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N
anorods propelled by ultrasound1

were recently discovered as a dy-
namic nanotechnology with emer-

ging biomedical applications.2 In contrast to
chemically,3�6 magnetically,7,8 or electri-
cally actuated nanomotors,9 acoustically ac-
tuated nanomotors can transport through
aqueous solutions with high ionic strengths
andwithout toxic fuels or external magnetic
or electric fields. Such nanomotors can be
readily used in living tissue10 and in
combination11 with other propulsionmech-
anisms12 and have been envisioned13,14 for
use in exciting applications such as diagnos-
ing disease,15,16 delivering drugs,17 and per-
forming surgery.18 However, to fulfill the
potential of nanomotors propelled by ultra-
sound for rapidly transporting through and
strongly interacting with biological media,
the basic dynamics of the nanomotors must
be clearly understood.

Such nanomotors, which are typically
metallic rods that are a few micrometers in
length and a few hundred nanometers in
diameter, exhibit several modes of motion
in the presence of acoustic actuation. Both
translation along and rotation around the
principal longitudinal axis (henceforth,
translation and rotation) of single nanomo-
tors have been observed, as well as collec-
tive motions involving many interacting
nanomotors.2 While translation is an inter-
esting mode of motion that is relatively
straightforward to directly measure, rota-
tion is a particularly fascinating mode of
motion that motivates further study, for
several reasons. First, hydrodynamic inter-
actions of nanomotors with other objects or
one another at low Reynolds number (Re)
are determined in part by the vortical flows
around nanomotors, which relate to the
rates of nanorod rotation.19 Interactions

* Address correspondence to
samuel.stavis@nist.gov.

Received for review May 20, 2014
and accepted July 7, 2014.

Published online
10.1021/nn502753x

ABSTRACT We measure the microvortical flows around gold nanorods propelled by ultrasound

in water using polystyrene nanoparticles as optical tracers. We infer the rotational frequencies of such

nanomotors assuming a hydrodynamicmodel of this interaction. In this way,we find that nanomotors

rotate around their longitudinal axes at frequencies of up to≈ 2.5 kHz, or≈ 150 000 rpm, in the

planar pressure node of a half-wavelength layered acoustic resonator driven at ≈ 3 MHz with an

acoustic energy density of <10 J 3m
�3. The corresponding tangential speeds of up to≈ 2.5mm 3 s

�1

at a nanomotor radius of≈ 160 nm are 2 orders of magnitude faster than the translational speeds

of up to≈ 20μm 3 s
�1. We also find that rotation and translation are independent modes of motion

within experimental uncertainty. Our study is an important step toward understanding the behavior

and fulfilling the potential of this dynamic nanotechnology for hydrodynamically interacting with biological media, as well as other applications involving nanoscale

transport, mixing, drilling, assembly, and rheology. Our results also establish the fastest reported rotation of a nanomotor in aqueous solution.
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among multiple nanomotors2 may be strongly influ-
enced by such microvortices, depending on the rota-
tion and flow rates. Second, any correlation, or lack
thereof, between rotation and translation is important
for understanding, engineering, and applying these
modes of motion. The deliberate coupling of rotation
and translation may provide a mechanism for propul-
sion, as is the case for natural20 and artificial21 flagella,
while the deliberate decoupling of rotation and trans-
lation may enable independent control over these
modes ofmotion, as is generally necessary for selective
transport and rotary tools. Third, rotation is difficult to
directly image for nanomotors that are rapidly rotating
and optically featureless around the longitudinal axis,
so that rates of rotation are quantitatively unknown
and potentially very high, considering the ultrasonic
actuation frequency of a fewmegahertz. Therefore, the
extent of hydrodynamic interaction with the surround-
ing environment and any correlation of the modes of
motion are open problems. For these reasons, measur-
ing hydrodynamic interaction and inferring rotational
motion are essential to understanding and using this
dynamic nanotechnology.
Here, as illustrated in Figure 1, we use polystyrene

nanoparticles as optical indicators of the microvortical
flows around gold nanorods propelled by ultrasound
in an acoustic resonator. We track the microvortex
advection of nanoparticle tracers around rotating and
translating nanomotors by dark-field localization mi-
croscopy. We input our measurements of this motion
into a hydrodynamic model to infer the rotational
frequencies of the nanomotors. We discuss simplifying
assumptions underlying our analysis and resulting
uncertainties that are relevant both to our measure-
ments and to future applications of nanomotors. In the
planar pressure nodeof a half-wavelength layered acous-
tic resonator driven at ≈ 3 MHz with an energy density
of < 10 J 3m

�3, we infer that nanomotors rotate at fre-
quencies of up to ≈ 2.5 kHz, or ≈ 150000 rpm. This esta-
blishes the fastest reported rotation of a nanomotor in
aqueous solution and corresponds to tangential speeds
at nanomotor surfaces of up to ≈ 2.5mm 3 s

