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ynthetic micromotors are an emerging
class of micromachines.' 3 The micro-
motors studied so far have been driven
by a variety of mechanisms, including elec-
trochemical decomposition of chemical
fuels,* ® magnetic fields,'® "> magnetic in-
teractions between particles,'® electric
fields,'”'® Iight,w_22 bubble-driven propul-
sion,”>~%% polymerization,”” and diffusio-
phoresis.'?2° Micromotors fall into two
classes: they can be propelled by external
(e.g., electric or magnetic) fields, and there-
fore move in concert with each other, or
they can be propelled by local conversion of
energy and move autonomously. Autono-
mous micromotors display fascinating bio-
mimetic behavior that includes transport of
cargo,so’33 chemotaxis,** swarming, and
predator—prey interactions,?'* and they have
been studied for possible applications in bioa-
nalytical sensing and microfluidics,*® 3 How-
ever, for motors that can move autonomously,
there are issues that limit their practical
utility in biological environments. Many cat-
alytic micromotor systems rely on the use of
toxic hydrogen peroxide (H,0,) or hydra-
zine derivatives as the fuel.” 92372630733 |
addition, the high ionic strength of biologi-
cal fluids is incompatible with propulsion
mechanisms based on electrophoresis and
diffusiophoresis.>8191117:2426.2% \yhjle ex-
ternal electric and magnetic fields can be
used to drive micro-objects in biological
media, the resulting motion is not autono-
mous. Given the current strong interest in
microrobotics for medical diagnostics, drug
delivery, and minimally invasive surgeries,
there continues to be a need for a biocompa-
tible energy transduction mechanism that
can power autonomous micromotors.'>%4°
Acoustic energy is an interesting candi-
date for driving micromotors in fluids, in-
cluding biological media. Medical applica-
tions of sound waves at high frequency,
such as ultrasonography, have been devel-
oped for decades and are widely used.*'
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ABSTRACT Autonomously moving micro-ob-
jects, or micromotors, have attracted the atten-

tion of the scientific community over the past

decade, but the incompatibility of phoretic
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motors with solutions of high ionic strength and the use of toxic fuels have limited their

applications in biologically relevant media. In this letter we demonstrate that ultrasonic

standing waves in the MHz frequency range can levitate, propel, rotate, align, and assemble

metallic microrods (2 «m long and 330 nm diameter) in water as well as in solutions of high

ionic strength. Metallic rods levitated to the midpoint plane of a cylindrical cell when the

ultrasonic frequency was tuned to create a vertical standing wave. Fast axial motion of

metallic microrods at ~200 .zm/s was observed at the resonant frequency using continuous or

pulsed ultrasound. Segmented metal rods (AuRu or AuPt) were propelled unidirectionally with

one end (Ru or Pt, respectively) consistently forward. A self-acoustophoresis mechanism based

on the shape asymmetry of the metallic rods is proposed to explain this axial propulsion.

Metallic rods also aligned and self-assembled into long spinning chains, which in the case of

bimetallic rods had a head-to-tail alternating structure. These chains formed ring or streak

patterns in the levitation plane. The diameter or distance between streaks was roughly half

the wavelength of the ultrasonic excitation. The ultrasonically driven movement of metallic

rods was insensitive to the addition of salt to the solution, opening the possibility of driving

and controlling metallic micromotors in biologically relevant media using ultrasound.

KEYWORDS: ultrasonic standing wave - metallic microrod - autonomous

motors - self-assembly - self-acoustophoresis

High frequency sound waves, in particular
in the MHz regime, have minimal deleter-
ious effects on biological systems.**** Not
only are sound waves in this frequency
range safe, they are also a powerful tool
for manipulating microparticles. Built upon
the experimental discoveries of the acoustic
collection of small suspended particles in
the early 19th century by Kundt and
Lehman,** and subsequent theoretical
work,”>~* the understanding of the ultra-
sonic standing wave and technological ad-
vancements in ultrasonic transducers have
made more advanced manipulation of sus-
pended microparticles possible.** ¢ For
example, suspended microscale spherical
particles can be aligned into 1-D lines,**°%>>
2-Darrays, and more complicated patterns.*8>2
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The 3-D manipulation of microparticles has also been
achieved by using the appropriate experimental
geometry.>® This kind of positioning, regardless of its
dimensionality (1-, 2-, or 3-D) or how the acoustic field
is applied (surface acoustic wave or bulk acoustic
wave), is usually considered to be the result of collect-
ing microparticles at the nodes of ultrasonic standing
waves, and the motion of the particles is driven by a
pressure gradient. Acoustic levitation and streaming
are also commonly observed during these experi-
ments. They can be attributed to the primary acoustic
radiation force and to steady-state fluid flow caused by
the variation of the acoustic field, respectively.>*>”
Another interesting aspect of research in this field is
the ability to align high aspect ratio particles, such as
rods and tubes,”® %° and to rotate particles by using
acoustic fields.®"% However research in this area has so
far been limited and autonomous microrod propulsion
has not been reported.

