To prevent possible confusion, we note that
particles in ultrasound do NOT simultaneously orbit in tight
circles (Figure 1b) and spin along their long axes (Figure 1c).
Spinning rods sometimes assemble into long chains along
which they shuttle (Video S1, right panel). Although these
chains can curve into wide circles (see Figure 3c and 3e in ref
23), they are quite different from the tight circles discussed
here. Spinning spheres, either completely metal or Janus, in
general do not undergo translational motion but only assemble
into chains or cluster unless they are of asymmetric shapes.
Orbiting Motion of Individual Metallic Microrods in
Ultrasound. We first focus on the in-plane orbiting motion of
metallic microrods (hereafter referred to as “microstirrers”) in
ultrasound (Figure 1b). These microrods of 300 nm in
diameter and ~2 pm in length were synthesized by electro-

DOI: 10.1021/acsnano.7b07183
ACS Nano XXXX, XXX, XXX—XXX



ACS Nano

100

c) 3 d)
3 o
5 o ’
% 5 2
- =3
) o
" =
L] L &
(=]
- \fl
o S 2
5,
i & L-]
25 pm oL o

Y
o (=]

]
o

4

K .
)

00 02 04 06 08

1.0 12 14

Off Time (s)

Figure 3. On the orbiting mechanism of metal microrods. (a,b) Scanning electron micrographs of gold microrods (a) with noticeable shape
imperfections, and a silver microrod (b) of almost perfectly cylindrical shape. (c) Optical micrograph showing gold microrods orbiting on the
nodal plane either clockwise (CW, blue) or counterclockwise (CCW, red), taken from Video SS. Particle trajectories are overlaid for 0.67 s
(80 frames). (d) Sketch of how rods reverse their chirality after power interruptions, and the reversal ratio as a function of ultrasound off time.
Solid line: fitting by y = 0.5—0.5[1 — exp(—x/7.)]. The fitting result for the characteristic flipping time 7, of a rod is 0.154 s. Inset on bottom
right: cartoon illustrating that a bent rod could rotate CW or CCW depending on how its body is placed on the plane, which is completely
random. Rotation in CW and CCW directions is therefore equally probable. This cartoon is for illustrating the concept only, and we do not

conclusively know whether a rod rotates toward the bent side.

depositing gold in porous alumina membranes (see Methods
section for details). However, rods made of platinum,
ruthenium, and rhodium would all show qualitatively the
same orbiting dynamics as well as directional motion®® since
the acoustic contrast factor of these metals (including silver),
which determines the magnitude of the acoustic radiation force
they experience, is very similar. Near the resonance frequency,
microrods moved in tight and independent circles, and Figure
2a shows the smoothed trajectories of three of such rods
moving at different locations on the XY plane. Their angular
velocity, @, can be extracted from the periodic oscillation of
their coordinates in X or Y (Figure 2b), while their linear
speeds U were calculated from their displacement between each
subsequent frame (120 frames per second). The radius R of
their circular trajectories follows R = U/w, assuming perfect
circles, although imperfect circular trajectories were also
common (see Figure 3c and Video SS for examples).

A number of experimental parameters significantly affect the
orbiting dynamics (i.e, R, U, and @) of microstirrers. In a recent
study, Ahmed et al. have reported an increase in orbiting radii
for rods located farther away from lateral nodes.”® Here, we
focus on the effect of the driving voltage V and frequency f on
the orbiting dynamics of microstirrers (results shown in Figure
2). The speed U of an orbiting rod (and its angular velocity @)
scales to V2, consistent with the results for the translational
motion of acoustic micromotors.’® Video S2 shows rods
moving at three different voltages. Such a dependency has
previously been explained by an acoustic streaming theory,””*’
where acoustic motor’s lateral speed on the nodal plane scales
to the second order of the displacement amplitude a in the
vertical direction, which is further proportional to the driving
voltage V (ie, U ~ a* ~ V7).

