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ABSTRACT: Bimetallic nanorods are propelled without
chemical fuels in megahertz (MHz) acoustic fields, and
exhibit similar behaviors to single-metal rods, including
autonomous axial propulsion and organization into spinning
chains. Shape asymmetry determines the direction of axial
movement of bimetallic rods when there is a small difference
in density between the two metals. Movement toward the
concave end of these rods is inconsistent with a scattering
mechanism that we proposed earlier for acoustic propulsion,
but is consistent with an acoustic streaming model developed
more recently by Nadal and Lauga (Phys. Fluids 2014, 26,
082001). Longer rods were slower at constant power, and their
speed was proportional to the square of the power density, in
agreement with the acoustic streaming model. The streaming model was further supported by a correlation between the
disassembly of spinning chains of rods and a sharp decrease in the axial speed of autonomously moving motors within the
levitation plane of the cylindrical acoustic cell. However, with bimetallic rods containing metals of different densities, a consistent
polarity of motion was observed with the lighter metal end leading. Speed comparisons between single-metal rods of different
densities showed that those of lower density are propelled faster. So far, these density effects are not explained in the streaming
model. The directionality of bimetallic rods in acoustic fields is intriguing and offers some new possibilities for designing motors
in which shape, material, and chemical asymmetry might be combined for enhanced functionality.

KEYWORDS: nanomotor, acoustic motor, ultrasonic propulsion, bimetallic nanomotors

Artificial nano- and microswimmers are of growing
interest because they provide insight into the emergent
and collective behavior of motile living systems, as well

as new functionality and applications in biomedicine, analysis,
separations, environmental chemistry, and materials sci-
ence.1−10 The recent discovery that rocket-shaped metallic
nanorods can be propelled in fluids by acoustic energy in the
megahertz (MHz) regime presents some promise for use in
biomedical applications.11 Recent reports of acoustic nano-
motors have demonstrated their fuel-free propulsion and
steering in buffer solutions, their actuation within living cells,
and as their use in biochemical analysis and drug delivery.12−17

Their collective behavior and assembly have also been
explored.18−20

To design acoustic motors that can carry out useful
functions, it is important to understand the mechanism of
their propulsion as well as the factors that affect their speed and

directionality. In a typical experiment, the nanorods are
confined to a levitation plane by acoustic energy that is
generated at the base of the cell, as illustrated in Figure 1.
Experimental and more recently theoretical research have
suggested mechanisms in which the shape asymmetry of the
rods results in motion within the levitation plane, i.e.,
perpendicular to the direction of acoustic excitation.11,21,22 A
recent paper by Nadal and Lauga proposed that the movement
arises from an acoustic streaming effect.22 In their model, the
oscillation of the nanorod in the direction of the acoustic
excitation (the vertical direction in Figure 1) generates a
streaming flow. That flow in turn exerts stresses on the
asymmetric particle that drive its oscillation in the levitation
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plane. Because the density of the nanorods is higher than that
of the surrounding fluid, their inertia is significant at high
driving frequency. Consequently, if the particle is asymmetric,
the streaming effect results in a net force along the axis of the
rod, propelling it toward its concave end.
In the acoustic streaming model, the nanorods are treated as

rigid bodies, and thus it is not obvious how any asymmetry in
their composition or density might affect their propulsion.
Here, we explore experimentally the additional effect of
material asymmetry of nanorod motors, and also measure the
effects of rod length and acoustic power. We find that bimetallic
rods exhibit a consistent and predictable polarity in their axial
motion, with the lighter end always leading. Both the length-
and power-dependence of nanorod speed are consistent with
acoustic streaming as the dominant mechanism of propulsion.
However, the density dependence of the direction of motion
suggests that additional elaboration of the theory is needed.