Here we describe experiments in which ultrasonic
acoustic waves can propel metallic rods in fast
(~200 um/s) axial directional motion as well as in fast
in-plane rotation. Additionally, we have observed the
formation of ring and streak patterns by metal rods and
the assembly of metallic rods and spheres into well-
aligned chains, as well as their rotation. The key find-
ings of these experiments are as follows: (1) metallic
rods, particularly polar metallic rods, behave differently
in acoustic fields than polymer spheres or rods; (2)
shape asymmetry drives motion along the axis of the
metallic rod, a mechanism we tentatively call self-
acoustophoresis; and (3) the presence of metallic rods
atthe edge of aring or streak pattern in the nodal plane
induces strong vortices in the fluid, which causes the
rods to spin and results in their self-assembly into
chains.

RESULTS AND DISCUSSION

Experiments were conducted using a homemade
cylindrical cell, as illustrated in Figure 1, and videos
were taken with an optical microscope (see Supporting
Information). Particle motion in the cell was typically
observed in dark field.

The conditions for forming a standing wave in this
cell are described by eq 1,

1 1
h=-nl= —nE,

n=123.
2 2 f

(1
where h is the cell height (acoustic path length) and c is
the speed of sound in the medium (deionized water,
¢ =1492 m/s). The cell was designed to have a height of
180 um. For the simplest case where n = 1, the
resonance frequency is calculated from (1) to be
4.1 MHz, and at that frequency a nodal plane forms at
the center of the cell where the acoustic pressure is at its
minimum (Figure 1, inset). Preliminary experiments
indicated a resonant frequency of about 3.7 MHz.
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Figure 1. Cylindrical ultrasonic cell. The transducer was
mounted on a steel plate at the bottom of the cell. Inset:
Illustration of the cell cross-section when the acoustic field
is applied. The particles are shown in the levitation plane.
The cell height, h, is defined as the distance between the top
coverslip and the bottom wall of the cell.

Therefore sine waves with a frequency of 3.7 MHz
and output amplitude of 10 V,, (a output power of
23.97 dBm, or 249.5 mW) were typically used as the
starting point for experiments, and both parameters
were varied continuously. Experiments were also done
in pulse mode, where the acoustic power was deliv-
ered at the same instantaneous power and frequency,
but in trains of pulses. A number of pulses N was
delivered over a period of time T, where T, = N/f
and f is the frequency. These pulse trains were sepa-
rated by a repetition time T,. The duty cycle D is defined
by D = T,/(T, + T).*> The number of pulses N was
varied between 150 and 800, and the pulse repetition
rate (1/ (Tp + T,)) was varied from 1 to 4 kHz. This is
illustrated in Figure S12 (see Supporting Information).

Spherical Polystyrene Particles. Experiments were first
conducted with polystyrene microspheres (470 nm
and 2 um diameter) to gain an understanding of the
motion of spherical particles in the cylindrical acoustic
cell. FESEM images of the polystyrene particles are
shown in the Supporting Information (Figure S1 and S2).
In the absence of ultrasound, colloidal particles
suspended in the cell showed ordinary Brownian mo-
tion (Supporting Information video S1, part 1), and
there was little evidence of interparticle or particle—
substrate (steel plate) interactions at the particle
densities used. Upon application of bulk acoustic
waves at 3.7 MHz, the polystyrene particles levitated
into the nodal plane (also called the levitation plane),
as evidenced by the fast upward motion of all the
particles from the bottom of the cell. The origin of the
levitation force is well-known in the acoustics litera-
ture, and is generally attributed to the primary acoustic
radiation force exerted on particles by sound propaga-
tion perpendicular to the substrate.%* Since the acous-
tic pressure is at its minimum in the nodal plane,
particles are trapped in that plane. The frequency
range for levitating particles was between 3.5 and
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Figure 2. Typical patterns formed by polystyrene (PS) tracer
particles in the nodal plane in a 3.7 MHz acoustic field. (a—c)
ring patterns, streak patterns, and a dense aggregate
formed by 470 nm diameter PS particles, respectively.
(d—f) the same types of patterns formed by 2 um diameter
PS particles. In these dark field images, the particles appear
bright and the background is dark. (g) Cartoons showing
the dimensions of the formed patterns as well as the nodes.

4 MHz, which was close to the calculated n =1 resonant
frequency of the cell. When frequencies below or
beyond that range were used, the particles remained
at the bottom of the cell. Turning off the acoustic
excitation resulted in sinking of the levitated particles.

