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Abstract: Acoustic standing waves have been widely used in trapping, patterning, and manipulating
particles, whereas one barrier remains: the lack of understanding of force conditions on particles
which mainly include acoustic radiation force (ARF) and acoustic streaming (AS). In this paper,
force conditions on micrometer size polystyrene microspheres in acoustic standing wave fields
were investigated. The COMSOL® Mutiphysics particle tracing module was used to numerically
simulate force conditions on various particles as a function of time. The velocity of particle movement
was experimentally measured using particle imaging velocimetry (PIV). Through experimental and
numerical simulation, the functions of ARF and AS in trapping and patterning were analyzed.
It is shown that ARF is dominant in trapping and patterning large particles while the impact
of AS increases rapidly with decreasing particle size. The combination of using both ARF and
AS for medium size particles can obtain different patterns with only using ARF. Findings of the
present study will aid the design of acoustic-driven microfluidic devices to increase the diversity of
particle patterning.

Keywords: acoustic radiation force; acoustic streaming; particle image velocimetry; particles
patterning; acoustic particles manipulation

1. Introduction

The use of acoustic radiation force (ARF) to trap and pattern particles has been rapidly developed
in recent years [1]. Particularly, using this principle, various acoustic-driven microfluidic devices
have been designed and fabricated to trap and pattern particles in biomedical and chemical analysis
and other research fields to observe and control cells, drugs, particles, and bubbles [2,3]. In acoustic
microfluidic devices, either bulk acoustic waves (BAWs) [4,5] or surface acoustic waves (SAWs) [6,7]
can be used to generate acoustic standing wave fields to trap particles. BAWs can be generated
from a piezoelectric plate in a fluid volume. A number of piezoelectric plates can be used to make
an array system surrounding an area of interest to generate controllable acoustic standing wave
fields. Multiple studies have been performed to improve the efficacy of such devices. For example,
Grinenko et al. [8] designed a water-surrounding device to significantly reduce the effect of the
reflections from piezoelectric plates on the expected acoustic standing wave fields. Courtney et al. [9]
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and Bernassau et al. [10] investigated the effect of loading signal phases on the resultant acoustic
standing wave fields from a piezoelectric plate layout with various polygonal shapes. Zhang et al. [11]
combined BAWs and SAWs to realize multi-scale particle patterning.

The force conditions on a particle in acoustic standing wave fields in a compressible fluid medium
mainly include ARF and acoustic streaming (AS) and they have been investigated by a number of
researchers. For example, Gorkov et al. [12,13] proposed a model to calculate the ARF on a compressible
spherical object in an arbitrary pressure field. Wiklund et al. [14] pointed out different types of AS in
an acoustic-driven microfluidic device, including inner and outer boundary layer acoustic streaming,
Eckart streaming, and cavitation microstreaming. Lei et al. [15,16] calculated micro-streaming in
a microfluidic device and demonstrated a 3D Rayleigh streaming pattern. Ahmed et al. [17,18]
investigated the manipulation of cells in an acoustic field using both ARF and AS. Collins et al. [19]
have demonstrated how high frequency traveling waves, as well as strong acoustic streaming, are
excited and used it to achieve accurate particle manipulation, while the particles are in the order of
submicrometers (300–500 nm). While, in our work, low frequency standing waves are generated by a
BAW device and the arrangement rules in a standing acoustics field where particles assemble at the
nodal positions are researched.

The relationship of the two competing forces, ARF and AS, has been studied by Muller et al. [20],
in which theory the particles in the microfluidics are subject to two acoustic forces: the ARF from
the scattering of sound waves on the particles and the Stokes drag force from the induced AS were
pointed out. ARF dominates over the streaming-induced drag force for the larger polymer particles.
Conversely, for smaller particles, acoustic streaming, which is a well-known phenomenon in acoustics,
influences the motions of particles obviously. The principle was numerically examined by Bruus [21].
Based on the theoretical analysis mentioned above, an in-device, PIV-combined experiment was
designed and conducted to experimentally verify the actual performance of ARF and AS on different
sizes of micro-particles. To further support experimental data, finite element software analysis was
applied to explain the different roles of ARF and AS in the chamber. Both experiment and analysis
were performed in 1D and 2D acoustic fields to uncover the combined effects of ARF and AS under
dimensional and spatial variations. The present study not only considered the 1D situation, but also
examined the compromising effect of ARF and AS in a 2D acoustic field.

