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We investigate the manipulation of 5 nm diamond nanoparticles in a user-defined pattern on a
substrate using the acoustic radiation force associated with a bulk acoustic standing wave. Both
concentric and rectangular patterns are studied and the experimental results are compared with
theoretical predictions. The effect of drag force acting on a nanoparticle is evaluated and limits for
particle speed and particle size that can be moved by acoustic radiation force are determined. We
found good agreement between our experimental results and existing theoretical models and
demonstrate that nanosized particles can be manipulated effectively by means of bulk wave acoustic
radiation force. © 2011 American Institute of Physics. �doi:10.1063/1.3530670�

I. INTRODUCTION

The acoustic radiation force associated with a standing
ultrasonic wave allows trapping of suspended particles in a
host fluid at nodes or antinodes of that wave, depending on
the compressibility and density of the particles and the host
fluid.1 The origin of the acoustic radiation force associated
with a pressure wave is documented extensively in the
literature.1–5 Woodside et al.6 used a microscope-based im-
aging system to experimentally quantify the direction and
magnitude of the acoustic radiation force. They derived the
acoustic radiation force from measured particle velocities un-
der the assumption that the drag force is counterbalanced by
the driving acoustic radiation force. In another publication,
Woodside et al.7 discussed the effectiveness of particle/liquid
separation by ultrasound radiation force, and found this to
depend on the acoustic energy density distribution in the
standing wave field. This could potentially enable designing
optimized resonator cavities for specific particle/fluid sepa-
ration applications.

Acoustic manipulation is commonly used in the area of
microfluidics to separate or manipulate micrometer sized
bacteria and/or cells �e.g., Refs. 8–10�. It is also used to
manipulate suspended particles in parallel planes or at the
axis of a tube with standing waves in one direction.11 Con-
tinuous separation of particles from fluid suspensions was
first demonstrated by Tolt and Feke.12 Acoustic radiation
force has also been used to separate different particle sizes
from each other. Mandralis et al.13 showed fractionalization
based on particle size, while Gupta et al.14 devised a method
for continuous fractionalization of mixed-particulate suspen-
sions based on the compressibility of the solid phase. Jung et
al.15 presented a microfluidic particle filter that relies on
acoustic radiation force to remove particles that exceed a
predefined size. They studied particles in the range of
0.5–5 �m. Multidimensional acoustic manipulation of mi-
croparticles has been achieved by Oberti et al.,16 who created
orthogonal-superimposed standing pressure waves in a mi-
cromachined fluidic chamber to manipulate 9.6 �m particles
in two-dimensional patterns. Smaller microparticles with a

diameter of 0.5 �m were manipulated into so-called Chladni
patterns by means of a vibrating cantilever beam in a micro-
fluidic cell by Dorrestijn et al.17 Most recently, Mazzoccoli et
al.18 employed acoustic manipulation to aggregate mamma-
lian cells in annuli of 80 �m, spaced apart by 300 �m in a
hydrogel sample. Additionally, Whitehill et al.19 showed that
low frequency bulk acoustic waves can be used to manipu-
late particles �40–120 �m� inside a droplet. In all of these
cases,6–19 ultrasonic bulk waves were used to manipulate the
microsized features.

Several researchers have used surface acoustic waves
�SAWs� �Rayleigh waves� to manipulate microparticles �e.g.,
Refs. 20–22�. SAW devices are typically manufactured by
depositing gold plated interdigital transducers on a piezo-
electric substrate such as lithium niobate, lithium tantalite, or
quartz.23 These devices can operate in the megahertz or even
gigahertz range.24 The SAW devices allow generating stand-
ing SAWs on the piezoelectric substrate, and particles can be
manipulated into patterns corresponding to the nodes or an-
tinodes formed by these waves �similar to the case of bulk
waves�. Many publications can be found on acoustic manipu-
lation of cells in microfluidic devices. For instance, Shi et al.
demonstrated the use of SAW devices to create line and rect-
angular patterns with cells and microparticles,21 and they de-
vised a microfluidic channel for continuous particle
separation.22 Very few studies are available in the open lit-
erature on manipulating nanosized structures using SAWs.
Strobl et al.25 showed that SAWs can be used to align mul-
tiwalled carbon nanotubes, and Seeman et al.26 demonstrated
that single walled carbon nanotubes can be manipulated with
SAWs to make a connection between gold contacts.