Once in the nodal plane, both small (470 nm) and
large (2 um) spherical polystyrene particles showed
acoustic streaming. At certain frequencies, within sec-
onds to minutes, the particles formed circular or linear
aggregates (termed ring and streak patterns, respec-
tively, in the discussion below), as shown in Supporting
Information video S2 and Figure 2. It was hard to
predict or control the shapes of these aggregates,
although varying the frequency could lead to the
transformation from streak patterns to ring patterns,
or vice versa. The collection of particles in patterns in
the nodal plane of a bulk acoustic field has been
reported before and is generally considered to be
due to the variation of the acoustic field in the lateral
directions.””®® Such variations can arise from near
field effects or from higher dimensional acoustic
modes.’5%” Although the origin of these variations is
not known in the present case, it appears that the
particles follow the acoustic energy distribution in the
nodal plane.

The ring diameters and distances between streaks
were typically in the range of 200 um, which corre-
sponds to half the wavelength of the sound wave at
the driving frequency. This indicates a correlation
between the patterns and the acoustic nodal struc-
tures in the plane (Figure 2g). Although sharp reso-
nance patterns are difficult to obtain in the nodal plane
because of scattering and reflection of acoustic waves,
under certain conditions localized nodal patterns can
be formed, and that explains the ring and streak
patterns that formed at certain frequencies. One can
draw a comparison between the patterns seen in
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Figure 3. (a)-(c): lllustration of the kinds of motion (axial
directional motion, in-plane rotation, chain assembly and
axial spinning and pattern formation, especially ring
patterns) of metal microrods in a 3.7 MHz acoustic field.
AuRu rods (gold—silvery color in dark field) showed similar
behavior to the Au rods, except that they moved with their
Ru ends (the silvery end in the image) forward and aligned
head-to-tail into chains. (d) and (e): Dark field images of
typical chain structures and ring patterns formed by Au and
AuRu rods. Note that the cartoons superimposed on (d) are
intended to show the alignment of the rods and are not to scale
or in proportion to the aspect ratio of the Au or AuRu rods.

Figure 2 to nodal patterns formed by sand on a Chladni
plate, which collects mobile particles at the acoustic
nodes.%® Similarly, 2-D alignment of particles into rings
and other more complicated structures has been experi-
mentally demonstrated and theoretically modeled.>? It is
worth noting that once the polymer microparticles were
collected and aligned into rings or streaks, they showed
only acoustic streaming with no evidence of powered
rotation or directional motion in either the levitation
plane or the vertical direction.

Metallic Microrods. Suspensions of metallic microrods
showed interesting differences from polymer spheres
under the same conditions. In these experiments, the
rods were typically 1—3 um long and 300 nm in
diameter. FESEM images of the metal rods are included
in the Supporting Information. The rods were made of
a single metal component (Au, Ru, or Pt) or were axially
segmented (AuRu or AuPt, with the two ends being
different metals). Au, Ru, and Pt rods behaved almost
identically to each other, and this was also true for
AuRu and AuPt bimetallic rods. Therefore for the
convenience of the discussion, we focus on pure Au
and axially segmented AuRu rods. When the acoustic
field was turned on, the rods levitated (Supporting
Information Video S2, part 1) and ring and/or streak
patterns were formed (Supporting Information Video
S2, part 5—7), similar to those of polymer tracer
particles. However a number of new behaviors
(illustrated and summarized in Figure 3), including
powered autonomous motion, were also observed.

Once in the levitation plane the metallic rods
showed axial directional motion (Figure 3b) at speeds
as high as ~200 um/s, as can be seen in Supporting
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Information Video S2, part 2. The directional motion of
afew AuRu rods at the resonant frequency was tracked,
and the trajectory is plotted in Supporting Information
Figure S10. It is important to note that this motion was
not driven simply by fluid convection, as rods that were
near each other in the fluid moved autonomously in
different directions. Varying the amplitude of the
acoustic wave can lead to faster or slower rod speed.
The speed was a function of both the location of the
rods in the levitation plane and the frequency of the
acoustic wave. For example, at a driving frequency
of 3.776 MHz, the rods near the cell center showed
very fast axial motion as well as in plane rotation
(Supporting Information Video S2, part 3), while rods
near the edge of the cell showed much slower motion.
Therefore we identify 3.776 MHz as the resonance
frequency for the cell center. It is important to note
that even a slight deviation (a few kHz, about 1% of the
frequency) away from the resonant frequency drama-
tically decreased the intensity of the rod motion.
However tuning the frequency away from resonance
for the cell center brought other parts in the cell into
resonance and induced rapid movement of metal rods
in those locations. Representative observations of this
motion are shown in Supporting Information Video S2,
part 2. Although we could not distinguish in the optical
microscope which end was moving forward for single
component metal rods, the two ends of the bimetallic
rods had clear optical contrast in dark field, from which
we could infer that they were propelled with one end
consistently forward. For example, in the case of AuRu
rods, the directional motion was always with the Ru
end (which appears silvery in the dark field) leading.
This suggests that the asymmetry of composition or
shape of the metal rods can lead to directional motion.