Ultrasound frequency is another important parameter
governing the dynamics of microparticles; a slight shift in the
driving frequency can significantly undermine the capability of
rods to orbit in circles. Instead, their trajectories became more

random and less close-looped, and their linear speeds decreased
(Video S3). This is captured in Figure 2f where the trajectories
of a few moving rods are shown at five different frequencies
around the resonance frequency (3.000 MHz). Such a sharp
transition from circular orbits to open and more linear
trajectories could be due to the sensitivity of the acoustic
resonator to the driving frequency of a high Q transducer,
combined with the inability of nonresonant ultrasound to
prevent rods from flipping around their bodies by Brownian
rotation. Both of these factors will be discussed in more details
in a later section.

Why do metal rods orbit in ultrasound? It is easy to imagine
the electrodeposited microrods might not be perfectly
cylindrical; alumina templates might contain defects within
their pores or not be perfectly straight. An electron micrograph
of a few of such imperfect gold microrods is presented in Figure
3a as an example. It has been recently proposed that the front
and end shape asymmetry of a metallic microrod leads to
asymmetric surface acoustic streaming, which propels the
particle into directional motion.””*" Similarly, a rod containing
protrusions or cavities on its side, or more likely is slightly
curved, could experience an uneven distribution of forces and
torques on the nodal plane and therefore rotate in-plane. To
test this hypothesis, control experiments were performed with
silver microrods of similar dimension to the gold rods used
above, but of almost perfect shape symmetry (Figure 3b; see
Methods for synthesis details). When suspended in ultrasound
standing waves, they levitate and align (Video S4) but never
showed directional propulsion or orbiting, lending strong
support to the acoustic streaming mechanism involving shape
asymmetry.

Group of Independent Microstirrers. Following the
acoustic streaming theory and its dependency on particle shape
asymmetry at a single particle level, one naturally wonders if
this can be verified within a larger population via ensemble
statistics. One way is to examine the spatial-temporal
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distribution of the rotation chirality, that is, rotation in
clockwise (CW) or counterclockwise (CCW), of a group of
microstirrers. For example, we have determined the chirality of
a group of microstirrers in Video S5 to be ~50% CW and
~50% CCW (Figure 3c, color coded), and such a ratio is stable
during our observation time. In addition, we note that any
individual rod that is levitated would spin in constant chirality,
rather than switching between CW and CCW from time to
time. This is an important feature of orbiting rods that will be
discussed in more details later.

It is also interesting to examine how the ensemble chirality
ratio might change from its steady state 50—50% when the
system is disrupted and, in doing so, whether the chirality
reverses for any particular rod. The reasoning is that a
consistent chirality at both a single particle and an ensemble
level despite interruptions might indicate the presence of a
time-invariant local energy distribution which is responsible for
rod orbiting (e.g., some sort of local flow or acoustic torque that
is independent of how the rod is placed). To test this, pulsed
ultrasound was applied with varying time periods in which the
power was off (“off time”; see Supporting Information for
details), as opposed to the continuous ultrasound that was used
for all the other experiments. Upon turning off the ultrasound,
microstirrers immediately became inactive (except for
Brownian motion) and began to sediment slightly but quickly
returned to their orbiting motion when the ultrasound was
resumed. The off time was tuned from 0.05 to 1.3 s, beyond
which accurate particle tracking was difficult because of
sedimentation. We confirm that every time the system
recovered from power interruption, ~50% of rods consistently
orbited in CW and the other ~50% in CCW, that is,
interruption at the probed time scale did not change the
ensemble chirality distribution. At a single particle level,
however, some rods switched their individual chirality after
power interruptions (i.e., from CW to CCW or vice versa), and
the percentage of these switched rods (referred to as “flipping”
hereafter) increased from ~0% at off time of 0.05 s to ~50% at
off time of ~0.4 s and beyond (Figure 3d). It naturally follows
that, to maintain an ensemble 50—50% chirality ratio, roughly
equal number of rods switched from CW to CCW and from
CCW to CW. Both are counted to acquire the flipping
statistics.