To the best of our knowledge, no published data exist of
manipulating suspended nanoparticles in a fluid using bulk
acoustic waves, and depositing these patterns on a substrate.
This paper attempts to fill this gap and presents a simple
“bench top” approach to creating patterns of nanoparticles
�diameter of 5 nm� on a substrate using bulk waves instead
of SAWs. The patterns are first formed in the bulk of the
fluid contained in a reservoir, and then deposited on the sub-
strate due to gravity. This pattern then attaches itself to the
substrate as the host fluid evaporates. Additionally, we com-a�Electronic mail: braeymae@alum.mit.edu.
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pare existing theoretical models of the acoustic radiation
force acting on millimeter-sized and micrometer-sized par-
ticles, to our experimental results with nanoparticles. Finally,
we discuss the balance between acoustic radiation and drag
force acting on a nanoparticle, and determine limits for the
particle size that can be manipulated based on particle and
fluid properties.

II. EXPERIMENTAL APPARATUS

We have studied manipulating nanoparticles in rectangu-
lar as well as in concentric patterns. Figure 1 shows the
experimental apparatus we have used for this study. Figure
1�a� shows a square Plexiglas reservoir �length 15 mm, depth
5 mm�. Two rectangular plates of lead zirconate titanate
�PZT�-5 material �length 10 mm, height 6 mm, 1 mm thick�
were mounted on two inner walls of the square reservoir as
indicated in Fig. 1�a�. Figure 1�b� displays a similar setup
consisting of a short length of a piezoelectric �PZT-5� cylin-
der �inner diameter 10 mm, depth 5 mm, 1 mm thick� glued
on a glass plate. The center resonance frequency of both the
PZT cylinder and the PZT plates is 2 MHz and was related to
the thickness of the PZT material. These resonators were
driven using a continuous sine wave by a signal generator
��10 V pk-pk� without any amplifier to create pressure
waves inside the respective reservoirs. The reservoirs are
filled with a disperse solution of water and nanoparticles.
The initial fluid level in the reservoirs was 3 mm. An optical
microscope was positioned directly above the reservoirs to
image the formation of patterns of nanoparticles.

We have used spherical diamond nanoparticles with a
diameter of 5 nm �UltraDiamond96, obtained from Ultradia-
mond Technologies, Inc.�. The diamond nanoparticles con-
tain 96% diamond, the remaining 4% consists of graphite
and amorphous carbon. The diamond nanoparticles were not
treated with a surfactant to keep them dispersed in the solu-

tion. The nanoparticle concentration in the host fluid �water
in our case� was chosen to be sufficiently small to make the
effect of multiple scattering negligible.27

The acoustic pressure emitted at the source �a single
PZT plate� in the square reservoir was measured by a cali-
brated needle hydrophone �ONDA Corp. HNR-1000, diam-
eter 1.5 mm� for different frequencies at a fixed excitation
voltage of 10 V. The small size of the needle hydrophone
ensures that the pressure measurement is minimally cor-
rupted by introducing the hydrophone in the reservoir. The
second PZT plate was not energized while performing the
measurement. The pressure measurements are presented in
Table I. The maximum acoustic pressure was observed at the
resonance frequency of the PZT crystal �2 MHz� as expected
from the frequency response function of the PZT crystal.