It is noted that the size of acoustic-driven microfluidic devices ranges from submicrometer to
millimeter. Various theories have been proposed to explain the principles in microfluidics. In addition,
the microenvironment within microfluidic devices has been recognized to be rather complex, bringing
great difficulty in quantitative calculation [22,23]. In general, techniques involved in measuring
and manipulating particles in microfluidic fluid are more complicated than those in macroscopic
fluid [24,25]. Particularly, the dynamic characteristics of the microfluidic flow, mainly ARF and AS, are
more difficult to be experimentally investigated due to the diverse produce cause [26,27]. The flow
field, however, can be accurately measured by particle imaging velocimetry (PIV) a technique in
which velocity vectors of fluorescent tracing particles can be calculated based on recorded fluorescence
patterns [28,29].

In this paper, four piezoelectric plates with a rectangular element layout in a water chamber
are used to generate acoustic standing wave fields. Three types of polystyrene microspheres with
various sizes are placed in the acoustic standing wave fields. PIV technique is used to scale the velocity
fields around these particles. COMSOL® Multiphysics software is used to simulate acoustic pressure,
particle velocity distributions, and particle patterning process. The effect of ARF and AS on particle
trapping and patterning is finally discussed.
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2. Theory

When a particle is placed in an acoustic standing wave field in a compressible fluid medium, ARF
is induced by the existence of non-linear terms of the vibration in the medium and it can push the
particle toward force-balanced point and it is given by [18,30,31],

Fr = −(
πp0

2Vpβm

2λ
)ϕ(β, ρ) sin(2kx) (1)

where, ϕ =
5ρp−2ρm
2ρp+ρm

− βp
βm

, p0 is the acoustic pressure, Vp the particle volume, λ the wavelength in the
fluid medium, k the wave number, x the displacement along the wave propagation direction, ρm the
density of water, ρp the density of the particle, βm the compressibility of the fluid medium, and βp

the compressibility of the particle. As long as the velocity of a particle is different from that of the
surrounding medium, the particle is also being dragged by the Stokes force which is given by [18],

Fv = −6πηrv (2)

where η, r, and v are the medium viscosity, the radius of the particle, and the relative speed of the
media between the particle, respectively. Meanwhile, the acoustic vibration can also cause different
fluid motions—for example, boundary flow, internal flow, attenuation flow, and cavitation flow—and
all these are related to AS [24,32].

From Equation (1), it can be seen that the ARF conforms to a sinusoidal distribution with an
interval of a half wavelength in space. Driven by the surrounding force, the particle will stay at a
force-balanced point which depends on the sign of ϕ. If ϕ is positive, the particle will gather at a node
(pressure is zero) in the standing wave, otherwise, at an antinode (pressure is maximum) [33]. It is
noted that the ARF is proportional to the cube of particle radius and the Stokes force is proportional to
the particle radius [14,34]. This indicates that, for a large particle, the ARF is dominant in its movement
toward to a force-balanced position. For a small particle, however, it is more likely to comply with the
movement of fluid, i.e. AS.

3. Experimental Setup

Figure 1 shows the PIV system used to measure the fluid velocity in an acoustical standing
wave field. In the system, a BAW microfluidic device is used to generate acoustical standing wave
fields, the configuration of which has been explicitly demonstrated by Drinkwater in Figure 1b in
reference [1]. The BAW device is made up of a water-immersive rectangular-shape chamber with a
size of 20 mm× 20 mm and four attached piezoelectric plates with a size of 1 mm× 2 mm× 15 mm
and a resonance frequency of 6.9 MHz. A wave generator (Agilent 33250A, Santa Clara, CA, USA)
is connected to the piezoelectric plates and provides sinusoidal wave signals of 6.9 MHz. In the
PIV system, an inverted microscope (Olympus IX71, Japan) is used for imaging. A double pulse
laser generator (EKSPLA-NL303D-10, Lithuania, wavelength = 532 nm) is used for illumination and
the fluorescent pattern is recorded by a high resolution camera (Lavision Imager Pro SX, Göttingen,
Germany). The cross-correlation PIV software DaVis 8.0 (Lavision, Göttingen, Germany) is used
to calculate the velocities of particles from the measured images. The time synchronization unit of
the whole system is the PTU time synchronizer (Lavision, Göttingen, Germany), which controls the
correlation coefficient of the exposure parameter.