RESULTS AND DISCUSSION
Fabrication of Asymmetric Nanorods. Single metal and

bimetallic nanorods containing Au, Rh, Pd, Ag, Pt and Ru
segments were fabricated by electrochemical deposition within
the pores of anodic alumina membranes. A sacrificial silver
segment was first plated into the pores, and the appropriate
metals were then sequentially plated. Because the sacrificial
silver segment typically has a convex tip, the first metal plated
on it forms the concave end of the asymmetric nanorod.
Depending on the surface interaction between the second metal
and the alumina pore walls, the second metal segment can have
a flat tip, or a convex tip, as shown in Figure 2.
Powered Movement of Nanorods in the Levitation

Plane. Acoustic excitation of nanorod motors was carried out
in a cylindrical acoustic chamber (with a height of 180 μm and
diameter of 5 mm) operated at a resonant frequency of ca. 4
MHz as previously described.11 At resonance, a bulk acoustic
standing wave is set up and the rods are levitated to the
midpoint plane of the chamber. In this plane, rods undergo
random autonomous motion as well as aggregation within
lateral nodes, and polar spinning chains of rods also form.11

The spatial distribution of these different modes of propulsion
can be seen in Figure 3 and Video S1 (see Supporting
Information). Random autonomous motion tends to occur far
from the nodal aggregates and spinning chains, as shown in

Figure 3A. Between the region of autonomous motion and the
nodal aggregate, the rods travel in orbits within the levitation
plane. As the distance from the nodal aggregates increases,
these orbits become larger (Figure 3D). At distances greater
than about 500 μm from the nodes, the orbits become very
large and there is no apparent curvature to their axially directed
motion (Video S2).
The appearance of orbits of increasing radius can be

understood as the combination of the two primary forces in
the levitation plane: the lateral component of the acoustic
radiation force and the streaming-induced drag force along the
axis of the rod. The radiation force serves to push the rods
toward the nodes, whereas the streaming force propels the rods
along their axis.24 The combination of both forces results in
orbital motion. With increasing distance from the nodes, the
radiation force becomes weaker, and the orbital radius
increases, until eventually only axial movement is observed.
The magnitudes of the different forces on nanorods in the

cylindrical acoustic cell used in these experiments have
previously been estimated.11 The acoustic radiation force in
the vertical direction (ca. 0.75 pN) is responsible for levitation.
The axial propulsion force for a rod 2 μm long, 300 nm
diameter rod moving at 200 μm/s is comparable to the vertical
radiation force, ca. 1 pN. In contrast, the acoustic radiation
force in the lateral direction is smaller and decreases with
increasing distance from the lateral nodes.

Figure 1. Schematic illustration of the autonomous movement of
axisymmetric gold nanorods (not drawn to scale) in an acoustic
cell. Acoustic waves are launched by the transducer at the bottom
of the cell. At the resonant frequency, a standing wave is created
that levitates the rods to the midplane of the cell where they
undergo rapid in-plane movement.

Figure 2. (A) Schematic drawing of the shapes of bimetallic
nanorods. The segment deposited first replicates the convex silver
segment (black dashed circle) and is therefore concave. At the
other end, Rh, Ru, and Pt acquire a flat shape, while Au is typically
convex. (B) Field emission scanning electron microscope (FE-
SEM) images of the concave (deposited first) nanorod ends after
dissolution of the sacrificial silver segment and release from the
membrane. Scale bar is 1 μm. (C) FE-SEM images of bimetallic
rods. Top row (metals listed in the order deposited): AuRh (2.3 ±
0.3 μm; Au, 1.3 ± 0.2 μm; Rh, 1.0 ± 0.2 μm); RhAu (2.1 ± 0.4 μm;
Rh, 1.04 ± 0.3 μm; Au, 1.04 ± 0.1 μm); RuRh (1.6 ± 0.2 μm; Ru,
1.3 ± 0.1 μm; Rh, 0.5 ± 0.1 μm); RhRu (2.6 μm; Rh, 0.9; Ru, 1.6
μm). A short Au segment was grown within the RhRu rod to allow
for controlled Ru growth on top of Rh. In the absence of the Au
segment, the Ru segment, deposited at a constant potential,
overgrew within seconds on the catalytic Rh metal. Bottom row
(metals listed in the order deposited): RhAu (2.2 ± 0.3 μm; Au, 1.0
± 0.2 μm; Ru, 1.0 ± 0.1 μm); AuRh (2.3 ± 0.3 μm; Ru, 1.2 ± 0.3;
Au, 1.1 ± 0.2); AuPt (2.2 ± 0.2 μm; Au, 1.2 ± 0.2 μm; Pt, 1.0 ±
0.2 μm); PtAu (2.0 ± 0.1 μm; Pt, 1.0 ± 0.1 μm; Au, 0.9 ± 0.08
μm). All scale bars are 1 μm.
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Directionality of Bimetallic Rods. To study the shape-
and density-dependence of rod speeds in the regions of
autonomous motion, bimetallic rods were fabricated in the
combinations listed in Table 1. These particular combinations