Directional motion of metal rods occurred every-
where in the levitation plane, even where rods were
aggregated into ring or streak patterns (Figure 3c). As
noted above, the metallic rods when levitated into the
nodal plane also formed ring and streak patterns.
However unlike the polymer spheres, which showed
only acoustic streaming within these patterns, metallic
rods moved along the edges of these patterns and
particularly for the ring patterns orbited the center of
the ring, with different rods orbiting clockwise and
counter-clockwise. This indicates that the propulsion of
the metallic rods in the acoustic field is independent of
their aggregation into rings or streaks; that is, the
aggregation of the rods into patterns did not stop their
directional motion or change their direction. Addition-
ally, the metallic rods not only formed a dense ring
pattern, as polystyrene particles did, but also popu-
lated the inside of the ring, forming many concentric
and less dense rings in which chains of rods orbited the
center (see Figure 3e and Supporting Information
Video S2, part 5). At the centers of these rings, there
was a smaller number of metal rods showing limited
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directional motion. As noted above for the case of
polystyrene particles, the aggregation of metal rods
into defined structures in the levitation plane can be
attributed to the distribution of the acoustic energy in
that plane.

Within the rings or streaks formed by metallic rods
we observed another unique behavior that was not
seen with spherical polymer particles. The metal rods
and their aggregates rotated rapidly about the axis of
the rods and the spindle axis of the rod-shaped
aggregates, respectively, as is illustrated in Figure 3a.
In contrast, for 470 nm and 2 um diameter polymer
spheres, we observed the aggregation of particles into
patterns, but no axial rotation. Owing to the instru-
mental limitation of the camera used to record the
videos (30 frames per second), the rotation speed of
the metal rods or aggregates could not be accurately
measured. At present, this motion is not completely
understood, but it has been reported that ultrasound
irradiating metal particles and cylinders in suspension
can excite elastic surface waves, or Rayleigh waves, at
frequencies spanning from kilohertz to megahertz
depending on the nature of the metal.*® Depending
on the angle of the incident wave, in this case the
standing wave in the levitation plane, the surface
waves can have a helical shape with respect to the
rod axis.”® We hypothesize that the helical surface
waves can drive the rotation of the metal rods, which
in turn creates a vortex through hydrodynamic drag. It
may also cause the in-plane rotation of metallic rods
noted above (Figure 3b and Supporting Information
Video S2, part 3), since in that case the incident wave is
in the vertical direction, not in the levitation plane as it
is for rods rotating axially. It is important to note that
Rayleigh waves are also present in the case of spheres,
generating rotation by interaction with incident stand-
ing waves. This will help explain the chaining and
rotation of gold microspheres, which will be discussed
below. This effect was seen only for metallic particles
and not for polymer particles, presumably because the
elastic waves in polymers are dampened much more
effectively because of the higher compressibility of
polymers.

For ring patterns, the vortices always pointed to the
inside of the ring in the sense that fluid was driven into
the ring from above and out from below, regardless of
which direction the rods were moving or where they
were observed on the ring. This toroidal motion can be
seen in Supporting Information Video S2, part 6. This
uniform flow pattern around the ring, concurrent with
the axial movement of rods around the ring, indicates
that the generation of vortices and the axial propulsion
of the metal rods have two distinct mechanisms and
can be decoupled.

To examine more closely the fluid flow induced by
the spinning metal rods as well as to study the inter-
action between the metal rods and passive tracer
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Figure 4. lllustration of chain assembly and directional motion of metal rods along the chains: (a) two metal rods moving in
the same direction along the ring interacts and form a spinning doublet. (b) two metal rods moving in opposite directions
either brush against each other or meet each other head-to-head (much less likely to occur); (c) when a metal microrod meets
a chain moving in the opposite direction, the rod brushes against the chain and the two parties continue separately.

particles, we mixed metal rods with 470 nm polysty-
rene particles (see Supporting Information Video S3).
The tracer particles were readily trapped by the vortex
formed around the metal rods once the ring or streak
patterns were established, and they were observed to
orbit around the rod spindle axis. The hydrodynamic
drag of the vortex extended many rod diameters into
the fluid, and the vortex tended to become stronger as
the spinning bundle increased in length and diameter.
The motion of tracer particles in this experiment also
confirmed the toroidal fluid pumping into and out of
the ring.

The vortices generated by the metal rods lead to
the self-assembly of the rods into chains, as illustrated
in Figure 3(a) and (d), and in Video S2, part 4 as well as
Video S4, part 5. The chaining occurred exclusively in
the ring and streak patterns, and is believed to result
(as described below) from a combination of several
attractive and repulsive forces. Once two metal rods
align, they continue to assemble with other rods,
individual or chains, and form long chains. Interest-
ingly, when two chains (or rods) traveling in opposite
directions meet each other, they do not interfere with
each other's motion or assemble into growing chains.
Instead they spiral around each other and continue in
their original direction of motion; these directions are
opposite along the chain axis, because all the rods are
confined by the vortex drag force. This illustrates the
strong integrity of the self-assembled chain structures.
Figure 4 schematically illustrates the self-assembly and
interactions of chains formed by metal rods.