III. EXPERIMENTAL RESULTS

Figure 2 shows the results obtained with the square res-
ervoir and two orthogonally oriented PZT plates tuned to
their resonance frequency of 2 MHz. In Fig. 2�a� only one
PZT plate in a given orientation was used as a source, result-
ing in line patterns of the nanoparticles assembling at the
nodal locations of the standing acoustic wave. In Fig. 2�b�
the two orthogonally oriented PZT plates were simulta-
neously excited. The wavelength in water at 2 MHz is
750 �m, as indicated in the figure.

Figure 2�b� shows that the particles do assemble at the
nodal points of the interference pattern created by the super-
position of two orthogonally oriented standing waves, as ex-
pected. The patterns were observed over the entire surface in
the respective reservoirs. Since the PZT plates do not cover

FIG. 1. Experimental apparatus, �a� square reservoir and �b� cylindrical
reservoir.

TABLE I. Maximum acoustic pressure for different frequencies.

Frequency
�MHz�

Pressure
�Pa�

1 7.65�104

2 5.02�105

5 1.90�105

10 4.08�105

FIG. 2. 5 nm diameter spherical diamond nanoparticles �a� one dimensional
acoustic field and �b� two-dimensional acoustic field.
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the entire wall of the square reservoir �see Fig. 1�a��, mini-
mal boundary effects were observed at the edges of the
standing wave interference pattern.

Figure 3 shows the experimental results obtained with
the cylindrical PZT reservoir, using a solution of water and 5
nm diamond particles. Standing waves were created in the
cylindrical reservoir at frequencies of 2 MHz �Fig. 3�a��, and
4 MHz �Fig. 3�b��, respectively. The pattern formation on the
substrate is a two-step process. First the nanoparticles as-
semble at the nodes of the standing wave pattern in the cy-
lindrical reservoir due to acoustic radiation force �see mod-
eling section of this paper�. These patterns then drift
downward due to gravity over a small distance �1–3 mm�
and settle down on the glass substrate below. As the host
fluid evaporates, the pattern becomes attached to the sub-
strate. The spacing of the pattern depends on the frequency
used and it becomes more densely spaced with increased
frequency.

We observe that the concentric rings and the clusters of
nanoparticles in Figs. 2 and 3 are not identical in size, i.e.,
not all the nodal points in Fig. 2�b� and the nodal concentric
circles in Figs. 3�a� and 3�b� collected an equal number of
nanoparticles. Therefore, they do not have exactly the same
size. This may be the result of a nonuniformly dispersed
solution of nanoparticles and water prior to starting the ex-
periment. It is worth pointing out that no acoustic streaming
or cavitation was observed during the experiments consistent
with the low acoustic pressures used �see Table I�.

IV. MODELING

A. Theory

Acoustic radiation force acting on a rigid sphere in a
sound field has been studied by many authors1–5,28–32 over
several decades. Yosioka et al.28,33 and Gor’kov34 extended
these studies by including the compressibility of the sphere.
Spherical particles with radius R in a plane, parallel wave
sound field �square reservoir Fig. 1�a�� in an inviscid me-
dium will assemble at the minima of the time averaged force

potential function Ū, presented by Gor’kov as

Ū =
2

3
�R3� p2

�mcm
2 −

p2

�pcp
2 −

3�m��p − �m�
2�p + �m

v2� . �1�

The acoustic radiation force can thus be written as the nega-

tive gradient of the force potential F=−�Ū, or

F = − ��2

3
�R3� p2

�mcm
2 −

p2

�pcp
2 −

3�m��p − �m�
2�p + �m

v2�	 , �2�

where �m, �p and cm, cp are the density and speed of sound of
the particle �subscript p� and the medium �subscript m�. R is
the radius of a particle subject to the acoustic radiation force.
Using a rectangular Cartesian coordinate system, p2= px