were selected because the two segments were distinguishable by
color in the optical microscope, and hence, the direction of
movement could be determined.25 The densities of the pure
metals are listed in Table S1.
The data in Table 1 show a clear relationship between the

direction of motion and the composition of bimetallic rods, i.e.,
that the lighter end is typically the leading end. However, the
rods are also asymmetric in shape, because the end plated first
is concave, and we know from earlier studies that shape
asymmetry is also important in determining the direction of
motion. To deconvolute the effects of material and shape
asymmetry, the order of electrodeposition was reversed for
AuRu, AuRh, RuRh, and AuPt rods, yielding RuAu, RhAu,

RhRu, and PtAu, respectively. When the two metal segments
had similar densities (AuPt, or combinations of lighter metals),
the motion of the rod was always toward the concave end. In
contrast, in cases where the bimetallic rod contained a heavy Au
or Pt segment and a segment of less dense metal (Ru, Rh, Pd,
Ag, or Ru), the motion was always toward the lighter end,
regardless of which end was concave. Taken together, these
data show that the direction of motion of bimetallic rods is
determined predominantly by material asymmetry.
Movement toward the concave end, which was observed with

AuPt and PtAu, is predicted by calculations on axisymmetric
near-spheres that have opposing convex and concave sides.16

We note that our own earlier model of pressure differences
generated by scattering of acoustic energy from the convex and
concave ends made the opposite prediction,5 and is thus
inconsistent with the data. Indeed, for RuRh rods where the
densities of the two metals are similar, the concave Ru end
leads as well. For RhRu rods, a short Au segment was grown
within the rod to allow for controlled Ru growth on top of Rh.
As the Au segment was off-center, as can be seen in Figure 1C,
the opposite lower density end, Ru, was the leading end. To
test further the effect of the presence of a third segment within
a rod on the polarity of its motion, two sets of all-Au rods with
an off-center Ru segment were fabricated, with Ru placed closer
to the concave or convex end. In both cases, the half of the rod
containing the lower density ruthenium segment was the
leading end (Figure S2).
The effect of metal density on axial propulsion speed was

evaluated more quantitatively by using mixtures of single-
element, bimetallic, and Au rods. Lighter rods were consistently
faster than heavier ones when observed in the same region of
the cell. For example, the speed of Rh rods was approximately
twice that of Au rods of the same length. Rods for which shape
and material asymmetry reinforced each other (RhAu and

Figure 3. Spatial distribution of nanorod movement in the cylindrical acoustic cell. (A) Low magnification optical micrograph showing the
distribution of spinning chains, nodal aggregates and autonomous motion. (B) Zoomed in optical micrograph and a schematic of autonomous
motion in random directions. (C) Orbital motion of rods at the periphery of a nodal aggregate. Snapshots of orbiting motion were taken at a
low frame rate (30 s−1), resulting in blurring of the images of orbiting rods. See Video S2. (D) Radius of orbits vs distance from nodes.

Table 1. Bimetallic Nanorods Studied and the Leading End
in Autonomous Axial Motiona

bimetallic rod lower density end leading end

AuRu Ru Ru
RuAu Ru Ru
AuRh Rh Rh
RhAu Rh Rh
AuPt Au Au
PtAu Au Pt
AuPd Pd Pd
AuAg Ag Ag
RuRh Ru Ru

aThe metal segments are listed in the order plated; hence, the end of
the first metal listed is always concave.
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RuAu) were ∼30% faster than those (AuRh and AuRu) for
which the forces were opposed. The speeds of RhAu and RuAu
were roughly twice those of Au rods. The trend from these
experiments is that the effects of shape and material asymmetry
are roughly additive. These results are summarized in Figure 4.