The above ensemble results are reasonable if the imperfect-
ness of rods are considered and suggest that the orbiting
motion is likely due to torques generated at a single particle
level. To elaborate, since there was no preferred 2D orientation
for a freely suspended rod, it (along with its imperfect features
shown in Figure 3a) could face “right” or “left” (when seen
from the top) on the levitation plane, and thus could rotate in
CW or CCW at equal probabilities (see Figure 3d inset).
Although the orientation was mostly fixed for an orbiting
microstirrer (discussed later), after the sound was turned off, it
was allowed to rotate randomly along both axes while
sedimenting. Its imperfect features therefore randomly spun.
Note that this spinning of rods during sedimentation is due to
thermal fluctuation, rather than being powered by ultrasound,
and is therefore fundamentally different from the spinning
motion in Figure 1c and that discussed in later sections. This
purely thermal fluctuation yielded a spinning rate about the
long axis of ~7 Hz, which corresponded to a characteristic
spinning time 7. of ~0.144 s for a typical rod (2 ym long, 300
nm in diameter; see Supporting Information for calculation
details).””** As a result, half of all rods were expected to flip

their orientation if they were allowed to sediment for an off
time much longer than 7, and therefore reversed their chirality
when ultrasound was resumed. The probability for a rod to flip
decays exponentially at shorter off times when a rod does not
have enough time to rotate its body. This is exactly what we
observed, and the measured reversal ratio at different off time in
Figure 3d can be fit by a Boltzmann function with a 7, of 0.154
s, which agrees reasonably well with our calculated value of
0.144 s. The above analysis further supports the hypothesis that
rods orbit due to their shape asymmetry.

Before we move on to the next section on particle spinning,
we would like to comment on the interesting observation that
an orbiting microstirrer does NOT spontaneously change its
chirality, even though theories predict that it would randomly
reorient (and thus reverse its chirality) ~7 times a second,
regardless of where and how it rotates. To understand this
apparent inconsistency, we hypothesize that the orientation of
acoustic microstirrers in action is somehow confined and
flipping would require overcoming a large energy barrier, unless
when ultrasound is stopped or weakened. Such a hypothesis
echoes that proposed by Takagi et al., where curved bimetallic
microrods having sizes and shapes very similar to those studied
here, but operating by a completely different phoretic
mechanism, tend to move along twisted trajectories and
circular paths.”” They argue that the close proximity to bottom
walls of these chemical micromotors creates an energy barrier
that hinders their otherwise random flipping, which, unlike for
perfect cylinders, requires a substantial amount of energy for an
asymmetric cylinder. Although physical boundaries are absent
in our experiments, acoustic radiation force traps a levitated rod
on the nodal plane, with an energy barrier that could prove too
high for a trapped rod to flip. This is also consistent with a
previously described observation that, as the ultrasound
frequency was moved away from the resonance frequency,
rods started to move in less circular trajectories (Figure 2f),
presumably because the acoustic force in this case was too weak
to confine their orientations.

Spinning of Metal-Coated Janus Microspheres in
Ultrasound. Besides directional and orbiting motion, metallic
rods also spin about their long axes in ultrasound (Figure lc).
This is most striking when a large cluster of metallic microrods
spin collectively (Video S6); their vortex hydrodynamically
couples to each other and forms a large spindle that
dynamically reconfigures its shape and size. In a previous
study, Balk et al. carefully monitored the convective motion of
small polystyrene tracers near a spinning gold rod in
ultrasound.” By extrapolation, they determined that the rod
spun as fast as 2.5 kHz. However, to understand the spinning
mechanism, it is critical to directly visualize and study the
spinning of a particle. To this end, metallic microrods are no
longer useful because it is impossible to tell how a microrod
spins with the resolution offered by a regular optical
microscope. Instead, Janus microspheres (i.e., of two chemically
or physically different hemispheres) were used in the current
study. Although Janus spheres could spin differently from
metallic microrods due to their differences in particle geometry
and compositions, the knowledge acquired from the current
investigation could shed light on a general understanding of
how particles spin in ultrasound. These Janus spheres were
prepared by evaporating a thin layer (20 nm) of metal titanium
(Ti) on top of a monolayer of silicon dioxide (SiO,) beads (5
pm in diameter). The Ti and SiO, hemisphere appears dark
and bright under a bright-field microscope, respectively, thus
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Figure 4. Spinning dynamics of an individual SiO,—Ti Janus microsphere in ultrasound. (a) Sketch of the experimental setup and a cross
section, highlighting the torques acting on a sphere due to the phase-mismatched ultrasound waves traveling in X and Z directions. (b) Time
series snapshots and cartoon illustrations of the “moon phases” of a spinning SiO,—Ti Janus microsphere of 5 ym in diameter. The black and

red arrows indicate opposite spinning directions. Since SiO, is not

transparent enough to see the material covered underneath, the particle

appears “white” whenever the metal layer is flipped behind the focal plane. This is also helpful in identifying the transition from ~0.04 to 0.05
s as flipping backward, rather than spinning in the original direction. (c) Average gray value of the circled area in (b) as a function of time,

with particle orientations overlaid. (d) Power spectra by fast Fourier
corresponds to the particle spinning frequency.