We also observed polar chains formed by AuRu
bimetallic rods (Figure 3a,d). Each polar rod in these
chains points in the same direction so that the chain
has an AuRu|AuRu|AuRu|... structure. This head-to-tail
assembly is not particularly surprising considering that
the bimetallic rods always move with the same end
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forward (e.g., the Ru end for AuRu rods), and only rods
moving in the same direction can align into chains. As
noted above, chains moving in opposite directions
eventually pass each other without coalescing into a
single chain.

Metallic Spheres and Polymeric Rods. To better under-
stand the effects of different materials and shapes in
the ultrasonic field, we conducted control experiments
with polymer (polypyrrole) rods and gold micro-
spheres. The behavior of these particles is summarized
briefly in Table 1.

To summarize the results collected in the table,
metal rods induced strong vortices when aligned and
also showed strong axial directional motion, whereas
spherical metal particles induced vortices but only
rarely showed directional motion, which was possibly
a consequence of some small shape asymmetry. Poly-
mer particles, regardless of their shape, did not show
directional motion or induce strong vortices. This supports
the hypothesis that material and shape are important in
inducing strong vortices and directional motion. In
addition, the fact that polymer rods showed no direc-
tional motion but weak axial rotation when aligned
supports the hypothesis that axial rotation and direc-
tional motion are distinct behaviors that arise from
different effects in the acoustic field.

Among the kinds of motion described above, axial
propulsion is particularly interesting because it opens
up the possibility of powering autonomous movement
in a variety of media that are compatible with ultra-
sound. The speed of axial propulsion can be altered by
changing the amplitude and the frequency of con-
tinuously applied acoustic energy. Another way to
change the activity of the acoustic motors, and to
estimate the magnitude of forces that cause levitation,
chain formation, and axial motion, is by using pulsed
ultrasound. Pulsed-mode experiments were carried
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TABLE 1. Summary of Behaviors of Different Samples in an Acoustic Field

sample pattern formation”  directional motion particle alignment into chains® aggregate spinning
polymer spheres yes no no, particles were loosely aligned into narrow aggregates no
polymer rods yes no no, particles were loosely aligned into narrow bands yes, but weak
metallic spheres yes some did’ yes, with clear attraction between particles yes, fast
metallic rods yes yes yes, very regular chains were formed, clear attraction between particles observed yes, fast

@ patterns formed by either polymer or metallic microparticles in an acoustic field are generally rings, streaks, or dense aggregates. ® A small percentage of gold microspheres
showed fast directional motion in an acoustic field. It is likely that these gold particles were not perfectly spherical (as can be seen in Supporting Information, Figure S3), and
that their asymmetric shapes induced directional motion as in the case of gold rods. “ See Supporting Information, Figure S11.
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Figure 5. Illustration of the forces experienced by a metal
rod in an acoustic field during self-assembly into chains. Red
and yellow colors denote forces that bring the rods closer
and push them apart, respectively. F,, the primary radiation
force in the z direction; G, the gravitational force; Fy, the
propulsion force; Fy,yqyro, the hydrodynamic force from the
vortex; F, the electrostatic force; F,,, the transverse com-
ponent of the primary radiation force in the levitation plane;
Fg, the Bjerknes force; Fyy, the van der Waals force.

out at the same frequency and amplitude as in the
continuous experiments. The threshold for levitating
rods at the onset of rotating motion was at a duty cycle
of Dg=0.04, which translates to a 1 kHz pulse repetition
rate and N = 150. By choosing different combinations
of T,and T, and therefore different D, it was possible to
observe the onset of different kinds of movement. For
example at a high D, which means a larger T, and
smaller T,, metal rods levitate and show strong rota-
tion. However when D is lowered, the activity of the
rods decreased until at the threshold Dy the rods
maintained levitation but showed little rotation. A duty
cycle below the threshold Dy results in destabilization
and sinking of the rods back to the bottom of the cell.
Supporting Information, video S5 demonstrates a
pulse mode experiment with metal rods at a small
pulse repetition rate.

Discussion of Forces at Work. The results from the
pulsed-mode experiments help to quantify the forces
at work in the different motions of the metal rods, especi-
ally the self-assembly into spinning chains (Figure 5). First,
there is a primary radiation force (PRF) in the z direction (F,)
that levitates the rods and pushes them into the nodal
plane at the center of the cell. Below the threshold duty
cycle of Dy = 0.04, metal rods were no longer levitated
and began to sink. At this power, the levitation force
balances the gravitational force (G), which is approxi-
mately 0.027 pN for 2 um x 300 nm gold rods. There-
fore, for experiments carried out with continuous
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ultrasound at the same instantaneous power, the
levitation force in the z direction can be estimated to
be 1/Dy x 0.027 pN = 0.75 pN.

There is also a transverse component of that pri-
mary radiation force acting on the rods in the xy levita-
tion plane (F,,), which pushes them into nodal lines
and forms the streak and ring patterns in the levitation/
nodal plane. At low Reynolds numbers (~10"* —10"
for microrods moving at a few um/s), this force is equal
to the hydrodynamic drag force, which can be esti-
mated from eq 2.