Polystyrene fluorescent microspheres with various sizes were added into the water chamber for
the measurements. These particles are, Thermo Fisher® R0100 (Thermo Fisher, Fremont, CA, USA)
with d = 1 µm and ρp = 1.05 g/cm3, Thermo Fisher® R0300 (Thermo Fisher, Fremont, CA, USA) with
d = 3 µm and ρp = 1.05 g/cm3 and Spherotech® 73-FP-10056 (Spherotech, Lake Forest, IL, USA) with
d = 10 µm and ρp = 1.05 g/cm3. Note that all these parameters lead to positive ϕ and this means that
ARF should push all particles toward the nodes of the standing waves.
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In the experimental measurements, the fluorescent microspheres in water were exposed under
double-pulsed lasers within a very short interval time (100 µs) and the captured position information
of tracer particles was transferred to the computer [35]. The local displacement vector of the tracer
particles between the first and second illumination was determined for each interrogation area by
means of cross-correlation calculation under the assumption that all particles within one interrogation
area moved homogeneously between two illuminations. The flow field was finally obtained by the
delay time between two pulses and the magnification of imaging. During this procedure in the
experiment, each image was divided into small interrogation areas, whose sizes were 96 × 96 pixels
with 75% overlapping. All the velocity filed is calculated by the DaVis 8.0. The time interval between
two frames being considerably short, the PIV result could be regarded as the instantaneous velocity of
particle motion [36].
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Figure 1. The experimental measurement system consisted of a signal electrical excitation system,
a BAW microfluidic device, and a PIV system.

4. Simulation and Experimental Data Analysis

It is noted that the PIV-measured velocity fields denote all motions of the particles, which is the
combination of the ARF and the AS. In this paper, all piezoelectric plates in the BAW microfluidic
device were operated at the same phase, the particle patterning was performed in both one-dimensional
and two-dimensional standing wave fields.

In the simulations, COMSOL® Multiphysics 5.2a (COMSOL, Burlington, MA, USA) was used to
explore the characteristics of acoustic radiation fields and microstreaming in the microfluidic device.
To save the memory of calculating, “Pressure Acoustic, Frequency Domain” physics in COMSOL®

(COMSOL, Burlington, MA, USA) was utilized to simulate 2λ× 2λ-sized first-order acoustic fields,
which takes the form

∇ ·
(
− 1

ρ0
∇p

)
− ω2

ρ0c2 p = 0 (3)

whereω is the angular frequency (2π × 6.9 MHz in this simulation), c the sound speed, ρ0 the density,
and p the pressure. The boundaries of the simulation area were considered normal displacement
boundary conditions (Amplitude: 5 nm). COMSOL®’s “Laminar Flow” physics was used to calculate
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the second-order acoustic streaming fields. The mechanic force F of the fluid can be derived from the
acoustic energy density E [1,37]

E =
1
2

p1
2

ρ0c02 +
1
2

ρ0
⇀
v1 ·

⇀
v1 (4)

⇀
F = −〈∇E〉 = −∇〈E〉 (5)

where p1 is the first-order acoustic pressure, and v1 is the first-order acoustic velocity.
Finally, the “Particle Tracing for Fluid Flow” physics model was used to obtain the trajectory of
particles in this microfluidic device. To balance the simulation accuracy and the computational
load, it is necessary to optimize the element size length of the computational mesh. Taking viscous
boundary layer into consideration, the boundary layer thickness is δ = (2v/ω)1/2 [38], where v is the
kinematic viscosity of the medium ν = η0/ρ0, η0 is 0.893 mPa·s and δ = 0.203 µm can be gotten. ω

is the angular frequency of the wave. The maximum grid element size of this model is given by 10δ.
The flow in the bulk wave is due to the effect of the boundary flow and the acoustic flow. Because the
boundary layer thickness is small, the boundary flow has little effect on the particles in the fluid [39,40].
Thus, in this paper, it is only necessary to study only the role of acoustic flow. The laminar flow was
also chosen to account for particle arrangement in COMSOL simulation. All other parameters were set
in correspondence with the experiment.

4.1. One-Dimensional Patterning

The simulation result for a one-dimension particle patterning is shown in Figure 2.
As shown in Figure 2a, the ARF points to the node positions as expected. From Figure 2b, it can

be seen that the flow velocity of the media in the ranges adjacent to the boundaries is larger than the
one at the center.
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In the experiment measurement, only one pair of piezoelectric plates was activated in phase. The 
applied peak to peak electric input voltage was 10 V. Figures 3a–c compare the patterns from the 
microspheres with d = 1, 3, and 10 μm. As shown, the ARF can pattern large microspheres  
(d = 3 μm and d = 10 μm) as strip shapes but not for small ones (d = 1 μm). 