�1, which are
2 orders of magnitude faster than translational speeds of
≈ 20 μm 3 s

�1. We find that rotation and translation are
independent and variable modes of motion within ex-
perimental uncertainty. These surprising results are es-
sential to understanding the behavior of nanomotors
propelled by ultrasound, and this unprecedented combi-
nation of small size and fast rotation is highly relevant to
emerging biomedical applications of nanomotors, as well
as other applications involving nanoscale transport,22

mixing,23 drilling,24,25 assembly,26 and rheology.27

RESULTS AND DISCUSSION

Motivation. Acoustic actuation is a popular method
for manipulating small objects in liquids,1 and the
recent discovery of the propulsion of metallic

nanorods by ultrasound2,12,28 has generated growing
interest in the use of such nanomotors for interacting
with biological media. However, the basic dynamics of
these nanomotors and the resulting hydrodynamic
interactions between nanomotors and other small
objects are not clearly understood. Such dynamics
and interactions may be probed by imaging the mo-
tion of tracer particles and thus visualizing the flow
fields around objects of interest. Flow fields around
motile bacterial swimmers have been studied29,30 in this
way to better understand swimming mechanisms and
hydrodynamic interactionsbetweenbacteria. Inspiredby
natural swimmers,31 artificial motors have been recently
developed7,21 for inducing fluid flows and transporting
bacteria and other microscale objects by hydrodynamic
interactions.32 However, controlling and measuring dy-
namics and interactions at low Re becomes increasingly
challenging as the dimensions of nanoscale objects
become less uniform and as the motion of nanoscale
objects becomes more stochastic.6 Our multidisciplinary
study therefore combinesultrasonic actuation, lowRe fluid
dynamics and hydrodynamic interactions, nanoscale
control and fluctuations, and measurement science in an
approach toward understanding the behavior of this
dynamic nanotechnology.

Analytical Approach. We measure the microvortex
advection of a tracer nanoparticle around a nanomo-
tor, input our measurements into a hydrodynamic
model of this interaction, and in this way infer the
rotational frequency of the nanomotor. Our approach
relies on several simplifying approximations;including
that of a Stokes flow around a nanomotor, that only
hydrodynamic forces from a microvortical flow act on a

Figure 1. Schematics illustrating the acoustic actuation of a
nanomotor and the microvortex advection of a nanoparti-
cle. (a) A half-wavelength layered acoustic resonator filled
with water is driven at a frequency fd ≈ 3 MHz with an
energy density of < 10 J 3m

�3. Gold nanorods are levitated
into and propelled around the planar pressure node of the
resonator. Polystyrene nanoparticles are levitated into the
planar pressure node and advected by the microvortical
flows around nearby nanomotors. (b) We model a nanomo-
tor as a cylinder of length 2a and diameter 2b with the
longitudinal axis oriented in the focal plane of an optical
microscope. The nanomotor rotates around the longitudi-
nal axis with an angular speed of ωm = 2πfm and translates
along the longitudinal axis with a speed Vm. We model the
nanoparticle as a sphere of diameter 2c and diffusivity D,
located at a radial distance R from the nanomotor and at a
fore and aft position z from the center along the long-
itudinal axis of the nanomotor. The nanoparticle is advected
with a tangential speed Uθ.
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nanoparticle, and that nanomotors and nanoparticles are,
respectively, perfectly cylindrical and spherical in shape;
and thus ignores a description of the actual cause of such
motion.Wedescribe and justify these simplifying assump-
tions in the Supporting Information. A complete theore-
tical model of the acoustic actuation of nanomotor
rotation and translation is beyond the scope of our study.
However, the eventual development of such a model
must be consistent with our novel experimental results. In
particular, we measure a relation between the tangential
speed of a nanoparticle advecting around a rotating
nanomotor and radial distance between the pair that is
reasonably well described by a hydrodynamic inter-
action,19 which must be explained by any, more detailed,
model of the system.

Microvortical Flow. We use an analytical expression
derived by Chwang andWu19 tomodel the vortical flow
at low Re around a slender axisymmetric body rotating
around its longitudinal axis. The following expression
applies in the limiting case of a long rod,which is a good
approximation for our experimental nanorod length
to diameter aspect ratio of ≈ 7, as shown in Figure 2.
If the measured tangential speed of the vortical flow as
indicated by a tracer nanoparticle is Uθ, then

Uθ � ωmb
2

2R
zþ affiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

(zþa)2 þ R2
p � z � affiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

(z � a)2 þ R2
p

" #
(1)