2mul
Fdrag = 72L " v
In{—] —0.72

where u is the dynamic viscosity of water, L is the
length of the rods (2 um), Ris the radius (150 nm), and v
is the velocity of the rods that are being pushed to the
nodal lines, which is as ~5 um/s as seen in the video
clips. From eq 2, the drag force calculated to be ~0.025
pN, which equals to the transverse primary radiation
force F,,. The 1-2 orders of magnitude difference
between the primary radiation force in the z direction
(0.75 pN) and the xy direction (0.025 pN) is consistent
with previous experiments in similar geometries.”’

The force that propels the metal rods along their
axis (Fp) can also be estimated from eq 2, only in this
case the velocity v can be as high as 200 um/s, which
corresponds to a force of 0.98 pN. This force is about 2
orders of magnitude stronger than f,, and is compar-
able to the primary radiation force in the z direction F,.
This suggests the axial propulsion of the metal micro-
rods arises primarily from scattering of acoustic waves
traveling in the z-direction. A more detailed discussion
on the axial propulsion will be provided in the follow-
ing section.

It is well-known that for two particles in the same
nodal plane there exists an attractive force between
the particles that arises from the reflected wave from
one particle acting on the other. This is known as the
secondary radiation force, also called the Bjerknes
force (Fg). Woodside et al. measured the Bjerknes force
relative to the primary radiation force in the z direction
for two 5.1 um radius polystyrene particles and found
that the maximum Fg is approximately 2 orders of
magnitude weaker than the maximum F,.%> Using their

(2)
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experiment as a guideline we estimate the average
Bjerknes force between two metal rods to be the order
of 1072 pN, which is similar to the transverse compo-
nent of the primary radiation force F,,. We note that Fg
scales as 1/D% where D is the distance between the
particles. Therefore as the rods get closer to each other
they experience a stronger Fg.

Another attractive force is the van der Waals force
(Fvw), which is significant only at short-range. By
approximating the particles as 1 um diameter gold
spheres, we estimate Fy on the order of 1072 pN at
D=1 um from

AR

~ 1202 (3)

Fvw

Here A is the Hamaker constant for gold (3.0 x 102 ),
R is the radius of the particle (500 nm), and D is the
distance between the particles. Since Fyy is on the
same order of Fg, they play similar roles in bringing two
rods together when they are relatively close.

For metal rods that have a negative zeta potential in
water, there is additionally a longer-range electrostatic
repulsive force (Fe). As detailed below, we compared the
behavior of the metal rods in pure water and in solutions
of high ionic strength in which the electrostatic attraction
should be screened at distances greater than tens of
nanometers. Because the behavior was similar in the two
media, it appears that the effect of electrostatic repulsion
in the chain assembly process is negligible.

Considering the magnitude and direction of these
forces, we present the following scenario for the self-
assembly of metal rods: two rods moving near the
nodal line are pushed by the transverse primary radia-
tion force (F,,) so that they align on the nodal line,
preferentially into one line so each rod is at the
pressure minimum. When rods align within a distance
of a few micrometers, the attractive Bjerknes (Fg) and
van der Waals (Fyy) forces cause them to accelerate
toward each other and form a chain. The spiral trajectory
of the rods moving together and eventually connecting
to form a spinning chain on the nodal line, as shown in
Supporting Information, Video S2 part 4, is a combination
of the axially forward motion of the incoming rod and its
circular revolution around the chain.

Mechanism of Axial Rod Propulsion. At present, the axial
motion of the metallic rods is not understood quanti-
tatively, but some mechanisms can be eliminated
based on control experiments. One of these is self-
electrophoresis, which is one of the most important
mechanisms for catalytic microparticle propulsion in
the presence of chemical fuels such as H,0,”%”3
Because the generation of H,0, in water by ultrasound
has been reported,”* it is conceivable that H,O, gen-
erated at the rod surface could contribute to axial
motion. However three experimental observations ar-
gue compellingly against this mechanism in the pre-
sent case. The first one is that single-component rods,
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Figure 6. Electron micrographs of Au (a) and AuRu (b) rods
used in the ultrasonic propulsion experiments. For AuRu
rods, the Au end is clearly concave and there is also some
incidence of rod branching at the Au end. The Ru end is
usually pointed or flat. Au rods typically have one concave
end and one pointed or flat end.

such as Au and Ru, showed comparable directional
motion to bimetallic AuRu rods; the former do not
show fast chemically powered movement in H,0,
solutions, whereas the latter do. The second observa-
tion is that AuRu moved with the Ru end forward when
powered by ultrasound and in the opposite direction
when powered by H,0,.”2 We observed that these rods
reversed their direction when an acoustic field was
applied to a rod suspension in 5% H,O, solution,
indicating different mechanisms with and without
the acoustic field. It is also well-known that even low
concentrations of salts inhibit the self-electrophoretic
movement of catalytic micromotors in H,0,.5 How-
ever, we observed identical behavior when the acous-
tic experiments were conducted in 1, 10, or 100 uM
NaNOs solutions, while the catalytic motors showed
significantly decreased activity in 100 uM NaNOs. We
also found that the activity of levitated metal rods in
ultrasound was not significantly affected in a phos-
phate buffer saline (PBS) solution diluted 1:1 with
water. The latter experiment illustrates the promise of
using ultrasonic propulsion of metal rods in a biological
environment.