Figure 3d shows the velocity field from the 3 μm diameter particles using the PIV technique. As 
the image shows the later period of particle aggregation, few particles exist outside the aggregation 
area (the stripe). Too few particles leads to difficulties in the calculation of the PIV result, explaining 
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Though halfway between the two nodes, the force on the particle is zero in theory; it is not the stable 
equilibrium position of the particles. Even a little perturbation will cause the particles to move away 

Figure 2. Simulation of one-dimensional particle patterning. In the figure (a), the background color
represents the amplitude of the sound pressure, with blue for the node, red for the antinode, and the
arrow indicating the direction of the sound radiation force. The figure (b) is the simulation result
of microstreaming in the cavity, and the arrows represent the direction of the liquid flow and the
background color represent the velocity of the microstreaming.

In the experiment measurement, only one pair of piezoelectric plates was activated in phase.
The applied peak to peak electric input voltage was 10 V. Figure 3a–c compare the patterns from the
microspheres with d = 1, 3, and 10 µm. As shown, the ARF can pattern large microspheres (d = 3 µm
and d = 10 µm) as strip shapes but not for small ones (d = 1 µm).

Figure 3d shows the velocity field from the 3 µm diameter particles using the PIV technique.
As the image shows the later period of particle aggregation, few particles exist outside the aggregation
area (the stripe). Too few particles leads to difficulties in the calculation of the PIV result, explaining
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the absence of arrows in some regions. As shown, most the velocity vectors point to the nodes.
Though halfway between the two nodes, the force on the particle is zero in theory; it is not the stable
equilibrium position of the particles. Even a little perturbation will cause the particles to move away
from these positions to the node quickly. However, in the nodal area, the particles are so slowly
gathered that the ARF is also very low. In addition, it can also be seen that there are spirals in the
field and this indicates that the particles in the patterning process are not in a stable state. This is
because the particles are also affected by the micro-fluid and the acoustic vortex, as well as some small
perturbations in the sound field, which are also observed in the experiments.
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Figure 3. Experiment of one-dimension particle patterning (diameter = 1, 3, and 10 µm) is demonstrated
in the (a–c) in sequence. The figure (d) is the 3µm particle velocity field calculated by PIV system.

4.2. Two-Dimensional Patterning

Figure 4 shows the simulation results for two-dimensional patterning. In Figure 4a, the nodal
positions appear as inclined strips (termed as inclined strip patterns) and the positions of the antinodes
are shown as a few dots (termed as lattice patterns). From Figure 4a it can be seen that, in the direction
of wave propagation, the distance between the antinodes is a wavelength. As shown in Figure 4b,
since four transducers are simultaneously emitting ultrasound waves in two-dimensions, the overall
amplitude flow field is larger than that of the one-dimensional case. Again, flow field in the region
adjacent to the boundary layers is higher than that at the center. The radiation distribution pattern is
thus easy to understand. Meanwhile, the relevant mathematical derivation can be found in reference [9].
Through the sound pressure derivation in the standing wave field, we can acquire the stripe-like sound
field distribution.