transform of a representative spinning sphere. The major peak at ~20 Hz

providing sufficient optical contrast for the easy identification of
the particle orientation and calculation of its spinning rate.

When levitated in ultrasound, these SiO,—Ti Janus micro-
spheres could remain individual but more often are grouped
into chains or clusters, possibly due to secondary radiation
forces (ie., Bjerknes forces) that are attractive in-plane.*’ Like
the metal rods that spin about their long axes, these Janus beads
also spun, with their metal and silica hemispheres flipping in
and out of focus in turns (Figure 4a and Video S7). Because of
the difference in optical contrast between the two hemispheres,
a spinning Janus particles demonstrated “moon phases” that are
captured in Figure 4b. However, we particularly note that they
do NOT rotate the full 360° but rather back and forth in a
“rocking chair” fashion, which will be discussed in more details
later.

The spinning dynamics of a Janus microsphere can be
characterized by following the changes in its optical contrast
(Figure 4). For example, a series of optical micrographs of a
spinning Janus microsphere are captured at different time steps
(Figure 4b), showing various moon phases. Next, this Janus
sphere was isolated by computer codes from its neighbors. The
average gray values of every pixel on this Janus bead was then
examined over time (Figure 4c), and a periodic change was
recorded. Fast Fourier transform (FFT) was then performed on
this series of oscillating gray values (Figure 4d), and the highest
intensity in the power spectrum corresponds to the spinning
frequency of the sphere.

Unfortunately, such a method of isolating and analyzing
individual particles becomes impractical when large clusters are
concerned, where reliable single particle tracking is difficult.
Instead, an ensemble analysis was used (illustrated in Figure 5)
to provide the statistics of spinning frequency of Janus particles
in a cluster. The general procedure is as follows. First, the gray
value of one pixel in a given frame was recorded over time
(Figure Sb), and its fluctuation was converted to a power
spectrum by FFT (Figure Sc). This process was then repeated
for all other pixels in the frame, and their spectra in the
frequency domain were combined (Figure Sd). Finally, a
weighted average was performed on the filtered signals by
multiplying each frequency with its corresponding intensity
(probability), yielding the average spinning rates of the cluster.
This is then plotted against ultrasound frequency (Figure Se)
and voltage (Figure 5f), showing a trend similar to that of an
individual microsphere (data not shown). In addition, the
frequency dependency in Figure Se can be fit by a mechanical
resonator model (see Supporting Information for details),"'
suggesting that our acoustic chamber operates with a resonance
frequency of 4.02 MHz and a quality factor (Q) of 29.5. This is
consistent with the experimentally observed resonance
frequency, and with the fact that ultrasound propulsion
significantly weakened as the frequency was moved away
from resonance. Furthermore, this suggests the possibility to
use spinning Janus microparticles as a simple tool to
characterize in situ the resonance properties of acoustic devices.
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Figure S. Analysis of spinning microspheres in a cluster. (a) Optical

micrograph of a cluster of SiO,—Ti Janus microspheres of S ym in

diameter (inset: a magnified picture showing moon phases). (b) Time evolution of the gray values of two pixels, one on a spinning sphere and
the other on the background. (c) Fast Fourier transform of (b). (d) Combined power spectra of all pixels in (a). The presence of multiple
peaks indicates that Janus spheres in the same cluster spin at different rates. (e) Average spinning rate of spheres in a cluster at different
driving frequencies and a Lorentz fit (see Supporting Information for fitting details). (f) Average spinning rate of spheres in a cluster scales to

the second power of the driving voltage.