The other variables in this expression are as follows:ωm

is the inferred angular speed of the nanomotor, which
we also discuss as a rotational frequency fm= (ωm/2π); R
is the measured radial distance between the center of a
tracer nanoparticle and the center of a nanomotor; z is
the measured fore and aft position of the tracer nano-
particle from the center along the longitudinal axis of
the nanomotor; and 2a and 2b are themeasured length
and diameter of the nanomotor, respectively. This ex-
pression is independent of viscosity in the limit of a
quasi-static Stokes flow. This model has been experi-
mentally validated for objects with dimensions on
the order of hundreds of micrometers33 and is fur-
ther tested for the rotating nanomotors studied
here. Nanomotor translation also induces a flow field,
which we estimate to be relatively insignificant, while
a posteriori estimates of Re and viscous penetration
depth are consistent with our assumption of a quasi-
static Stokes flow, as described below and in the
Supporting Information.

Tracer Considerations. We trace the flow field around a
nanomotor by imaging the microvortex advection of a
nanoparticle. The size of the nanoparticle and proxi-
mity to the nanomotor must be chosen such that the
nanoparticle serves as both a passive and precise
indicator of the flow field. Several competing experi-
mental considerations inform our semi-empirical se-
lection of a nanoparticle hydrodynamic radius of c ≈
200 nm and radial distance of R > 1 μm. The flow field is

perturbed less by a smaller nanoparticle that is farther
from the nanomotor. Conversely, a larger nano-
particle that is closer to the nanomotor exhibits less
stochastic diffusion and is advected more determinis-
tically. A larger nanoparticle also scatters more light in
dark-field microscopy and can be localized more
precisely.

The maximum size and minimum proximity of a
tracer nanoparticle is limited by the fractional hydro-
dynamic perturbation to the nanomotor rotation from
the wake of a nanoparticle, δf = |((f0 � fpert)/f0)|, where
fpert and f0 are, respectively, the perturbed and unper-
turbed nanomotor rotational frequencies. We estimate
a range of values for δf using two far-field approxima-
tions, both based on a single iteration of themethod of
reflections.34 Details of these calculations are pre-
sented in the Supporting Information. In a deliberate
overestimate of the perturbation, we artificially impose
an external force to hold a nanoparticle stationary in
the flow field described by eq 1, and we calculate the
perturbation from this additional Stokes drag. In the far
field, the actual perturbation is smaller than this over-
estimate, which yields a perturbation of δf < 2% for R >
1 μm, as shown in Figure S1. This analysis is informative
for emerging applications of nanomotors hydrodyna-
mically interacting with other small objects, such as
cellular organelles,10 that may be constrained in a
biological media. In a realistic estimate of the perturba-
tion, with no external forces and torques, the fluid flow
incident on an ideal tracer will, in the Stokes approxima-
tion, transport the tracer with the same velocity and
angular velocity as the averageflowfield at the tracer.9 In
this case, we treat the perturbation δf as being due only
to nanoparticle rotation, using the approximation of a
tracer in a linearly varying velocity flow field in the radial
direction. This analysis yields a perturbation of δf < 0.5%
for R > 1 μm, as shown in Figure S1, which is negligibly
small compared to the other sources of uncertainty in
our measurements described below. Therefore, the nano-
particles qualify as effectively noninteracting tracers of
microvortical flows in our study.

Conversely, the minimum size and maximum dis-
tance of a tracer nanoparticle are limited by the
stochastic diffusion of a nanoparticle, contributing

Figure 2. Scanning electronmicrographs showing the sizes
and shapes of gold nanorods. (a) The ensemble of nanorods
has lengths of 2a = (2.19 ( 0.28) μm and diameters of 2b =
(316 ( 39) nm (average ( standard deviation, N = 20),
yielding an average length to diameter aspect ratio of ≈ 7.
(b) Individual nanorods show variation in diameter, (c) end
shape and surface roughness.
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uncertainty to a measurement of the deterministic
advection of the nanoparticle by the flow field and
thus Uθ and R. A nanoparticle is useful as a tracer in our
measurements only if the rate of advection signifi-
cantly exceeds the rate of diffusion. The relative
rates of advection and diffusion are compared by the
Brenner number, Br = UθR/πD, where D is the mea-
sured diffusion coefficient of the nanoparticle tracer,
expressed through the Stokes�Einstein relation as D =
kBT/6πηc, where kB is the Boltzmann constant, T is the
absolute temperature of the aqueous solution, and η is
the dynamic viscosity. Due to the fast microvortical
flows around nanomotors, we measure typical values
of BrJ 10 and a typical relative standard uncertainty in
Uθ of < 5%, quantifying our extent of hydrodynamic
control over the transport of nanoparticles and satisfy-
ing our need for quasi-deterministic nanoparticle
transport in our measurements.