A more plausible mechanism for the directional
motion of metal rods in an acoustic field is based on
the shape asymmetry of the rods. Nanorods prepared
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by template electrodeposition typically have a concave
or convex end instead of perfectly flat end. The pores in
which the nanorods are grown are small enough that
the rod—wall interaction can lead to preferential
growth along the wall. The unevenness of the surface
on therod end is made more complex by the kinetics of
the metal deposition, since fast growth (high current
density) produces rougher deposits while slower de-
position tends to produce a smoother end surface.”>”®
Field emission SEM images of the metal rods that were
used in the acoustic experiments (Figure 6 and FESEM
images in the Supporting Information) showed that
regardless of the metals used, one end of the rod was
always markedly concave while the other end was
slightly convex to flat (Ru), fairly flat (Pt) or quite rugged
(Au). The end where it was always concave was identi-
fied as the end grown immediately after deposition of
the sacrificial silver layer, which is typically the first step
in electrodepositing nanowires in AAO membranes.

The asymmetric shape of the metal rods can lead to
an asymmetric distribution of the acoustic pressure
from the scattering of the incident acoustic waves at
the metal surface. The scattering of acoustic waves
from concave shapes concentrates energy near the
curvature, whereas convex shapes scatter radially and
weaken the energy density near the curvature. There-
fore asymmetric shapes result in an uneven distribu-
tion of acoustic pressures in the fluid that is stronger at
the concave end (Au end in AuRu rods), propelling the
rods with the other end (Ru) consistently forward. It is
important to note that many studies have been made
about scattering of acoustic waves by cylinders at
ka >1 (where k is the wavenumber and a is the cylinder
diameter),”%”7and only a few of them focus on cases
where ka < 1,%”°which is the case in the present
experiments.

The locally induced pressure gradient propels the
metal rods in a similar way as the acoustic pressure
gradient moves particles, a phenomenon sometimes
called acoustophoresis.*®#° Since the pressure gradi-
ent is generated locally and affects only the individual
rods, we use the term self-acoustophoresis to describe
this mechanism. We also examined AuPt bimetallic
rods and the same mechanism could be applied to
explain their direction of motion. Although we cannot
identify which end leads the directional motion of
single-component metal rods, the same concave fea-
tures were found on those rods, and therefore their
motion can be explained by the same mechanism.

MATERIALS AND METHODS

Sample Preparation. Polystyrene microspheres of 470 nm were
purchased from Polybead (cat. no. 07763, amino-functionalized).
Polystyrene microspheres of 2 um were purchased from Poly-
sciences (cat. no. 18327, carboxylate-functionalized). Gold
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To further investigate this mechanism, we fabri-
cated PtAu wires by electrodepositing Pt before Au
segment. Rods made this way had a concave end at the
Pt end, as shown in Supporting Information, Figure
S4b. In this case, some of the PtAu rods moved with the
Pt end forward while others moved with the Au end
forward. The reversal of direction of some of the rods
supports the hypothesis that the concave feature at
the end of the rods is responsible for axial propulsion.

Finally, for ultrasonically propelled micromotors to
be useful in biological environments, it is important to
evaluate whether the power level is harmful to tissues
or cells. The output power from the function generator
in a typical experiment is 250 mW. A fraction of this
power is transmitted to the sample cell (0.2 cm?), and
the rest is dissipated by the much larger steel plate
(20 cm?) that is coupled to the transducer. While we
have not quantified the power density inside the fluid
cell, the upper limit is 250 mW/0.2 cm? = 1.25 W/cm?.
That power level is intermediate between that of
therapeutic ultrasound (several W/cm? or higher) and
diagnostic ultrasound (740 mW/cm?, the maximum
ultrasonic power level allowed by FDA for diagnostic
purposes).2'#2 Because the configuration of our trans-
ducer and cell are not yet optimized, it seems reason-
able to conclude that fast propulsion of metallic
micromotors will be possible within the power limits
of diagnostic ultrasound.