2+ py
2

and v2=vx
2+vy

2 are the time averaged sound pressure in the
medium and the medium displacement velocity, respectively.
These terms can also shown to be11

p2 =
px0

2 cos2�kxx�
2

+
py0

2 cos2�kyy�
2

+ px0py0 cos�kxx�cos�kyy�cos���y − �x�t� , �3�

v2 =
1

2�m
� kx
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2 sin2�kxx�

�x
2 +
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2py0

2 sin2�kyy�
�y

2 � , �4�

with px0 and py0 the peak pressure amplitudes, kx=2� /�x,
ky =2� /�y, �x, �y, �x, �y the wave numbers, angular fre-
quencies and wavelengths in the x and y direction, respec-
tively. Equation �2� can be shown to reduce to

Fx =
�R3

3
p0x

2 kx	m
 sin�2kxx� , �5�

when only considering acoustic pressure along the
x-direction. 	m=1 /�mcm

2 is the compressibility of the me-
dium. The sign of the acoustic contrast factor � indicates
whether particles in a dispersed solution will accumulate at
the nodes ���0� or antinodes ���0� as a result of the
acoustic radiation force associated with the standing ultra-
sound wave pattern.28

� =
5�p − 2�m

2�p + �m
−

	p

	m
, �6�

where 	p=1 /�pcp
2 is the compressibility of the particle.

Table II summarizes the respective values of density,
compressibility, and sound speed of diamond and water. Us-
ing these values in Eq. �6� we find that �=1.94, indicating
that the particles assemble at the nodes of the standing ultra-
sound wave pattern, and implying that repulsive forces will
exist at the pressure antinodes. Since the compressibility of
the medium is two orders of magnitude larger than the com-
pressibility of the diamond particle, the second term in Eq.
�6� is insignificant.

When using a cylindrical reservoir, Gor’kov’s theory for
plane waves is no longer valid. When only considering
waves propagating in the radial direction the time-averaged

force potential function Ū is given in polar coordinates
as32,37

FIG. 3. �Color online� 5 nm diameter spherical diamond nanoparticles in a
concentric pattern: �a� 2 MHz and �b� 4 MHz.

TABLE II. Density and compressibility of water and diamond �Refs. 35 and
36�.

Density
�kg /m3�

Compressibility
�Pa−1�

Sound speed
�m/s�

Water 1000 4.44�10−10 1 500
Diamond 3515 1.98�10−12 12 000
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Ū =
�R3p2

3�mcm
2 ��1 −

�mcm
2

�pcp
2 	J0

2�kr� −
3��p − �m�
2�p + �m

J1
2�kr�� . �7�

The solution is axisymmetric and, thus, independent of . J0

and J1 are Bessel functions of the first kind and zero and first
order, respectively. k=2� /� is the wave number and � the
wavelength associated with the pressure wave in the cylin-
drical reservoir. r is the radial coordinate, as indicated on the
coordinate system in Fig. 1�b�. The origin is located at the
center of the cylindrical reservoir. The acoustic radiation

force can thus be written as F=−�Ū, which yields32,37

F =
�R3p2

3�mcm
2 
�2�1 −

�mcm
2

�pcp
2 	 +

3��p − �m�
2�p + �m

�J0�kr�

−
3��p − �m�
2�p + �m

J2�kr��J1�kr� , �8�

with J2 a Bessel function of the first kind and second order.
The relationship between the time averaged pressure and ra-
dial coordinate r can be expressed as32,37

p2 =
p0

2

2
J0�kr� �9�

Figure 4 presents the variation in the acoustic radiation
force �solid line� and the acoustic pressure �dashed line� over
two wavelengths. The amplitude of both pressure and acous-
tic radiation force has been normalized. Figure 4�a� shows
the case of a plane wave and a positive acoustic contrast
factor using Gor’kov’s model �square reservoir with x /�=0

at the wall of the reservoir�, while Fig. 4�b� depicts the case
of a cylindrical reservoir �with r /�=0 at the central axis of
the reservoir�. The horizontal solid arrows indicate the move-
ment of the nanoparticles subject to the acoustic radiation
force. Particles are forced along the positive x-axis for a
positive acoustic radiation force and vice versa. Thus, par-
ticles will collect at locations where the acoustic radiation
force is zero. In the case of the rectangular pattern, the loca-
tions where the force is zero coincide with pressure nodes.