Independent Motions. In the absence of acoustic ac-
tuation, polystyrene nanoparticles randomly diffuse
throughout the sample volume, while gold nanorods
randomly diffuse and eventually sediment onto the
matching layer of the acoustic resonator. In the pre-
sence of acoustic actuation, both polystyrene nanopar-
ticles and gold nanorods levitate into and concentrate
around the planar pressure node of the acoustic
resonator,35 as illustrated in Figure 1. Polystyrene nano-
particles continue to diffuse randomly and are advected

to varying extents, possibly by acoustic streaming,
around the planar pressure node of the resonator. In-
dependently of interactions with nanomotors, nanopar-
ticles diffuse at the same rate ofD= (1.04( 0.14)μm2

3 s
�1

(average( standarduncertainty) before, during, andafter
acoustic actuation. Individual gold nanorods are pro-
pelled throughout the planar pressure node of the
acoustic resonator with significant variation in transla-
tional speed, path, and concentration, as demonstrated
previously.2 Figure 3 shows representative data of nano-
particle diffusion, nanomotor propulsion, and nanoparti-
cle advection.

Microvortex Advection. Previously, microvortical flows
among ensembles of nanomotors and nanoparticles
were qualitatively observed.2 Here, we quantitatively

analyze the microvortex advection of single nanopar-
ticles around single nanomotors propelling randomly
past, as shown in Figure 3 and in Video S1. Absent a
nearby nanomotor, nanoparticles diffuse randomly
and exhibit minimal advection by acoustic streaming.
Importantly, we observe the microvortex advection of
nanoparticles only as nanomotors transit in close
proximity, and we do not observe the microvortex
advection of nanoparticles without a nanomotor near-
by. These observations demonstrate that the micro-
vortex advection of a nanoparticle is a result of the
hydrodynamic interaction with a nanomotor and is not
a result of any primary acoustophoretic streaming field

Figure 3. Representative data showing the measurement and analysis of the motion of a nanomotor and two nanoparticles.
(a) Dark-field micrographs showing projections in the image plane of nanoparticle diffusion as indicated by blue arrows,
nanomotor propulsion as indicated by gold arrows, and nanoparticle advection for≈ 2π radians as indicated by red arrows.
Sequential video frames are advanced in time by ≈ 15 ms from left to right. (b) Nanomotors and nanoparticles localized in
each video frame. Sequential data points are advanced in time by ≈ 3 ms, and trajectories in the camera coordinate frame
are plotted as color-coded lines with arrows indicating the direction of motion. (c) The trajectory of the nanoparticle is
transformed into the coordinate frame of the nanomotor. Projected radial distance F as a function of time t is modeled as a
sinusoidal function, shown as a gray line, to extract tangential speed Uθ and radial distance R between multiple frames of a
video. The nanomotor obscures the nanoparticle around F≈ 0, as indicated by the gold blur. Vertical and horizontal bars are
one standard uncertainty and are smaller than the data points in some cases.
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in the acoustic resonator, as described in the Support-
ing Information. The microvortex advection of nano-
particles is evident in the majority of close encounters
with nanomotors, indicating that most of these nano-
motors have associated microvortical flows. However,
due to the large distribution of approach distances
between individual nanomotors and nanoparticles,
particle tracking in three dimensions is needed to
quantify the fraction of rotating nanomotors. We cate-
gorize microvortex advection for analysis by the per-
sistence of nanoparticle entrainment, measured in
units of radians around the longitudinal axis. While
some advection events persist for < π radians, others
persist for up to ≈ 8π radians, as shown in Video S2.
This variability in persistence is due to the stochastic
diffusion of both nanomotors and nanoparticles, as well
as variation in approach distances and translational and
rotational speeds of nanomotors, as described below.
We quantitatively analyze only those nanoparticles en-
trained in a microvortex for g 2π radians, as shown in
Figure 3a, as such events allow for more reliable tracking
of nanoparticle motion. Highly persistent microvortex
advections enable repeated measurements of the rota-
tion of individual nanomotors and are therefore particu-
larly interesting for quantitative analysis.

We extract values of Uθ, R, and z from each micro-
vortex advection event of g 2π radians, as shown in
Figure 3 and Figure S3. We assume constant values of
Uθ and R during a circular trajectory of a nanoparticle
around a nanomotor, occurring at large enough Br.
Details of this analysis are described in the Methods

and in the Supporting Information. Figure 4 shows
these measured quantities from the increasingly persis-
tentmicrovortex advection of four nanoparticles around
fournanomotors. Thedatapoints in Figure 4a correspond
to the nanomotor shown in Figure 3 and in Video S1,
while the data points in Figure 4b�d correspond to
other nanomotors. Each microvortex advection event is
plotted to the scale of the nanoparticles and color coded
to Uθ, with 5 μm 3 s

�1 gradations in color conservatively
representing the standarduncertainty inUθ. Variations in
z are due to nanomotor propulsion and diffusion along
the longitudinal axis, aswell as diffusionof nanoparticles,
during microvortex advection. Uθ varies over different
ranges for the four nanomotors, indicating variation in
microvorticalflow rates butmaking it difficult to discern a
trend in Figure 4 and motivating additional testing of
ourmeasurementmethodbefore returning toananalysis
of the rates of rotation of individual nanomotors. We
analyze a total of nine individual nanomotors to obtain
41 total individual microvortex advections.