Spinning Mechanisms. Following the local acoustic
streaming due to particle shape asymmetry, which have been
used in previous sections to explain the translational and
rotational in-plane motion of metallic microrods in ultrasound,
one might naturally suspect that spinning discussed in this
section is also due to the same shape asymmetry effect.
However, even perfectly symmetric particles such as poly-
styrene or silica microspheres and silver microrods (Figure 3b)
would spin (in different magnitude) on the nodal plane, similar
to Janus microspheres described here. Such an insensitivity to
shape and materials suggests that the spinning mechanism has
little to do with shape-induced local streaming but, we propose,
much to do with the way sound waves propagate in the
experimental chamber. To elaborate, although in our experi-
ments the transducer operates in the thickness mode and sound
waves primarily travel along the Z direction (and therefore
forms a nodal plane on the XY plane; see Figure S1 for an
illustration of the experiment setup), wave propagation on the
XY plane was also found. This is a common feature for
thickness mode ultrasound chambers and possibly due to sound
scattering from their side walls.”™** As a result, a particle in
our experiments could experience sound waves propagating in
X, Y, and Z directions, all with the same wavelengths but likely
of different phases.

Importantly, it is known that such orthogonal standing waves
shifted in phase could induce surface acoustic streaming and
generate torques on even axisymmetric particles.”>~* If we, for
the sake of simplicity, only consider the streaming-induced
torque [™"**™"8 generated by the sound waves in the X and Z
directions, then™

2
37ry6,
2

0o

l—vstreaming _

Py By, Sin(@) "

where 1, is the particle radius, p, is the density of medium
(water), c, is the sound speed in the medium, p,, and p,, are
the acoustic pressure amplitude along the X and Z directions,
respectively, ¢ is the phase difference between waves in X and
Z directions, and §, is the viscous penetration depth, which is

further given by

)
where 7 is the fluid viscosity and f is the driving frequency of
the ultrasound. This torque at low Reynolds number is
balanced by the viscous torque:*

3
L, = 8anrym (3)
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where  is the spinning rate of a particle. By balancing the two
torques in eqs 1 and 3, we obtain the spinning rate

13 , X
w = |——=—p, psin(@)/rco
64p03ﬁ7 0x40; (4)

Following eq 4, we can therefore estimate of the spinning rate
of a S pm Janus sphere in our experiments, provided the
following assumptions. First, the phase lag ¢ is assumed to be
exactly 7/2, which would yield the largest torque and fastest
spin. Second, we assume that the sound wave traveling in the X
direction is 1 order of magnitude weaker than that in the Z
(major) direction (ie, po, = 0.1py,). This is considered
reasonable because the side walls in our acoustic chamber are
made of silicone, which is significantly softer and of lower
acoustic contrast than the rigid top and bottoms (glass and
silicon wafer, respectively). Finally, a typical value of 1 bar (10°
Pa) is used for the pressure amplitude in the Z direction p,
which is a common value reported in the literature for similar
acoustic setups.*’ Following these assumptions, we calculated a
spin rate of 47.7 rad/s that is very close to experimentally
measured value (~4S rad/s at the resonance frequency; see
Figure Se). This close match is certainly very sensitive to the
above assumptions but nevertheless supports to some extent
the validity of eq 4 and the viscous torque hypothesis
responsible for particle spinning.

Before we finish our discussion on the spinning mechanisms
of Janus spheres, we note that this mechanism predicts a full
360° spin, while the SiO,—Ti Janus particles only spun partially
(ie, a back and forth “rocking chair” motion). Our own
experiments with other dielectric-metal spheres and various
experimental cells showed similar results. On the contrary, a
previous study by Lamprecht et al. found that PMMA—gold
Janus spheres rotated full circles under orthogonal sound waves
from two transducers on the XY plane.”” Other than their
different transducer configuration, we note that the diameters
of the spheres used in their study (71—650 um) were
significantly larger than the one used in the current study (a
few micrometers), while the metal coating thickness is similar
(~20 nm). Therefore, the acoustic response of their samples
and ours could be different, which could explain the observed
difference in spinning dynamics but also indicates the
complexity of this fundamental question.