In order to investigate the effect of particle size on the AS force, the particle-tracking module
in COMSOL® software was used and the simulation results are shown in Figure 5. As shown in
Figure 5a–c for the small size particles (d = 1 µm), they were not trapped as expected. For the medium
size particles (d = 3 µm), as shown in Figure 5d–f, the particles first travelled along the nodal lines
(pressure is low), then flowed along the acoustic streaming and finally clustered as a big dot (as the
black box shown in Figure 5f, resulting in a lattice pattern in which the distance between two dots is
around a wavelength along the direction of sound wave propagation. It is noted that the particles
were finally trapped in some dots of the strip and generated a similar lattice pattern as the particle
patterning under the condition of ϕ < 0, as well as with a large lattice gap (around a wavelength).
This pattern is generated by the combination functions of ARF and AS on the medium-size particles.
For the large size particles (d = 10 µm), as shown in Figure 5g–i, the particles travelled along the nodal
strips and finally formed an inclined strip pattern as expected, which is similar to the result in [9].
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Figure 5. Simulation results in the continuous time with the arrows representing the flow velocity of
the microfluidics, the color of the background the magnitude of the sound pressure in the standing
wave field, and the green particles the polystyrene microspheres. (a–i) are the pattern of particles
whose diameters are 1, 3, and 10 µm aggregation on different times. (To provide better visual effects,
the 1 µm particles are zoomed in three times).
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In the experimental measurements, two pairs of piezoelectric plates were energized with
peak-peak voltage of 10 V in phase. The experimentally measured results are shown in Figure 6.
Comparing Figures 5 and 6, it can be seen that the particle patterns agreed well, i.e., no pattern for
1 µm-diameter particles, lattice shape pattern with a lattice separation distance around a wavelength
for 3 µm-diameter particles, and inclined strip shape pattern for 10 µm-diameter particles. Figure 6d
shows the flow velocity field for 3 µm-diameter particles. As shown in Figure 6d, the whole flow
field appeared in a lattice pattern, and the velocities of the particles points to the site where particles
gathered. It can be also seen that particle velocity points to the gathering point. For the same reason
as the 1D situation, it can be seen that some of the arrows do not point to the center of gathered area
and that no arrows appear in some areas. It is noted that, from Figures 5d–f and 6b, for the medium
size particles, the final pattern is determined by the combination functions of the ARF and the AS,
i.e., in the case of 3 µm-diameter polystyrene microspheres, they should be arranged in a stripe shape
in two-dimensional acoustic field if only affected by the ARF, but they eventually clustered into a
lattice due to the presence of microfluidics. This also indicates that the movement of particles of
medium size are dominated by the influence of ARF, but the acoustic fluid effect also needs to be
taken into consideration once particles have aggregated in the strip so that particles would be further
pushed into the acoustic potential well where the velocity of acoustic fluid remains small. It should be
explained that the gathered area is not the anti-node, it just appears in the same style as the anti-node.
The simulation results also show that the area where the particles aggregated is where acoustic fluid is
small (Figure 5f). This conjecture is confirmed in both simulations and experiments.
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5. Conclusions

In this paper, particles with various sizes (d = 1 µm, 3 µm and 10 µm) were used in the acoustic
standing wave fields to investigate the effect of ARF and AS on particle patterning. The PIV technique
was used to observe the flow fields in acoustic standing wave fields in water and it helped to understand
the force condition on particles. Through the simulation and PIV measurement techniques, it is shown
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that, in one-dimensional acoustical fields, ARF is dominant in patterning for medium and large size
particles (d = 3 µm and 10 µm). In two-dimensional acoustical fields, ARF is still dominant in patterning
for large size particles (d = 10 µm) while the combined effect of ARF and AS leads to the final pattern of
medium size particles (d = 3 µm). The effect of AS plays a subject role in the motion of 1 µm diameter
particles. According to [20], if the diameters of particles are larger than 2 µm, the ARF plays a subject
role in the motion of the particles and the motion has a good agreement with the theory if the diameter
is larger than 5 µm. This conclusion coincides with the conclusion of this paper, both in simulation and
experiment. 1 µm particles under the domination of the AS cannot be arranged into a certain pattern;
10 µm particles which are ARF dominated can be arranged into a grid; 3 µm particles under combined
effect of ARF and AS gathered into some big dots. The experiment and simulation is performed in the
square standing wave area in the 6.9 MHz, but it has universality in the condition of plane standing
waves because the force situation of the particles remains the same in this case [1]. Besides, the result
is applicable for other frequencies. The change in frequency is equivalent to the change in the relative
magnitude of the wavelength and particle size. As the motion of particles with multiple sizes has
been researched in the article. The conclusion can thus be applied and modified for particles of other
sizes and the acoustic wave of other frequencies. By considering the interaction between particles with
various sizes and their surrounding ARF and AS, the findings will help in the design of acoustic-driven
microfluidic devices to increase the diversity of particle patterning. This will also help to ensure the
stability and repeatability of acoustofluidic devices and accelerate their industrial application.

Acknowledgments: This work was partially supported by the National Natural Science Foundation of China
(Grant Nos. 81627802, 11474161, 11374155, 11474001, and 11674173) and QingLan Project.

Author Contributions: Shilei Liu, Xiasheng Guo, and Dong Zhang conceived and designed the experiments;
Shilei Liu and Yanye Yang performed the experiments; Shilei Liu, Xiasheng Guo, Linjiao Luo, and Juan Tu
analyzed the data; Zhengyang Ni performed the simulation results; Shilei Liu and Jie Zhang contributed
reagents/materials/analysis tools; Shilei Liu, Jie Zhang and Dong Zhang wrote the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Drinkwater, B.W. Dynamic-field devices for the ultrasonic manipulation of microparticles. Lab Chip 2016, 16,
2360–2375. [CrossRef] [PubMed]