Model Test. We test the validity of eq 1 to infer values
of ωm = 2πfm from our experimental measurements.
To do so, we fit the experimental relation between
all measurements of Uθ and R to eq 1, using average
values of a, b, and z, while leaving ωm as a free
parameter. The fit has an adjusted R2 = 0.86 and is
shown as a gray line in Figure 5, demonstrating reason-
able agreement between the expected Uθ(R) relation
and the ensemble experimental data and, in this way,
supporting our use of a hydrodynamic model of the
interaction between a nanomotor and a nanoparticle.

Figure 4. Representative data showing four microvortex advection events of varying speed and increasing persistence. The
data points in (a) correspond to the nanomotor shown in Figure 3, while the data points in (b), (c), and (d) correspond to other
nanomotors. Variation in the ranges of tangential speed Uθ indicates different microvortical flow speeds around the individual
nanomotorsdrivenbydifferent rotational frequencies fm.Nanoparticles are shown to scale andcolor coded toUθ, with5μm 3 s

�1

gradations in color conservatively representing the standard uncertainty of Uθ. Vertical and horizontal bars are one standard
uncertainty of radial distance R and one standard deviation of fore and aft position z, respectively, as nanomotors translate and
diffuse along the longitudinal axis during microvortex advection. Nanorods are illustrated approximately to scale.
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Significant scatter of the data is evident, resulting from
variation in the rotational frequencies and dimensions
of individual nanomotors, and in fore and aft position
during microvortex advection due to nanomotor diffu-
sion and propulsion. The left side of Figure 5 shows
tangential surface speeds at the average nanomotor
radius of b ≈ 160 nm for individual microvortex
advection events, as inferred using eq 1. These indivi-
dually inferred values, with an average tangential sur-
face speed of≈ 1.5 mm 3 s

�1, are consistent with the fit
relation from the ensemble experimental data.

Uncertainty Propagation. Each of the five variables that
we input into eq 1, Uθ, R, z, a, and b, has an associated
uncertainty that is propagated through to the inferred
value of ωm. It is worth examining the relative impor-
tance of these uncertainties for the purposes of better
understanding our inference of rotational frequency
and of informing future applications of nanomotors.
We begin by inputting into eq 1 average values of 2a
and 2b with standard deviation values obtained from
scanning electronmicroscopy treated asmeasurement
uncertainties on an ensemble basis. Figure 6 shows, in
this case, the resulting contributions of each of the five
variables to the total uncertainty in fm = ωm/2π as
histograms. It is apparent from Figure 6 that if the
lengths and diameters of nanomotors cannot be char-
acterized on an individual basis, as is the case for our

experimental study and presumably for many applica-
tions of nanomotors, then the statistical distributions of
these values dominate the uncertainty in an inference
of nanomotor rotation, accounting for > 85% of the total
uncertainty. The polydispersity in nanorod dimensions,
2a= (2.19( 0.28) μmand 2b= (316( 39) nm (average(
standard deviation, N = 20), is a result of the electrode-
position process guided by a nanoporous template that
we use to fabricate the gold nanorods, emphasizing that
nanoscale dimensional control over nanorod structure is
critical in future studies and applications of nanomotors.
As a final note on the propagation of measurement
uncertainty, the relatively small contribution of Uθ and R

to the total uncertainty in an estimate of fm validates our
semi-empirical selection of tracer nanoparticle size and
proximity.

Rotation Inference. With our hydrodynamic model
tested and our measurement uncertainty character-
ized, we analyze our inferences of the rotation of
individual nanomotors. We study, for example, the

Figure 5. We test the validity of eq 1 to infer nanomotor
rotational frequency from the microvortex advection of
tracer nanoparticles. We fit the experimental relation be-
tween tangential speed Uθ and radial distance R to eq 1,
using average values of length 2a, diameter 2b, and fore
and aft position z, while leaving angular speedωm = 2πfm as
a free parameter. The fit has an adjusted R2 = 0.86 and is
shown as a gray line, demonstrating reasonable agreement
between theory and experiment. Repeated measurements
of the persistent microvortex advection of tracer nanopar-
ticles around individual nanomotors are color coded. In-
dividually inferred values of fm and derived nanomotor
surface tangential speeds, shown as open circles, are con-
sistent with the fit relation from the ensemble experimental
data. Vertical and horizontal bars are one standard uncer-
tainty and may be smaller than the data points.

