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Abstract

Purpose: Particle separation in solution is one of important process in a unit operation as well as in an extract preparation
for biosensors. Contrary to centrifuge-type of mesh-type filter, using an ultrasonic standing wave make the filtering process
continuous and free from maintenance. It is needed to investigate the characteristics of particle movement in the ultrasonic
standing wave field. Methods: Through the computer simulation the effects of major design and driving parameters on the
alignment characteristics of particles were investigated, and a cylindrical chamber with up-stream flow type was devised
using two circular-shape PZTs on both sides of the chamber, one for transmitting ultrasonic wave and the other for just
reflecting it. Then, the system performance was experimentally investigated as well. Results: The speed of a particle to reach
pressure-node plane increased as the acoustic pressure and size of particle increased. The maximum allowable up-stream
flow rate could be calculated as well. As expected, exact numbers of pressure-node planes were well formed at specific
locations according to the wavelength of ultrasonic wave. As the driving frequency of PZT got close to its resonance
frequency, the bands of particles were observed clearer, which meant the particles were trapped into narrower space.
Higher excitation voltages to the PZT produced a greater acoustic force with which to trap particles in the pressure-node
planes, so that the particles gathered could move upwards without disturbing their alignments even at a higher inlet flow
rate. Conclusions: This research showed the feasibility of particle separation in solution in the continuous way by an
ultrasonic standing wave. Further study is needed to develop a device to collect or harvest those separated particles.
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Introduction

An ultrasonic standing wave (USW) is defined as the
condition when two waves with the same frequency
progressed facing each other become overlapped, to give
the effect as if the ultrasounds under progress are standing
still in the field. An ultrasonic standing wave is generated
by using two acoustic sources facing each other, or one
acoustic source that is facing a reflector. The ultrasonic
sources commonly used are piezo-ceramic elements; an
ultrasonic standing wave generating device is constructed
either by directly coupling this element into a liquid, or
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doing so via other coupling layers (Laurell et al., 2007). An
ultrasonic wave is longitudinal, and particles in the field
are made to move in a forward and backward direction,
according to the direction of wave advance. Therefore, a
one dimensional ultrasonic standing wave is formed when
an appropriate gap between a transducer and reflector is
maintained, so that the progressive wave and reflected
wave can join at a suitable phase relation. At a certain
point, anti-pressure node planes, which are vibrating
inbetween + maximum level from an equilibrium stage,
are formed while pressure node planes are created of
either the minimum level or 0 atlocations 1/4 wavelength
apart (Tolt and Feke, 1993). Particles which are relatively
small as compared with the wavelength, when they are
exposed to the ultrasonic standing wave, move to the
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pressure node or to the anti-pressure node. With this
principle, particles inside a liquid or gaseous phase can be
made to move towards a specific location.

This principle can be applied in various fields, and one
representative application is separation of microparticles
in suspension, in a unit process. Microparticles inside
suspension can be separated using a filter of physical mesh
form, centrifuge, or physiochemical coagulation, but these
separation methods have drawbacks; not only are these
only possible in a batch type process, the filter used for the
separation needs to be cleaned or replaced at specific
intervals. Petersson et al. (2004) developed a device which
continuously separated erythrocytes and lipids, while
making blood flow through a microfluid using an ul-
trasonic standing wave. During the process, due to con-
flicting compression of erythrocytes and lipids, erythrocytes
were gathered towards the pressure nodes, while lipids
were aggregated towards the anti-pressure nodes. Yasuda
etal. (1997) attempted to concentrate erythrocytes inside
blood at the pressure nodes in a 500 kHz ultrasonic
standing wave, while Zhou et al. (1998) were able to
improve the detection performance of sensors by concen-
trating Salmonella in the suspension towards the pressure
nodes in the same 500 kHz ultrasonic standing wave. Pui et
al. (1995) has developed a cell harvesting system by using
an ultrasonic standing wave to align and aggregate cells,
and then making them precipitate by gravity.