In addition to density, two additional relevant material
properties are the acoustic contrast factor and the specific
acoustic impedance. The acoustic contrast factor Φ, which is
proportional to the acoustic radiation force on a particle, is
related to the densities of the particle and of the medium
according to eq 1:26,27

ρ ρ

ρ ρ

β

β
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−

+
−
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p m

p m
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Here ρp is the density of the metal particle and ρm is the density
of the medium, in this case water. βp and βm are the
compressibilities of the particle and medium, respectively,
where

β
ρ
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c

1
p

p p
2
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and cp is the speed of sound in the particle. The acoustic
contrast factors for Au, Pt, Ru, Rh, Pd, and Ag were calculated
to be 2.38, 2.39, 2.32, 2.32, 2.31, and 2.28, respectively. As the
acoustic contrast factor is largely invariant for the metals in
question in water, it cannot account for the large variation in
speeds that we observe with different metals and bimetallic
combinations.
The specific acoustic impedance of a metal is the product of

its density and the speed of sound in the metal. Tabulated
values of these quantities were used to calculate specific

acoustic impedances,28−30 which are listed in Table S2. Again,
there is no apparent correlation between the observed direction
of motion and these calculated values. It should be noted that
the speed of sound in a metal can vary somewhat with the
method by which it is fabricated, which affects grain size and
porosity. However, these effects are unlikely to result in the
strong correlation we observe between particle speed, direction,
and metal density.

Length Dependence of Axial Speeds. Two predominant
forces are exerted on particles suspended in fluids in an acoustic
field. They are the primary acoustic radiation force and the
acoustic streaming-induced drag force. Typically, the primary
radiation force is dominant with particles that are micrometers
in size or larger, whereas the motion of smaller particles is
dominated by the streaming-induced drag force.24,31,32 Most
research in this field has focused on spherical dielectric (e.g.,
polystyrene or silica) particles, and thus, the applicability of
these critical diameters to cylindrical metal rods with concave
and convex ends is unknown. Additionally, the dominance of
one force over the other can depend on the cell design.24

To determine which force(s) dominate the motion of
metallic nanorods, the length dependence of their axial speed
was measured. A mixture of Au nanorods in water was prepared
using 1.3 μm long Au rods as an internal standard, and care was
taken to monitor their movement at the same location within
the acoustic chamber, in regions where the predominant mode
of motion was autonomous propulsion along their axis (Video
S4). The resulting experimental data were evaluated in terms of
equations describing the length-dependent streaming-induced
force.
Equation 3 describes the drag force on a cylindrical particle

(approximated as a prolate ellipsoid) of length L and radius R
moving at velocity v, and conversely eq 4 expresses the velocity
as a function of the drag force and length L.

πη υ=
−( )

F
L2

ln 0.72L
R

drag

(3)

πη
=

−( )
v F

L

ln 0.72

2

L
R

drag
(4)

The acoustic power density at a particular frequency and
amplitude should be roughly constant over the small
observation volumes we used to compare the speeds of rod
mixtures. A detailed theoretical treatment of an axisymmetric
near-sphere shows that the streaming-induced drag force is
proportional to the level of shape asymmetry of the particle.22

Here, the levels of shape asymmetry of the particles are similar
as they are all made of gold and have the same diameter. Hence,
we expect the propulsion force to vary only weakly with L.
Since the velocity at a given force scales roughly as 1/L
according to eq 4, a longer rod would move at a slower speed
than a shorter one if the motion is driven by streaming-induced
drag. This is indeed what is observed. In Figure 5, the relative
axial velocity of the rods is plotted as a function of the
coefficient of the drag force, as expressed in eq 4. The constant
slope of the fit line indicates that the force is independent of
length.
In contrast, we would expect the primary acoustic radiation

force to increase with rod length. For example, for spherical
particles the radiation force is proportional to the particle
volume,27 and because the drag coefficient is proportional to

Figure 4. Relative speeds and directions of mono- and bimetallic
rods propelled by ultrasound. The relative speeds of rods in
mixtures were measured at constant frequency (3.77 MHz) and
amplitude (10 Vpp) at the same location in the chamber. Light gray
and colored arrows indicate the direction of forces arising from
asymmetry in shape (always toward the concave end) and density
(always toward the lighter end), respectively. Dark arrows show the
observed direction of motion for cases in which shape and density
effects can oppose each other.
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the sphere radius, larger spheres are propelled faster by the
radiation force. The opposite trend that we observe (longer
rods move slower) and the fact that the autonomous motion is
not directed toward the lateral nodes in the cell confirm that
the primary radiation force is weak relative to the streaming-
induced drag force in the axial propulsion of the nanorods.
These observations are consistent with the model of Nadal and
Lauga.22