2. Bruus, H.; Dual, J.; Hawkes, J.; Hill, M.; Laurell, T.; Nilsson, J.; Radel, S.; Sadhal, S.; Wiklund, M. Forthcoming
lab on a chip tutorial series on acoustofluidics: Acoustofluidics-exploiting ultrasonic standing wave forces
and acoustic streaming in microfluidic systems for cell and particle manipulation. Lab Chip 2011, 11,
3579–3580. [CrossRef] [PubMed]

3. Mark, D.; Haeberle, S.; Roth, G.; von Stetten, F.; Zengerle, R. Microfluidic lab-on-a-chip platforms:
Requirements, characteristics and applications. Chem. Soc. Rev. 2010, 39, 1153–1182. [CrossRef] [PubMed]

4. Haake, A.; Neild, A.; Radziwill, G.; Dual, J. Positioning, displacement, and localization of cells using
ultrasonic forces. Biotechnol. Bioeng. 2005, 92, 8–14. [CrossRef] [PubMed]

5. Hill, M.; Wood, R.J. Modelling in the design of a flow-through ultrasonic separator. Ultrasonics 2000, 38,
662–665. [CrossRef]

6. Collins, D.J.; Morahan, B.; Garcia-Bustos, J.; Doerig, C.; Plebanski, M.; Neild, A. Two-dimensional single-cell
patterning with one cell per well driven by surface acoustic waves. Nat. Commun. 2015, 6, 8686. [CrossRef]
[PubMed]

7. Jin, H.; Zhou, J.; He, X.; Wang, W.; Guo, H.; Dong, S.; Wang, D.; Xu, Y.; Geng, J.; Luo, J.; et al. Flexible surface
acoustic wave resonators built on disposable plastic film for electronics and lab-on-a-chip applications.
Sci. Rep. 2013, 3, 2140. [CrossRef] [PubMed]

8. Grinenko, A.; Ong, C.K.; Courtney, C.R.P.; Wilcox, P.D.; Drinkwater, B.W. Efficient counter-propagating wave
acoustic micro-particle manipulation. Appl. Phys. Lett. 2012, 101, 233501. [CrossRef]

9. Courtney, C.R.P.; Ong, C.K.; Drinkwater, B.W.; Bernassau, A.L.; Wilcox, P.D.; Cumming, D.R.S. Manipulation
of particles in two dimensions using phase controllable ultrasonic standing waves. Proc. R. Soc. A Math.
Phys. Eng. Sci. 2011. [CrossRef]

http://dx.doi.org/10.1039/C6LC00502K
http://www.ncbi.nlm.nih.gov/pubmed/27256513
http://dx.doi.org/10.1039/c1lc90058g
http://www.ncbi.nlm.nih.gov/pubmed/21952310
http://dx.doi.org/10.1039/b820557b
http://www.ncbi.nlm.nih.gov/pubmed/20179830
http://dx.doi.org/10.1002/bit.20540
http://www.ncbi.nlm.nih.gov/pubmed/16094668
http://dx.doi.org/10.1016/S0041-624X(99)00134-1
http://dx.doi.org/10.1038/ncomms9686
http://www.ncbi.nlm.nih.gov/pubmed/26522429
http://dx.doi.org/10.1038/srep02140
http://www.ncbi.nlm.nih.gov/pubmed/23828169
http://dx.doi.org/10.1063/1.4769092
http://dx.doi.org/10.1098/rspa.2011.0269


Sensors 2017, 17, 1664 10 of 11

10. Bernassau, A.L.; Courtney, C.R.P.; Beeley, J.; Drinkwater, B.W.; Cumming, D.R.S. Interactive manipulation of
microparticles in an octagonal sonotweezer. Appl. Phys. Lett. 2013, 102, 164101. [CrossRef]

11. Zhang, J.; Meng, L.; Cai, F.; Zheng, H.; Courtney, C.R.P. Multi-scale patterning of microparticles using a
combination of surface acoustic waves and ultrasonic bulk waves. Appl. Phys. Lett. 2014, 104, 224103.
[CrossRef]

12. Gorkov, L. Forces acting on a small particle in an acoustic field within an ideal fluid. Dokl. Akad. Nauk SSSR
1961, 140, 88.