Researches for the design of micro-chambers suitable to
the generation of ultrasonic standing waves have been
progressing actively. In particular, in relation to the fre-
quency being used, Tolt and Feke (1993) have reported
that the size of the ultrasonic radiation force was far larger
than that of a progressive wave of the same energy density,
and the radiation force was proportional to the drive
frequency; a 0.3~1.5 MHz band was the optimal to use.
Coakley (1997) has stated that it was desirable to use an
ultrasonic wave of higher than 1 MHz to maintain high
pressure, while cavitation, which is related to the for-
mation of violently moving air bubbles, was not created.
Cho et al. (2010) investigated the effects of major design
parameters on the ultrasonic standing wave generation
device by applying a finite elements method. They reported
that acoustic pressure was mainly affected by reflector
thickness, channel width, and excitation frequency, and it
was effective when the channel width was determined as
an integer multiple of the half wavelength. Yasuda et al.
(1997) has adopted an ultrasonic standing wave generation
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method, by exciting an ultrasonic wave simultaneously at
both ends of a half-wavelength chamber. It took 2 minutes
to concentrate erythrocytes towards the pressure nodes
under an acoustic radiation force of 12.8 m] /m3; the
suspension temperature increased from 20°C to 35°C
within 8 minutes of ultrasonic oscillation. Continuous
ultrasonic oscillation made the suspension temperature
increase, which led to both the ultrasonic wavelength and
the pressure node locations changing, which ultimately
resulted in impairing the concentration degree at the
pressure nodes. Therefore, the wavelength needs to be
maintained constant, either by installing a cooler, or by
changing the frequency of the oscillating ultrasonic wave
(Groschl et al., 1998).

Haake and Dual (2002) confirmed the possibility of
controlling pressure-node location through computer
simulation, either by changing the excitation voltage, or
phase change in the system that generates the ultrasonic
standing wave via ultrasonic wave oscillation at both ends
of the chamber. Cho et al. (2008) confirmed in their
experiment that the pressure node location was changed
by wavelength when the frequency was changed from 2
MHz to 2.5 MHz, in a chamber of width 1.5 mm. They also
reported that since the surface of the reflector is always an
anti-pressure node, when the frequency was increased,
particles migrated towards the reflector, while when the
frequency was decreased, particles moved towards the
ultrasonic wave oscillator. Also, Cho (2008) introduced
the notion that if the chamber width was made as a quarter
wavelength, particles could be located at the reflector, by
making the reflector a pressure node. This showed the
possibility of improving performance of a biosensor, by
pushing the target which was flowing through the mic-
rofluidic tube, towards the surface of sensor, where the
antibody was immobilized to trap the target. (Kim et al,,
2009). For the rapid detection for pathogenic bacteria
such as Salmonella, various biosensors are being studied
and developed (Kim et al., 2010; Kim et al., 2011). Since
this kind of sensors need only small amount of sample
extract which the bacteria may be existed, special care is
required to prepare the sample. In large food industry or
cafeteria, more efficient concentrate technology needs to
be developed for the preparation of sample.

In this research, a particle’s displacement characteristics
in a USW field were analyzed to investigate the effects of
major parameters for developing a particle separation
device, and these effects were experimentally evaluated,
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using the up-stream cylindrical type chamber.

Materials and Methods

Theoretical analysis for a particle movement
Particle movement equation at x-direction

If particle size is very small as compared to the ul-
trasonic standing wavelength ), the ultrasonic force F; on
a particle of volume V. which is distance x from the
pressure node, as shown in Figure 1, can be calculated as in
Equation (1) (Hawkes and Coakley, 2001).

7FP[)

Fr= o T VP o (B, p)smi 68

A
where, 0 <x< 0}

Here, P, is the maximum acoustic pressure [Pa] and \ is
the ultrasonic wavelength [m] in suspension. & (3,p) is an
acoustic contrast factor, and can be obtained by using
Equation (2) according to the physical characteristics of
particles; if the result becomes a positive number, particles
move towards the pressure node, while if the resulting
value becomes negative, particles move towards the anti
pressure node (Johnson and Feke, 1995).
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Here, 3, and j3; are the compression degree of particles
and aqueous solution, and 0, and p; are their densities,
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Figure 1. USW chamber, (a) schematic view and (b) a particle on
the x-y plane.

respectively.

Meanwhile, the drag force 7, received by particles that
are pushed by ultrasonic radiation forces is obtained using
Equation (3) below.

dx
F,=6nuR—
L 3
Here, 2 and p are the radius of particles and the dynamic

viscosity of water, respectively.
2

dz
Since mp—- yr 5 =(#.- F})), the equation of a particle's motion

in the x-direction is arranged as below in Equation (4).
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Particle movement equation at y-direction
When suspension in which particles are present is

flowing into a chamber through its bottom, these particles
undergo the flow force, Frof suspension as in Equation (5),
drag force, 7, as per Stoke's law as in Equation (6), and
buoyancy, 7, as in Equation (7) in the upper direction.