Note that the acoustic pressure in the case of a radial
pressure field achieves a maximum in the center of the cir-
cular reservoir, thereby creating a strong focusing effect.

B. Comparing model and experimental results

Figure 5 compares the predictions from Gor’kov’s model
and the experimental results obtained with 5 nm diamond
spheres in water �square reservoir�. Figure 5�a� illustrates the

force potential Ū �Eq. �1��, resulting from the superposition
of two orthogonally oriented cosine functions with identical
amplitude, frequency and phase. These results are displayed
for four wavelengths in both x and y direction. Figure 5�b� is
a magnification of Fig. 5�a� showing only a single wave-
length in x and y direction. The force field �Eq. �2�� is indi-
cated by arrows in Fig. 5�b�. The length of the arrows is
proportional to the magnitude of the acoustic radiation force,
while the orientation of the arrow indicates the direction of
the force. According to Gor’kov’s model, the particles collect
at two locations per wavelength, corresponding to the
minima of the force potential �Eq. �1��. The minima are in-
dicated in Fig. 5�b� by solid dots. Figure 5�c� is an expanded
view of a small section of Fig. 2�b� �range of four by four
wavelengths�. The image has been converted to a binary im-
age to accentuate the locations where the 5 nm diamond
spheres accumulate. Overlapping Figs. 5�a� and 5�c� in Fig.
5�d� illustrates the good agreement between the experimental
results obtained with the nanoparticles and the simulation
using Gor’kov’s model.

Figure 6 provides a comparison between the model pre-
dictions and the experimental results obtained with 5 nm
diamond spheres in water for the cylindrical reservoir. Figure

6�a� shows the force potential Ū derived from Eq. �7�. The
results are shown over a spatial extent of four wavelengths
across the diameter of the reservoir. The arrows indicate the
concentric circles where the nanoparticles will accumulate.
Figure 6�b� is an expanded view of Fig. 6�a�, showing a
single wavelength centered around the central axis of the
cylindrical reservoir. The force field �Eq. �8�� is indicated by
arrow vectors in Fig. 6�b�. The spacing between the concen-
tric circles where particles collect does not remain constant
across the diameter of the reservoir because the spacing be-
tween zeros of the Bessel function of the first kind is not
constant �see Eq. �7��. The minima are indicated in Fig. 6�b�
as a solid black circle. Figure 6�c� is an extract from Fig. 2�b�
As before, the image has been converted to a binary image to
accentuate the locations where the 5 nm diamond spheres
accumulate. Consistent with the previous case of rectangular
geometry, there is very good agreement between the experi-

FIG. 4. Variation in the normalized acoustic radiation force and the normal-
ized acoustic pressure for a positive acoustic contrast factor along the axis of
the acoustic beam for �a� a square reservoir �with x /�=0 at the wall of the
reservoir� and �b� a cylindrical reservoir �with r /�=0 at the central axis of
the reservoir�. Arrows indicating the movement of the nanoparticles as a
result of the acoustic radiation force.
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mental results obtained with the nanoparticles and the simu-
lation as can be seen from a comparison between Figs. 6�a�
and 6�c� in Fig. 6�d�.

Note that in Fig. 6�c�, the concentric rings of particles
are not perfectly separated from each other, and few particles
seem to float in between the rings.

FIG. 6. Force potential for spherical diamond nanoparticles with a diameter
of 5 nm in water in a cylindrical reservoir �a� four wavelengths and �b� one
wavelength. Arrows indicate the negative gradient of the force potential, i.e.,
the acoustic radiation force, �c� extract of Fig. 3 �four wavelengths�, con-
verted into a binary image, �d� overlap of theoretical and experimental
results.