Figure 6. An analysis of measurement uncertainty eluci-
dates our inferences of kilohertz rotation and informs future
applications of nanomotors. Each of the five measured values
input intoeq1contributesdifferently to the total uncertainty in
rotational frequency fm. The various contributions are plotted
as histograms, in the case where nanomotor length 2a and
diameter 2b are characterized as an ensemble average and
standard deviation. The distributions of nanorod length, 2a =
(2.19 ( 0.28) μm, and nanorod diameter, 2b = (316 ( 39) nm
(average ( standard deviation, N = 20), result in >85% of the
total uncertainty in fm, demonstrating that dimensional control
is critical in future applications of nanomotors.
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persistent microvortex advection of tracer nanoparti-
cles around the two nanomotors shown in Figure 4c
and d. Individual estimates of rotational frequency and
measurement uncertainty, as well as the statistical
variation of these values, are tabulated in Table S1 of
the Supporting Information. Differences between re-
peated inferences of the rotational frequency of an
individual nanomotor over a time scale of ≈ 100 ms
are oftenwithin, but occasionally exceed, themeasure-
ment uncertainty. Similarly, the variation in rotational
frequency between different nanomotors exceeds the
measurement uncertainty in some instances. Differ-
ences between the rotational frequencies of individual
nanomotors may be attributed to heterogeneity in
nanomotor structure and the resulting transduction
of acoustic energy into motion, as well as any lateral
variation in acoustic energy density around the planar
pressure node of the acoustic resonator. Nanomotors
rotate with a broad distribution of inferred frequencies
ranging from fm ≈ (0.5 to 2.5) kHz, as shown in Figure 6.
For nanorods with radii of b ≈ 160 nm, these inferred
rotational frequencies correspond to Reynolds number
Re < 10�3 and viscous penetration depths of > 8 μm,
which are consistentwith our assumption of a quasi-static
Stokes flow,36 as described in the Supporting Information.

Rotation and Translation. We compare inferred rota-
tional frequencies fm to measured translational speeds
Vm of individual nanomotors during the microvortex
advection of tracer nanoparticles. We analyze the
correlation between fm and Vm to determine if rotation

and translation are dependent or independent modes
of motion. It seems evident in Figure 7 that rotation
and translation are independent and variable. Noting
that we do not know the direction of nanomotor
rotation or the polarity of any coupling between rota-
tion and translation, we calculate adjusted R2 values for
fm(|Vm|) such that our analysis is sensitive to any
existing correlation. We find an adjusted R2 value for
fm(|Vm|) that is similar to that of randomly generated
data, demonstrating that, within the uncertainty of our
measurements, rotation and translation are indepen-
dent modes of motion in our experimental system.

CONCLUSIONS

The field of nanomotors propelled by ultrasound is
rapidly developing, so that understanding the dy-
namics and interactions of these devices is becoming
increasingly important for advancing novel applica-
tions and understanding potential limitations. Our
study provides the first measure of the microvortical
flows around rotating and translating gold nanorods
propelled by ultrasound. We input our measurements
into a simplified hydrodynamic model to infer the
rotational frequencies of nanomotors. In the planar
pressure node of a half-wavelength layered acoustic
resonator driven at ≈ 3 MHz and with an energy
density of < 10 J 3m

�3, we infer that gold nanorods
rotate around the longitudinal axis at frequencies of
up to ≈ 2.5 kHz, or ≈ 150 000 rpm, corresponding
to tangential surface speeds of up to ≈ 2.5 mm 3 s

�1.
This is the fastest reported rotation of a nanomotor in
aqueous solution, exceeding a recently reported record
value9 by an order of magnitude. Nanomotors also
translate along the longitudinal axis at speeds of up
to ≈ 20 μm 3 s

�1 in our experimental system. The even
faster translation of up to Vm ≈ 200 μm 3 s

�1 of similar
nanomotors in a previous study is likely due to theuse of
an acoustic resonator with a similar input power but a
higher quality factor,2 indicating the possibility of nano-
motor rotation faster than ≈ 2.5 kHz. We find that the
majority of randomly propelling nanomotors have as-
sociated microvortical flows, independently of transla-
tional speed or coupling between nanomotors.
These results suggest several future studies. We

hypothesize that microvortical flows could mediate
the attraction or repulsion of multiple nanomotors in
a manner that is analogous to the interaction of
magnetic fields resulting from multiple magnetic di-
poles, due to the similarity of the underlying equations.
Future study is required to test our hypothesis, as well
as to clarify the actuation mechanisms for rotation and
translation. Precisely nanofabricated structures, com-
bined with the measurement methods and results that
we report here, would be helpful in this regard. The
longitudinal asymmetries of the concavity of the ends
of a nanorod and of the angle of a nanorod relative to the
planarpressurenodehavebeen implicated innanomotor