Power Dependence of Streaming-Induced Motion. As
noted above, the acoustic radiation force is responsible for the
levitation of the particles, and the lateral component of acoustic
radiation force drives particles toward nodes within the
levitation plane.33,34 The streaming induced drag force tends
to form vortical patterns within the fluid and contributes to the
organization of spinning chains or spindles in the system.23,34,35

One can modulate both forces by controlling the power
input.36 Because the acoustic radiation force in the vertical
direction is strong, when the amplitude of the actuating wave is
gradually reduced to the piezoelectric transducer, it is possible
to sharply diminish acoustic streaming while keeping the
nanorods in the levitation plane. The disassembly of spinning
chains occurs when streaming is no longer a dominant factor in
the particle motion in the levitation plane. By simultaneously
monitoring the speed of autonomous axial motion as well as
other patterns in the chamber, one can thus gain additional
insight into the forces responsible for propulsion.
Gold nanorods (1.4 ± 0.1 μm long) were placed in the

acoustic chamber and levitated at resonance (3.77 MHz) at 10
V peak-to-peak (pp) driving amplitude. After 30 s, random
autonomous motion, spinning chains and nodal aggregates
were established. The amplitude of the driving voltage was then
reduced by 1 Vpp every 10 s. The disassembly of spinning
chains coincided with a sharp reduction in the speed of random
autonomous propulsion, as shown in Figure 6. This observation
provides further support that the streaming-induced drag force
drives the autonomous axial motion of nanorods in regions far
from the lateral nodes in the cell. The speed of axial rod
movement was found to be proportional to the square of the
amplitude of the driving voltage, as predicted by the streaming
model (Figure 6).37

CONCLUSIONS

The movement of bimetallic nanorods was studied in order to
gain insight into the shape- and material dependence of
acoustic propulsion. When the densities of the two metal
segments are similar, shape asymmetry determines the direction
of motion, which is toward the concave end. The speed
decreases with increasing length, consistent with the theory that
axial motion that is driven predominantly by the streaming-
induced drag force. There is also a correlation between the
disassembly of spinning chains of rods and the slowing of axial
autonomous motion, again consistent with streaming-induced
motion. Interestingly bimetallic nanorods are consistently
propelled in a polar fashion with the lower density metal
segment leading. The effects of metal density on rod speeds
and direction of motion are so far not explained in the
streaming-induced drag force model, suggesting that some
simplifying assumptions of the model may need to be re-
examined.
The ability to control the direction of motion of bimetallic

rods through either shape or material parameters should
expand the utility of acoustic motors in sensing, diagnostics,
and other potential applications. For example, catalytically
powered motors have recently been shown to exhibit rheotaxis
(powered movement up or downstream) as a consequence of
their shape asymmetry.38 Similar effects might be realized in
fuel-free systems with acoustic propulsion by using bimetallic
rods that are tapered at one end. Such motors could be used,
for example, for targeted delivery to tumors that have high
internal pressure and outward flow.

Figure 5. Relative speeds of 300 nm diameter gold nanorods of
different lengths as a function of the coefficient of the drag force in
eq 4.

Figure 6. (A) The amplitude (voltage peak to peak) dependence of
the speed of autonomous axial motion of nanorod motors. (B) The
amplitude dependence of the width of a spinning chain. The dashed
line marks the amplitude at which the width of the chain is greater
than 40 μm field of view, which corresponds to the plateau in speed
of the axially propelled rods in (A). (C) Frames showing the
disbanding of a spinning chain with decreasing amplitude. Scale bar
represents 10 μm.
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MATERIALS AND METHODS
Nanorod Fabrication and Release. Metals Au, Rh, Pd, Ag, Pt,