FIG. 5. Force potential for spherical diamond nanoparticles with a diameter
of 5 nm in water in a rectangular reservoir �a� four wavelengths and �b� one
wavelength. Arrows indicate the negative gradient of the force potential, i.e.,
the acoustic radiation force, �c� extract of Fig. 2 �four wavelengths�, con-
verted into a binary image, �d� overlap of theoretical and experimental
results.
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C. Acoustic radiation force versus drag force „in the
case of plane waves…

For the rectangular geometry case, using Eq. �5�, the
maximum force acting on a particle along the x-axis is

Fx,max =
�R3

3
p0x

2 kx	m
 . �10�

By defining a nondimensional particle radius

�x = R/�x, �11�

Equation �10� can be rewritten in nondimensional form as

Fx,max

	mp0x
2 �x

2 =
2

3
�2�x

3
 . �12�

The acoustic radiation force �Eq. �12�� drives the nanopar-
ticles toward the nodes or antinodes of the standing wave
pattern, depending on the sign of the acoustic contrast factor

. While moving, the nanoparticles are subject to a drag
force, which can be expressed as29,38

Fd,x = − 6��Rvx, �13�

with � the viscosity of the medium and vx the particle veloc-
ity in the x-direction. By defining a nondimensional particle
velocity

�x = vx/cm, �14�

Equation �13� can be re-written in nondimensional form as

Fd,x

	mp0x
2 �x

2 = −
6��cm�x

	mp0x
2 �x

�x. �15�

Figure 7 shows a double logarithmic plot of the nondi-
mensional maximum acoustic radiation force
�Fx,max /	mp0x

2 �x
2� �x-direction� versus the nondimensional

particle radius �x for different values of the acoustic contrast
factor 
 �solid lines�. Figure 7 also shows the nondimen-
sional drag force acting on a nanoparticle while it is moving
under the influence of the acoustic radiation force, versus the
nondimensional particle radius �x, for different values of the
nondimensional particle velocity �x �dashed lines�. The
acoustic pressure used to obtain this graph was chosen equal
to the maximum pressure at the resonance frequency of the
piezocrystal �500 kPa, see Table I�.

From Fig. 7 we observe that the nondimensional maxi-
mum acoustic radiation force increases with increasing par-

ticle radius, and with increasing values of the acoustic con-
trast factor 
. We also observe that the nondimensional drag
force increases with increasing particle radius and with in-
creasing values of the nondimensional particle velocity �x.
The intersections of the respective force and drag curves
mark the limits of particle sizes that can be manipulated �for
a particular 
 and �x�. The operating point for the rectangu-
lar pattern experiment is indicated with a black dot. We ob-
serve that in the present situation ��=1.9� a particle speed of
�x=10−10 can be obtained.

V. DISCUSSION

A. Gor’kov’s model

It is interesting to note that Gor’kov’s model is valid for
nanoparticles as well as for microparticles. More complex
models that account, for e.g., single and multiple scattering,
acoustic streaming, Brownian motion, and viscosity exist in
the literature. However, Gor’kov’s model showed good
agreement with the experimental results that were obtained
with the 5 nm diamond spheres. Coating the nanoparticles
with a surfactant may improve the agreement between
Gor’kov’s model and the experimental results shown in this
paper, because it would allow the experiment to begin from a
uniformly dispersed solution of water and nanoparticles.