Figure 7. Nanomotor rotation and translation are indepen-
dent and variable modes of motion. Individual nanomotors
are coded by different colors maintained from Figure 5. The
resultingdatapoints are scatteredwith rotationand translation
uncorrelated, even for an individual nanomotor during
persistent microvortex advection. Vertical and horizontal
bars are one standard uncertainty. Uncertainty in rotational
frequency fm is dominated by the polydispersity of nanorod
dimensions, while uncertainty in translational speed Vm is
dominated by diffusion along the longitudinal axis of the
nanomotors.
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translation2,12 and rotation,2 respectively. The kilohertz
rotation of nanomotors indicates that axial asymmetry, in
particular helicity, is a relevant structural characteristic to
further control and investigate. Interestingly, rotation and
translation are not coupled through any helicity of our
nanorods, indicating different acoustic actuation me-
chanisms driving the twomodes of motion and suggest-
ing the future possibility of deliberately decoupling and
separately controlling rotation and translation. Beyond
the basic issue of selectively transporting nanomotors by
translation and inducing microvortical flows by rotation,
decoupling rotation and translation is essential in future
applications of nanomotors as rotary tools, which gen-
erally require independent control over speed and feed.
Conversely, recent reports of the fabrication and actua-
tion ofmetallic heliceswith dimensions that are similar to
our nanorods also suggest the future possibility of delib-
erately coupling rotation and translation propelled by
ultrasound.7,21,37�41

This unprecedented combination of small size and
fast rotation could lead to important advances in
biomedical and other applications of nanomotors
propelled by ultrasound. For example, our results
quantify how nanomotors with associated microvorti-
cal flows can quasi-deterministically control the trans-
port of other objects by rapid advection, despite the
high rates of stochastic diffusion of nanoscale objects.
The enhanced mixing of liquids at low Re23 follows
naturally from our results, while nanoscale drilling,
assembly,26 and rheology27 are also possibilities with
nanomotor rotation occurring at kilohertz frequencies.
However, our measurements also show that future
applications would be limited by precise control over
the nanoscale dimensions of individual nanomotors.
Moreover, our results indicate that such applications
should not be predicated on assumed steady-state
motion or correlation between the rotation and trans-
lation of nanomotors.

METHODS
Acoustic Resonator. We perform our experiments in a half-

wavelength layered acoustic resonator. A ceramic piezoelectric
transducer with a thickness of ≈ 620 μm and a diameter of
≈ 12mm is adhered by an epoxy coupling layer with a thickness
of (9 ( 4) μm (average ( standard deviation) to the unpolished
back side of a silicon matching layer with a thickness of
(430( 1) μm(average( standard deviation), a width of≈ 20mm,
and a length of ≈ 25 mm. A polydimethylsiloxane (PDMS)
gasket with a thickness of ≈ 250 μm, a width of ≈ 5 mm, and
a length of ≈ 10 mm is reversibly bonded to the polished front
side of the silicon matching layer, setting the fluid layer thick-
ness. The resonator volume of ≈ 0.8 μL is formed by a circular
hole with a diameter of≈ 2 mm in the PDMS gasket, into which
the sample solution is pipetted. A borosilicate coverslip with
a thickness of ≈ (160 to 190) μm and a width and length of
≈ 18 mm is reversibly bonded to the top of the PDMS gasket as
the reflecting layer. We drive the piezoelectric transducer with a
sinusoidal function of amplitude from (5 to 10) V and frequency
from (2.75 to 3.10) MHz. The conditions for forming a standing
wave in the resonator are described by

tfl ¼ 1
2
nλ ¼ 1

2
n

cw
fd

� �
(2)

where tfl is the thickness of the fluid layer, n is the number of
nodes, λ is the wavelength of sound in the fluid, cw is the speed
of sound in water, and fd is the driving frequency of the
piezoelectric transducer. For a layered resonator with a single
node operating at values of fd from (2.75 to 3.10) MHz, the ideal
value of tfl respectively varies from (240 to 270) μm. We tune fd
for each experiment to accommodate variation in PDMS gasket
thickness and borosilicate coverslip thickness. We measure an
electrical input power of < 1 W over the entire piezoelectric
transducer area of 113 mm2. In the presence of acoustic
actuation, nanomotors and nanoparticles levitate into a band
with a thickness of several micrometers near the vertical mid-
plane of the resonator, with nanomotors typically oriented with
the longitudinal axis in this plane.