13. Neild, A.; Oberti, S.; Dual, J. Design, modeling and characterization of microfluidic devices for
ultrasonic manipulation. Sens. Actuators B Chem. 2007, 121, 452–461. [CrossRef]

14. Wiklund, M.; Green, R.; Ohlin, M. Acoustofluidics 14: Applications of acoustic streaming in
microfluidic devices. Lab Chip 2012, 12, 2438–2451. [CrossRef] [PubMed]

15. Lei, J.; Glynne-Jones, P.; Hill, M. Acoustic streaming in the transducer plane in ultrasonic particle
manipulation devices. Lab Chip 2013, 13, 2133–2143. [CrossRef] [PubMed]

16. Lei, J.; Hill, M.; Glynne-Jones, P. Numerical simulation of 3d boundary-driven acoustic streaming in
microfluidic devices. Lab Chip 2014, 14, 532–541. [CrossRef] [PubMed]

17. Ahmed, D.; Ozcelik, A.; Bojanala, N.; Nama, N.; Upadhyay, A.; Chen, Y.; Hanna-Rose, W.; Huang, T.J.
Rotational manipulation of single cells and organisms using acoustic waves. Nat. Commun. 2016, 7, 11085.
[CrossRef] [PubMed]

18. Shi, J.; Huang, H.; Stratton, Z.; Huang, Y.; Huang, T.J. Continuous particle separation in a microfluidic
channel via standing surface acoustic waves (SSAW). Lab Chip 2009, 9, 3354–3359. [CrossRef] [PubMed]

19. Collins, D.J.; Ma, Z.; Ai, Y. Highly localized acoustic streaming and size-selective submicrometer particle
concentration using high frequency microscale focused acoustic fields. Anal. Chem. 2016, 88, 5513–5522.
[CrossRef] [PubMed]

20. Muller, P.B.; Barnkob, R.; Jensen, M.J.H.; Bruus, H. A numerical study of microparticle acoustophoresis driven
by acoustic radiation forces and streaming-induced drag forces. Lab Chip 2012, 12, 4617–4627. [CrossRef]
[PubMed]

21. Bruus, H. Acoustofluidics 10: Scaling laws in acoustophoresis. Lab Chip 2012, 12, 1578–1586. [CrossRef]
[PubMed]

22. Friend, J.; Yeo, L.Y. Microscale acoustofluidics: Microfluidics driven via acoustics and ultrasonics.
Rev. Mod. Phys. 2011, 83, 647–704. [CrossRef]

23. Duwairi, H.; Abdullah, M. Thermal and flow analysis of a magneto-hydrodynamic micropump.
Microsyst. Technol. 2007, 13, 33–39. [CrossRef]

24. Gedge, M.; Hill, M. Theory of surface acoustic wave devices for particle manipulation. Microscale
Acoustofluidics; Royal Society of Chemistry: London, UK, 2014; Chapter 14.

25. Gedge, M.; Hill, M. Acoustofluidics 17: Theory and applications of surface acoustic wave devices for
particle manipulation. Lab Chip 2012, 12, 2998–3007. [CrossRef] [PubMed]

26. Barnkob, R.; Augustsson, P.; Laurell, T.; Bruus, H. Measuring the local pressure amplitude in
microchannel acoustophoresis. Lab Chip 2010, 10, 563–570. [CrossRef] [PubMed]

27. Green, R.; Ohlin, M.; Wiklund, M. Applications of acoustic streaming. Microscale Acoustofluidics; Royal
Society of Chemistry: London, UK, 2014; Chapter 13.

28. Hagsater, S.M.; Jensen, T.G.; Bruus, H.; Kutter, J.P. Acoustic resonances in microfluidic chips: Full-image
micro-piv experiments and numerical simulations. Lab Chip 2007, 7, 1336–1344. [CrossRef] [PubMed]

29. Bruus, H. Acoustofluidics 1: Governing equations in microfluidics. Lab Chip 2011, 11, 3742–3751. [CrossRef]
[PubMed]

30. Yosioka, K.; Kawasima, Y. Acoustic radiation pressure on a compressible sphere. Acta Acust. United Acust.
1955, 5, 167–173.

31. Settnes, M.; Bruus, H. Forces acting on a small particle in an acoustical field in a viscous fluid. Phys. Rev. E
2012, 85, 016327. [CrossRef] [PubMed]

32. Franke, T.; Frommelt, T.; Schmid, L.; Braunmüller, S.; Huang, T.J.; Wixforth, A. Surface acoustic wave based
microfluidics and droplet Applications. Microscale Acoustofluidics; Royal Society of Chemistry: London,
UK, 2014; Chapter 16.