Fy = 6muRU; () 5)
dy

F,=6mu Rdt (6)

F== SRy =,)g (7)

Here, U;(2) is the speed profile of suspension.

2

dy
Since mp—- e -(Ff F,)+ F;, the equation of particle motion

in y-direction can be expressed as in Equation (8).
dy

Uy(z)— E) fnuR( —p,9 (8)
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For the investigation of more accurate particle dis-
placement characteristics, although force between particles
and van der Waals force between wall and particles should
be considered (Cho et al., 2008), the purpose of this study
was to find out major factors for designing the USW
generating device and its drive; therefore other minute
forces have been ignored.

Computer simulation
The effects of major parameters on the displacement

characteristics of particles inside suspension were inve-
stigated by obtaining the value of second-order differential
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Br 4.44 x 10"°Pa'at25C (water)
Bo 2.46 x 10"°Pa'at25C (PSlatex)
Dr 1,000 kg/m®

Pp 1,056 kg/m®

U 0.001 kg/s-m

c 1,500 m/sec at 25C (water)

(Hawkes and Coakley, 2001; Townsend et al., 2004)

equations for both x-direction and y-direction, which were
derived in the previous section using the ode45 function of
MATLAB. Table 1 shows the major parameters which have
been used for simulation, and the time course during
which acoustic pressure P, particle size, and time required
for particles to reach pressure node were utilized as major
performance assessment factors.

For the y-direction, by considering particle size, sus-
pension speed etc., an attempt was made to find out a
minimum suspension flow speed that can move particles
by its flow. In this paper, suspension speed inside the
chamber should be laminar flow of low speed, thus the
velocity profile in a chamber Ug(z) was calculated as a
simple constant.

Fabrication of ultrasonic standing wave chamber

The chamber designed for this research was prepared
by cutting acrylic tube of inner diameter 32 mm to an
appropriate length, and inserting PZT holders from both
ends to make a hollow space at the center, the fabricated
chamber being of 4.5 mm width. The PZTs were of low cost
material which is used for hairdressing of diameter 25
mm, thickness 2 mm, and were fixed with silicone while
being seated in the plastic holders. Holes of diameter 3 mm
were made in the upper and lower portion of acrylic tube
which constituted the chamber, to inject and discharge
suspension into and from the chamber. Figure 2 shows an
exploded view of the ultrasonic standing wave chamber,
while Figure 3 shows the resonance characteristics of PZT,
which were measured by impedance analyzer (HP4194A4,
Hewlett-Packard Japan, Ltd., Japan).

Experimental apparatus

To generate the ultrasonic wave, PZT was excited by
using an RF amplifier (AG1021, T&C Power Conversion,
Rochester, NY, U.S.A.). The same PZT was used as a
reflector for the purpose of confirming ultrasonic standing
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Figure 2. Exploded view of fabricated USW chamber.
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Figure 3. Impedance characteristics of PZT.

wave generation, through observing the phase difference
between ultrasonic excitation signal and input signal into
the reflective PZT, as well as amplitude. The output signal
of the RF amplifier was branched by a T-connector, and the
voltage signal that was input from the reflective PZT, were
together input into an oscilloscope (TDS380, Tektronix
Inc., Beaverton, OR, U.S.A.). A digital USB camera (AM413T
Dino-Lite Pro, AnMo Electronic Co., Hsinchu, Taiwan) of
magnification x200 was used to shoot characteristics of
particle separation generated by the ultrasonic standing
wave. Figure 4 shows the experimental device setup.

Particles used for the experiment were polystyrene of
diameter 10 /m and 100 gm (Sigma-Aldrich, St.Louis, MO,
U.S.A.), and the particle mass, whose amount was enough
to be recognized by naked eye, was mixed into distilled
water, and then made to flow into the chamber through its
bottom, with the help of a syringe pump (NE-1000, New
Era Pump Systems, Inc., Farmingdale, NY, U.S.A.).

Experimental method

Experiments were carried out to investigate the system
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Figure 4. Experimental apparatus.

operating factors, such as resonance frequency, acoustic
pressure, and flow rate, that were expected to have the
largest effect on the particle separation by ultrasonic
standing wave for various structural parameters such as
chamber width and particle size.