B. Collecting particles

While in the case of microparticles the separation be-
tween host fluid and particles occurs quasi-instantaneously, it
takes on the order of seconds or even minutes to separate the
nanoparticles from the host fluid at the nodal locations of the
standing wave pattern. Figure 7 provides some clarification.
The magnitude of the acoustic radiation force must exceed
the magnitude of the corresponding drag force for a particle
to move. Since the vast majority of the particles are far away
��2R� from the substrate when creating the pattern, we have
used the Stokes drag force equation �Eq. �13�� rather than
accounting for the wall-effect38 that is experienced by only
few particles in close proximity ��2R� to the substrate while
being driven to the pressure nodes. From Fig. 7 we observe
that for small values of �x��10−5�, which corresponds to
nanoparticles in a 1 to 10 MHz acoustic field, the magnitude
of the acoustic radiation force may not be large enough to
overcome the drag force. The magnitude of the acoustic ra-
diation force can be increased by choosing a high acoustic
contrast factor. This can be obtained by choosing particles
with high density and low compressibility compared to the
host fluid. Additionally, the magnitude of the acoustic radia-
tion force can be increased by increasing the acoustic pres-
sure at the source. This implies that the solid curves repre-
senting the acoustic radiation force in Fig. 7 would shift
upwards with increasing source pressure.

The velocity at which the nanoparticles move through
the host fluid is slow. For instance, �x=10−10 corresponds to
a speed of 0.15 �m /s in water under atmospheric condi-
tions. This low velocity corresponds to the experimental ob-
servations. For a 2 MHz acoustic wave in water, the wave-
length corresponds to 750 �m. The maximum travel of the
particles is a quarter wavelength or 187.5 �m �see Fig. 4�.

FIG. 7. Nondimensional maximum acoustic radiation force �x-direction� vs
nondimensional particle radius for different values of the acoustic contrast
factor.
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At a speed of 0.15 �m /s it would thus take 1250 s for the
furthest particle to reach the pressure node. This time esti-
mate matches the observation during the experiments well.
As a result of the secondary acoustic radiation force
�Bjerknes force27� the nanoparticles are attracted to each
other when they are forced into close proximity. The acoustic
radiation force is no longer acting on a single particle but on
a cluster of particles with a larger radius �x than the radius of
an individual particle. Hence, the magnitude of the acoustic
radiation force increases relative to the drag force �radiation
force �R3, drag force �R�, thereby increasing the speed of
separation. �x=10−11 corresponds to a speed of 15 nm/s in
water under atmospheric conditions. It is clear that while the
particles are still being driven to the pressure nodes of the
standing wave pattern, the separation would take too long,
unless clustering as a result of the secondary Bjerknes force
would increase �x and, thus, accelerate the particle separa-
tion from the host fluid. Because the separation of nanopar-
ticles in the host fluid occurs slower than in the case of
microparticles, this technique is less suitable to use for a
continuous separation process of nanoparticles than a con-
tinuous separation of microparticles �e.g., flow
cytometry39,40�.

From Fig. 3 it is clear that the pattern created at the
second harmonic of the source �Fig. 3�b�� is more distorted
than the one created at the center frequency of the source
�Fig. 3�a��. According to Eq. �10� the acoustic radiation force
is proportional to the source frequency. However, the attenu-
ation of a pressure wave in water is proportional to the
square of the frequency. The net result is that it becomes
more difficult to create undistorted patterns for increasing
frequency, especially further away from the source �effect of
increased attenuation dominates�.

C. Brownian motion

Brownian motion is an important topic when manipulat-
ing nanoparticles. The diffusion coefficient D depends on the
particle size R, the temperature T, and the liquid viscosity �.
This relationship can be expressed as41

D =
kBT

6�R�
�16�

where kB is the Boltzmann constant. The root mean square
�rms� displacement x� of a particle in the x-direction as a
result of Brownian motion is given by41

x� = �2Dt , �17�

where t is the time. Combining Eqs. �16� and �17� and non-
dimensionalizing the result with a quarter wavelength we
find,

4

�x
x� =

4

�x

� kBT

3��c

1

�x

ct

�x
, �18�

Figure 8 shows the nondimensional rms displacement
�4�2Dt /�x� as a function of nondimensional time �ct /�x� for
different values of the nondimensional particle radius ��x

=R /�x�.