33. Hartono, D.; Liu, Y.; Tan, P.L.; Then, X.Y.; Yung, L.Y.; Lim, K.M. On-chip measurements of cell compressibility
via acoustic radiation. Lab Chip 2011, 11, 4072–4080. [CrossRef] [PubMed]

http://dx.doi.org/10.1063/1.4802754
http://dx.doi.org/10.1063/1.4881261
http://dx.doi.org/10.1016/j.snb.2006.04.065
http://dx.doi.org/10.1039/c2lc40203c
http://www.ncbi.nlm.nih.gov/pubmed/22688253
http://dx.doi.org/10.1039/c3lc00010a
http://www.ncbi.nlm.nih.gov/pubmed/23609455
http://dx.doi.org/10.1039/C3LC50985K
http://www.ncbi.nlm.nih.gov/pubmed/24284651
http://dx.doi.org/10.1038/ncomms11085
http://www.ncbi.nlm.nih.gov/pubmed/27004764
http://dx.doi.org/10.1039/b915113c
http://www.ncbi.nlm.nih.gov/pubmed/19904400
http://dx.doi.org/10.1021/acs.analchem.6b01069
http://www.ncbi.nlm.nih.gov/pubmed/27102956
http://dx.doi.org/10.1039/c2lc40612h
http://www.ncbi.nlm.nih.gov/pubmed/23010952
http://dx.doi.org/10.1039/c2lc21261g
http://www.ncbi.nlm.nih.gov/pubmed/22430330
http://dx.doi.org/10.1103/RevModPhys.83.647
http://dx.doi.org/10.1007/s00542-006-0258-0
http://dx.doi.org/10.1039/c2lc40565b
http://www.ncbi.nlm.nih.gov/pubmed/22842855
http://dx.doi.org/10.1039/b920376a
http://www.ncbi.nlm.nih.gov/pubmed/20162231
http://dx.doi.org/10.1039/b704864e
http://www.ncbi.nlm.nih.gov/pubmed/17896019
http://dx.doi.org/10.1039/c1lc20658c
http://www.ncbi.nlm.nih.gov/pubmed/22011885
http://dx.doi.org/10.1103/PhysRevE.85.016327
http://www.ncbi.nlm.nih.gov/pubmed/22400677
http://dx.doi.org/10.1039/c1lc20687g
http://www.ncbi.nlm.nih.gov/pubmed/22020269


Sensors 2017, 17, 1664 11 of 11

34. Dual, J.; Moller, D. Acoustofluidics 4: Piezoelectricity and application in the excitation of acoustic fields for
ultrasonic particle manipulation. Lab Chip 2012, 12, 506–514. [CrossRef] [PubMed]

35. Adrian, R.J. Particle-imaging techniques for experimental fluid mechanics. Annu. Rev. Fluid Mech. 1991, 23,
261–304. [CrossRef]

36. Raffel, M.; Willert, C.E.; Wereley, S.T.; Kompenhans, J. Physical and technical background. Part. Image Velocim.
2007, 15–77.

37. Nyborg, W.L. Acoustic streaming due to attenuated plane waves. J. Acoust. Soc. Am. 1953, 25, 68–75.
[CrossRef]

38. Lee, C.P.; Wang, T.G. Near-boundary streaming around a small sphere due to two orthogonal standing waves.
J. Acoust. Soc. Am. 1989, 85, 1081–1088. [CrossRef]

39. Muller, P.B.; Rossi, M.; Marin, A.G.; Barnkob, R.; Augustsson, P.; Laurell, T.; Kahler, C.J.; Bruus, H.
Ultrasound-induced acoustophoretic motion of microparticles in three dimensions. Phy. Rev. E 2013,
88, 023006. [CrossRef] [PubMed]

40. Dentry, M.B.; Yeo, L.Y.; Friend, J.R. Frequency effects on the scale and behavior of acoustic streaming.
Phys. Rev. E 2014, 89, 013203. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1039/c1lc20913b
http://www.ncbi.nlm.nih.gov/pubmed/22218392
http://dx.doi.org/10.1146/annurev.fl.23.010191.001401
http://dx.doi.org/10.1121/1.1907010
http://dx.doi.org/10.1121/1.397491
http://dx.doi.org/10.1103/PhysRevE.88.023006
http://www.ncbi.nlm.nih.gov/pubmed/24032923
http://dx.doi.org/10.1103/PhysRevE.89.013203
http://www.ncbi.nlm.nih.gov/pubmed/24580352
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Theory 
	Experimental Setup 
	Simulation and Experimental Data Analysis 
	One-Dimensional Patterning 
	Two-Dimensional Patterning 

	Conclusions 