Nanorod Properties. We fabricate gold nanorods by an elec-
trodeposition process guided by a nanoscale porous alumina
template.42Wecharacterize the sizes and shapesof individual nano-
rods by scanning electron microscopy, as shown in Figure 3. The
nanorods, as an ensemble, have dry diameters of (316 ( 39) nm
and lengths of (2.19 ( 0.28) μm (average ( standard deviation,
N = 20), with individual nanorods showing variation in end shape

and surface roughness. We load gold nanorods into the sample cell
at a volume fraction of≈ 10�5.

Nanoparticle Properties. We use polystyrene spheres with wet
diameters of (390 ( 12) nm (average ( standard deviation, as
measured by the manufacturer using a disc centrifuge; the
average value is traceable to the National Institute of Standards
and Technology) to trace the flow fields induced by rotating
nanomotors. Such nanoparticles serve as good tracers for
several reasons beyond the considerations discussed above
guiding our selection of nanoparticle size. While an ideal tracer
would have the same density as water, polystyrene is only≈ 5%
denser than deionized water, and such nanoparticles can be
obtained commercially with nearly monodisperse size distribu-
tion, highly regular spherical shapes, and relatively smooth
surfaces. We load polystyrene nanoparticles into the sample
cell at a volume fraction of ≈ 10�5.

Optical Microscopy. We image the motion of nanomotors and
nanoparticles by dark-field microscopy. To balance collection
efficiency, field of view, and depth of field, we use an air
immersion objective lens with corrections for flat field and
chromatic aberrations, a magnification of 50�, and a numerical
aperture of 0.80. The depth of field of ≈ 1.2 μm is collocated
with the planar pressure node of the acoustic standingwavenear
the vertical midplane of the acoustic resonator. The polished
front side of the siliconmatching layer provides low background
light scattering for high optical signal-to-noise ratio. Images are
collected at a frame rate of ≈ 338 s�1 using a scientific com-
plementary metal�oxide�semiconductor (sCMOS) camera with
an on-chip pixel size of 6.5μm.Videos are typically acquired in 8�
103 frame segments composed of 5 � 102 initial frames imme-
diately before acoustic actuation, 7 � 103 intermediate frames
during acoustic excitation, and 5 � 102 final frames immediately
after acoustic excitation.

Motion Analysis. We analyze the motion of nanomotors and
nanoparticles by modeling the two-dimensional images of
three-dimensional objects and motions, localizing and orient-
ing nanomotors and nanoparticles within video frames, and
tracking the motion of nanomotors and nanoparticles between
video frames.

Nanomotors and nanoparticles are first localized within
each video frame, and frames showing interactions between
nanomotors and nanoparticles are spatially and temporally
cropped. A region of interest (ROI) is centered around a
nanomotor as the brightest and largest feature within the ROI.
This feature is fit to four spatially offset error functions to
determine both the position and orientation of the nanomotor.

A
RTIC

LE



BALK ET AL . VOL. XXX ’ NO. XX ’ 000–000 ’ XXXX

www.acsnano.org

I

The residual of this fit is obtained to isolate the nanoparticle.
This brightest and largest feature in this residual ROI is fit to a
two-dimensional, radially symmetric Gaussian function to ob-
tain the nanoparticle position. Details of this analysis are pre-
sented in the Supporting Information.

Nanoparticles and nanomotors are then tracked between
multiple framesof a video. Thenanomotor position as a functionof
timedata isfit to a linear function toextract theaveragevalueofVm
in the image plane. To extract average values ofUθ and R and from
themicrovortex advection of a nanoparticle around a nanomotor,
the measured trajectory is modeled as a sinusoidal function, as
shown in Figure S3, projecting circularmotion in three dimensions
to images in two dimensions and assuming constant Uθ and R for
microvortex advection, at large enough Br. Details of this analysis
are presented in the Supporting Information.

In these analyses, measurement uncertainties are determined
as the standard uncertainties of the fitted values of position,
orientation, and speed and are propagated throughout the algo-
rithmandsubsequent calculations.Nanomotors andnanoparticles
are localized with typical standard uncertainties of ≈ 50 nm
and ≈ 100 nm, respectively. Limited photon count and motion
blur both contribute uncertainty to localization and tracking.

Independently of hydrodynamic interactions with nanomo-
tors, we analyze the stochastic diffusion of nanoparticles before,
during, and after acoustic actuation. We localize individual nano-
particles over 500 frames and compute the two-dimensionalmean
squared displacement (MSD) as a function of time. Wemeasure D
from the slope of a linear fit to MSD(t) for individual nanoparticles.
We then use the known value of the nanoparticle radius c and the
known lumped parameter of T/(η(T)) for water43 with the Stokes�
Einstein relation to estimate an aqueous solution temperature of
T = (295 ( 5) K (average ( standard uncertainty) before, during,
and after acoustic actuation. This value is consistent with the
ambient experimental temperature of ≈ 295 K.
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