As expected, the rms displacement due to Brownian mo-
tion increases with decreasing particle size and increasing
time interval length. The time interval is the travel time
needed for a particle to reach a pressure node due to the
acoustic radiation force. The dashed line at 4�2Dt /�x=1 in-
dicates the maximum travel distance of a particle toward a
pressure node �as discussed in Sec.V B�. If the rms displace-
ment 4�2Dt /�x becomes close to 1 for any combination of
particle size and time interval, the effect of Brownian motion
can become important. The operating point for a 5 nm dia-
mond particle in water in the worst case scenario is indicated
in Fig. 8. Here, the distance to a pressure node is a quarter
wavelength, i.e., this particle takes the longest to reach the
pressure node when exposed to the acoustic radiation force.
We note that the rms distance due to Brownian motion is
more than twice the travel as a result of the acoustic radiation
force. However, starting from a uniform distribution of par-
ticles, the initial location of most particles is closer to the
pressure node than the worst case �quarter wavelength
travel�. Thus, these particles take significantly less time to be
manipulated toward the node. Additionally, as mentioned
earlier, we observed particles forming clusters because of the
Bjerknes force acting between particles in close proximity.
The “effective” radius of a cluster of particles can be signifi-
cantly larger than the radius of an individual particle, thereby
decreasing the travel time of the particle�cluster� due to the
increased acoustic radiation force �proportional to the vol-
ume�. Simultaneously the effect of Brownian motion �inverse
proportional to �x

1/2� is decreased.

D. Pattern deposition

We have deposited the patterns that were formed at the
pressure nodes on a glass substrate. The particles are subject
to the gravitational force, and will thus be forced toward the
glass substrate where they are deposited. Additionally, the
fluid in the reservoir evaporates and accelerates the process
of depositing the particles on the glass substrate. In our ex-
periments we have used water as a medium with nanopar-
ticles dispersed in it. Other fluids, however, could be used as
well, and could be chosen such that the evaporation process
is accelerated. When working with small reservoirs one
needs to consider the surface tension of the host fluid. If the

FIG. 8. Nondimensional rms displacement as a result of Brownian motion
�x-direction� vs nondimensional time for different values of the nondimen-
sional particle radius.
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contact angle deviates significantly from 90°, the fluid level
will not be horizontal. Hence, when the host fluid evaporates
the pattern may become distorted. Evidence of this was seen
when using acetone as a host fluid rather than water. Patterns
can also be formed by capillary flow42 �so-called “coffee ring
effect”�. The results we have obtained by evaporation only
�without sound field� indeed evacuated the particles from the
center of the cylinder. However, patterns similar to the ones
obtained with acoustic standing waves were not observed.

E. Applications

Many applications can be thought of for this technique.
It can be used to design two dimensional nanostructured ma-
terials, where particles with particular properties can be po-
sitioned with prescribed periodicity in a binder matrix. The
patterns that are obtained in the host fluid after exposing the
mixture to an acoustic field can be deposited on a substrate
by allowing the host fluid to evaporate.

VI. CONCLUSION

We have used bulk acoustic waves to manipulate dia-
mond nanospheres in user-defined patterns and we have de-
posited these patterns on a glass substrate. We have found
that

�1� Using bulk waves allows manipulating nanoparticles
into clusters that form a user-defined pattern. We have
demonstrated rectangular as well as concentric patterns.

�2� Gor’kov’s model for the acoustic radiation force is still
valid for nanoparticles, and the predictions of the model
agree well with the obtained experimental results.

�3� By calculating the drag force acting on a nanoparticle as
it is moving through the host fluid, and by calculating
the magnitude of the acoustic radiation force, it was
shown that nanoparticles can be moved through a host
fluid by means of the acoustic radiation force. Limits for
the size of the nanoparticles that can be moved were
established based on the particle and host fluid proper-
ties.

�4� Using bulk waves instead of SAWs has significant ad-
vantages �inexpensive, easy, and flexible�. Many appli-
cations can be thought of to benefit from this technique.
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