CONCLUSIONS

We have demonstrated that MHz frequency acoustic
waves can propel, align, rotate, and assemble metallic
microrods in water. Control experiments with polymer
particles and metal spheres lend support to the hy-
pothesis that shape and material play a critical role in
the directional motion and the generation of strong
vortices along the axis of aligned metal rods. The fact
that axial movement and chain assembly/spinning
were observed independently of each other in experi-
ments with metal and polymer rods indicates that the
two kinds of movement are caused by distinct effects.
On the basis of observations with template-grown
homogeneous and bimetallic nanorods, it is likely that
shape asymmetry, specifically the curvature at the
ends of the microrods, leads to the directional motion
by a self-acoustophoresis mechanism. The significance
of this finding lies in the possibility of driving and
controlling micromachines in biologically relevant en-
vironments using ultrasound.

microparticles (AuMP, 0.8—1.5 um, 99.96+ %) were purchased
from Alfa Aesar. The synthetic procedure for growing microrods
was adapted from previous reports.”>%>78> Anodic alumina
membranes (AAO, purchased from Whatman Inc., 200 nm pore
size) were used as the template for the electrodeposition of
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metals. The metal plating solutions were purchased from
Technic Inc. and were used as received. A 5 nm length of Cr
and 350 nm of Ag were evaporated by using a Kurt Lesker Lab-
18 electron beam evaporator on the back side of the AAO
membrane (branched side) to serve as the working electrode. A
Pt coil was used as the counter electrode. For the deposition of
Ag, Au, or Pt, a two-electrode system was generally used with
the Pt coil serving as the pseudoreference electrode. In this case,
current was controlled to be constant. For the deposition of Ru
and polypyrrole, a three electrode system with Ag/AgClin 3 M
NaCl as the reference electrode was used, and rods were grown
at constant potential. In a typical deposition procedure, a ~10 um
silver segment was first deposited into the AAO membrane as
the sacrificial layer. Then segments of metals (or polymers) of
interest were grown. The lengths of the segments were con-
trolled by monitoring the charge passed. The plating conditions
for Ag, Au, and Pt were —1.77, —1.24, and —1.77 mA/cm?,
respectively. Ru and polypyrrole were deposited at a constant
potential of —0.65 V and +0.7 V vs Ag/AgCl, respectively. Note
that at the potential to deposit polypyrrole, silver is oxidized and
dissolved, and therefore in this case a short gold plug was
plated in the membrane instead of silver sacrificial layer. Multi-
segment nanowires were made by replacing the plating solu-
tion without disassembling the plating cell, with arinsing stepin
between. After the electrodeposition step the membrane was
thoroughly rinsed with DI water and dried, and usually one-half
of the membrane was soaked sequentially in 1:1 v/v HNO5 and
0.5 M NaOH to dissolve the silver and the alumina membrane,
respectively. After that the wires were sonicated and washed in
DI water several times until the pH was neutral. The nanowire
suspension obtained from this procedure had a number density
of around 1 x 10%/mL.

A PBS buffer solution was made by dissolving 1 bag of
commercially available BupH phosphate buffered saline pack
(Thermo Scientific, no. 1890535) in 500 mL of DI water. The
resulting solution contains 0.1 M phosphate and 0.15 M NaCl,
and has a pH value of 7.2.

Acoustic Experiments. The acoustic experiment was conducted
using a homemade cylindrical cell. The cell was made by
applying three layers of polyimide Kapton tape (50 um thick-
ness per layer), with a circular hole of 5 mm diameter cut in the
center, on a piece of stainless steel plate (45 mm x 45mm x 1 mm).
A ceramic transducer PZ26 (Ferroperm, Kvistgard, Denmark) was
attached by conductive epoxy glue (Chemtronics ITW, Kennesaw
GA, USA) to the back of the metal plate to generate acoustic
waves in the thickness mode. The transducer was connected to
a function generator that outputted sine waves (5062 Tabor
Electronics, Israel), and the signal was amplified if necessary by a
dual differential wide band 100 MHz amplifier (9250 Tabor
Electronics, Israel). The signal was visualized with a digital
storage oscilloscope (IDS 8064 60 MHz ISOTECH, Hanan, Israel).
In a typical experiment, 30 uL of colloidal particle suspension
was added to the cell, which was then covered by a square glass
coverslip which served as the sound reflector. In the case of
metal rods, the suspension normally had a number density of
approximately 1 x 102 mL™". Video recording was started at the
same time the function generator signal output was turned on.
An Olympus BX60 M optical microscope and a commercial
video capturing bundle (Dazzle Video Creator Plus) were used
for observing the particles and recording videos.

Tracking of Particles in an Acoustic Field. The method of tracking
the motors was based on our previous work on catalytic
nanomotors.”? Videos of the metal rods were captured at 30
frames per second. The video was then loaded with PhysMo 2,
an open source tracking software (PhysMo—Video Motion
Analysis Package, http://physmo.sf.net), and the coordinates
of the metal rods as a function of time were recorded. Further
data analysis was done in Microsoft Excel 2010. Rod speed was
calculated by dividing the displacement of the rod center
between two frames by the time interval (0.033 s), then taking
the average of the speed over the selected tracking period. The
tracking was repeated with multiple wires to ensure statistically
robust results. An example of the tracking results and trajec-
tories of six AuRu rods at the resonance frequency (3.700 MHz)
are shown in Supporting Information, Figure S10.
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