and Ru were electrochemically deposited from commercial plating
solutions within the pores of anodic alumina templates obtained from
Whatman. The nominal pore diameter of the membranes was 0.2 μm,
but the cross-sectional diameter through the bulk of the membrane
was 300 ± 30 nm. A 350 nm layer of Ag evaporated on one side of the
alumina template served as the cathode. A 350 nm evaporated Cu layer
was the cathode for the AuAg sample terminated by Ag, in order to
selectively dissolve the cathode layer without etching away the Ag
segment of the wire. Au, Rh, Pd, Ag, and Pt were deposited using a
two electrode cell under constant current conditions with a Pt coil
serving as the pseudoreference/counter electrode. Au was deposited
from Au-Orotemp24 RTU (Technic, Inc.) at a cathodic current of
1.24 mA/cm2 with a deposition time of 13 min yielding a 1 μm
segment. Rh, Pd, Ag, and Pt were deposited from Technic Rhodium
RTU, Pallaspeed VHS-RTU, 1025 RTU and Platinum TP RTU
(Technic, Inc.) at constant current densities of 1.76, 0.88, 2.21, and
1.76 mA/cm2. Under these conditions for Rh, Pd, Ag, and Pt,
deposition times of 120, 20, 8, and 40 min, respectively, yielded 1 μm
segments of the metal. Ru metal was deposited at a constant potential
of −0.650 V in a three-electrode cell with a Ag/AgCl reference
electrode and a Pt coil counter electrode from Ru−U solution
(Technic, Inc.). A 25 min deposition yielded a 1 μm segment of Ru. In
all cases, a sacrificial Ag segment (Cu segment in the case of
electrodeposited Ag) was plated directly onto the evaporated Ag
cathode (Cu cathode in the case of Ag) prior to the deposition of the
metal of interest. The length of the sacrificial segment in all cases was
approximately 10 μm. Cu was deposited from a 0.1 M copper sulfate
solution at a constant current density of 0.88 mA/cm2 with a Pt coil
counter electrode for 1 h to obtain a 10 μm sacrificial segment.
Bimetallic wires were fabricated by changing the deposition solution
within the cell. After deposition, the cathode material and sacrificial
segment were selectively dissolved. The silver cathode and sacrificial
segment were dissolved in a 1:1 water/concentrated nitric acid
solution by soaking the membrane for 20 min. The copper cathode
and sacrificial segment were dissolved in a proprietary copper etchant
solution, Copper Etch BTP (Technic, Inc.), by soaking for 1 h. The
alumina membrane was then dissolved by soaking it in 2 M aqueous
NaOH overnight. Multiple rinsing steps were then done, involving
repeated centrifugation, removal of the supernatant and filling the
centrifuge tube with water, to suspend the wires in water.
Nanorod Characterization. FE-SEM images of nanorod samples

were obtained to determine the length of the rods and the length of
each metal segment. At least 21 rods were measured per sample. X-ray
powder diffraction patterns of nanorod samples, still embedded in the
membrane after removal of the Ag or Cu sacrificial layer, were
obtained over a range of 10−90° 2θ angles. Typically, one-fourth of
the membrane, which had an area of 0.44 cm2, was used in X-ray
diffraction experiments. Scherrer analysis of the X-ray diffraction
patterns reveal that the average grain size within the Ru metal
segments is 4.3 nm, while it is 10.7 nm, more than double the value,
for Rh. Hence, the packing of the Rh gains within the segment is more
compact than that for Ru which may result in a slight reduction of the
density of the Ru segment relative to Rh.
Acoustic Chamber. The cylindrical acoustic chamber consists of a

stainless steel plate (4.2 cm × 4.2 cm × 1 mm), a few layers of Kapton
tape (180 μm height) with a 5 mm hole punched in the center
defining the chamber and a thickness mode piezoelectric transducer (1
mm thick, PZ26 Ferroperm, Kvistgard, Denmark) attached via epoxy
(Chemtronics, ITW, Kennesaw, GA) to the other side of the stainless
steel plate. The center of the cell had a resonance frequency (levitation
frequency) of 3.77 MHz. An amplitude of 10 V peak to peak was used.
To set up the standing wave within the chamber, a glass coverslip was
used as a reflector.
Optical Imaging and Tracking. Optical imaging was done with

an Olympus BX60 light microscope. Video capture was done in the
range of 25−60 frames/s. Open access video tracking software Video
Spot Tracker (http://cismm.cs.unc.edu/downloads/?dl_cat=3) was

used to track the movement of individual nanorods. To measure
relative speeds of gold rods of 1.3 ± 0.1, 2.3 ± 0.1, 2.6 ± 0.1, 3.5 ± 0.3,
4.1 ± 0.2, 4.3 ± 0.5, and 5.2 ± 0.5 μm lengths, equal amounts of 1.3
μm rods and rods of a different length were mixed and added to the
acoustic cell. Videos were recorded at 100 frames/s and analyzed with
Matlab codes. During the analysis, we set the tracking program so that
the short and long rods were tracked and their speeds recorded
separately. Relative speeds were calculated and plotted because
absolute speeds for a given rod length varied with position in the
cell and from experiment to experiment.
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