CONCLUSION

To summarize, we have performed an in-depth experimental
study on two distinct modes of rotational motion of
microparticles powered by megahertz ultrasound: orbiting in
a tight circle and spinning about their long axes. At the acoustic
resonance frequency, metal microrods orbit both clockwise and
counterclockwise in equal probabilities, with an angular
frequency that scales to the second power of the driving
voltage. They were able to flip their chirality if allowed to
sediment for longer than a characteristic rotational diffusion
time, suggesting that the asymmetric features at a single particle
level are responsible for their orbiting motion. Microparticles in
ultrasound also spin in and out of the nodal plane, and this was
studied carefully with SiO,—Ti Janus microspheres. Surpris-
ingly, these spheres do not spin in full circles but only back and
forth similar to a rocking chair. Their spin rates also scale to the
second power of the driving voltage, and the frequency
dependency matches that of a mechanical resonator with a
quality factor of 29.5. Such a spontaneous spinning could be

due to the interactions of sound waves traveling along multiple
axes, all in the same frequency but at different phases. The
resulting viscous torque from surface acoustic streaming
induces particle spinning.

Overall, our study, in conjunction with previous stud-
ies,”»*7?%%° proposes a consistent and unified picture of how
megahertz ultrasonic standing wave power microparticles into
three modes of motion via surface streaming. Specifically, when
particles are located where sound waves from different
directions interact, possible spinning (Figure 1c) due to viscous
torques entails. Otherwise, they could be powered elsewhere
into orbiting in tight circles (Figure 1b) when resonance
frequency was applied or into more random and linear
trajectories (Figure 1a) if the frequency is slightly off-resonance.
Particle shape asymmetry, either at the tips or the sides, plays a
critical role in the generation of asymmetric streaming and
therefore powered motion/rotation, consistent with theoretical
predictions. Unsolved mysteries still linger, but our greatly
improved understanding of ultrasound powered micromotors,
stirrers, and spinners could prove useful in designing more
efficient and versatile micromachines.

METHODS

Sample Synthesis and Fabrication. Gold microrods were
synthesized by electrodeposition in alumina templates following a
procedure adapted from an earlier study.*® Porous AAO membranes
(Whatman) with a nominal pore diameter of 200 nm were used.
Before electrodeposition, 200—300 nm of silver was thermally
evaporated on one side of the membrane as the working electrode.
The membrane was then assembled into an electrochemical cell with
the pore openings immersed in the metal plating solution. Silver
plating solution (Alfa Aesar) and homemade gold solution (gold
content 28.7 g/L) were used. In a typical experiment, S—10 ym of
silver was first electrodeposited into the pores at —5 mA/cm?, followed
by gold at —0.2 mA/cm? the length of which can be controlled by
monitoring the charges passed. The silver segment and the membrane
were then dissolved in HNO; and NaOH solution, respectively, and
gold rods were released and cleaned in DI water. Silver microrod
samples were provided by Prof. Yejun Qiu and were synthesized
following a classic technique published previously.*’

Ultrasound Experiment. A typical ultrasound experiment cell
(see Figure S1) is assembled by a silicon wafer, a PZT ceramic
transducer (Steminc, part no. SMD12TO6R412WL, resonance
frequency 3.4 MHz), and a silicone spacer of 250 ym in height with
a hole of S mm in diameter (Grace Biolabs). A piece of silicon wafer
was used as the substrate, and the ceramic disk was fixed to its rough
back by epoxy and connected to a waveform generator (Keysight
33510B). On the front (smooth) side of the wafer sits the silicone
spacer, with a glass coverslip on the top. Particle suspension was then
loaded into the chamber by micropipet, and ultrasound frequency was
tuned to achieve half-wavelength standing waves (ie, resonance
frequency). A few layers of Kapton tape, or rectangular glass capillary
tubes (Vitrocom, part no. 3520), can also be used as the experimental
chamber, provided that proper height was obtained. Pulsing ultrasound
was applied by setting up the waveform generator in burst mode (see
Supporting Information for details). Experiments were conducted on
an Olympus BX51 M upright microscope, and videos were recorded
with a CMOS camera (Point Gray, model Grasshopper 3). Particle
coordinates were tracked by homebrew MATLAB codes courtesy of
Hepeng Zhang from SHJT University.
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