First of all, the theoretically calculated pressure node
locations, gap between pressure nodes, alignment of
particles that were aggregated on the pressure node
planes, and time required for particle alignment were
measured while changing the acoustic pressure and
excitation frequency inside a chamber of given width.
Here, the acoustic pressure could be adjusted to the
excitation voltage (Vims) at the ultrasonic wave sending
part, by adjusting the output of the RF amplifier. The
excitation frequency was determined as that one by which
the alignment of particles was well achieved, while ad-
justing the frequency of the RF amplifier with appropriate
resolution power inside the suspension, and centered on
975 kHz which is the resonance frequency of PZT under
atmospheric air, as can be seen from Figure 3.

Meanwhile, to investigate the alignment performance
as per flow rate, an ultrasonic standing wave was ge-
nerated to align particles at the pressure node, and then
the flow rate was increased until the alignment plane was
broken, thus the flow rate at breaking point was regarded
as the maximum flow rate.

Alignment characteristic inside the chamber was analyzed
from image shoot at 0.1 sec intervals.
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Figure 5. Displacement of a particle under different acoustic
pressures with particle of 10 um.
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Figure 6. Displacement of a particle for different sizes at max.
acoustic pressure of 1.0 MPa.

Results and discussion

Theoretical analysis

As in Equation (1), a pressure node appeared for the
first time at the point distant from the reflector (x=0) by as
much as A/4. Theoretically, the particle that started from
the point where x was a little bit larger than 0, would reach
0.375x10” m. Figures 5 and 6 represent the trajectory of
particle movement in the x-direction when either acoustic
pressure or particle size are changed, indicating that this
trajectory accurately reaches its target value. As acoustic
pressure increased, movement speed of a particle became
faster. The larger the particle size, the faster it reached the
pressure-node. This is because when both the acoustic
pressure and particle size increase, the radiation force of

117



Shin and Danao. Characteristics of Particle Separation in Suspension using an Ultrasonic Standing Wave
Journal of Biosystems Engineering ¢ Vol. 37, No. 2, 2012 « www.jbeng.org

Table 2. Elapsed time to reach the adjacent pressure node plane

Diameter of a particle(um)

50 10
0.5 0.025 s 0.09 s 248 s
Po (MPa) 1.0 *0.009 s 0.023 s 0.58 s
1.5 *0.005 s 0.009 s 027 s

* overshoot observed

the ultrasonic standing wave also increases. Table 2 in-
dicates the time requirement of a particle reaching its
target value while the size of acoustic pressure and of the
particles were changed.

Since the displacement characteristics of a particle in
the y-direction is only a function of the size of particle and
the suspension ascending speed by the inlet flow rate of
suspension, computer simulation was carried out to search
the critical speed of up-streaming suspension for a given
particle size. Based on trial and error, the particle was
considered to be levitated in a suspension when it was
moving up and down only within a range of + 6 x 10" m of
the currentlocation. The critical speeds of up-stream were
found to be 3.069 x 10 m/s, 0.76 x 10™* m/s, and 0.038 x
10 m/s for a corresponding particle size of 100 zm, 50 ym
and 10 #m respectively. When flow rate is higher than the
critical level, particles ascend by the flow of fluid; but if the
flow rate is less than the critical level, particles precipitate
by gravity, which exercises a stronger effect than other
factors. It is therefore judged that critical flow velocity can
be increased in proportion to the square of particle
diameter, and that the particles are being transported
while maintaining their alignment, provided that the
suspension that is supplied is at least enough to maintain a
higher than minimum critical flow velocity.

Particle separation by ultrasonic standing wave

Theoretically, the first pressure node appears at the
location distant from the reflector by as much as /4, and
then again reappears at every /2 interval. Since the width
of chamber which determines the distance between the
sending and receiving part of the ultrasonic wave should
be an integer multiple of A/2, the last pressure node would
maintain a gap of A/4 from the ultrasonic wave trans-
mission part. When the excitation frequency is 1 MHz, the
ultrasonic wave transmission speed inside suspension is
assumed to be 1,500 m/s, the wavelength becomes 1.5 mm
and if the chamber width is maintained as 4.5 mm, this is
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Figure 7. Alignment of particles on pressure-node planes with the
lapse of time.

equivalent to 3 A, thus a total of 6 bands of pressure node
planes should be formed.

Figure 7 shows particles of size 10 /m are being aligned
at pressure-nodes with time elapse by generating an
ultrasonic standing wave at a PZT excitation voltage of
12.5 V and excitation frequency of 980 kHz. Under these
conditions, the wavelength of ultrasound is around 1.51
mm, and the pressure node should appear at 0.0397 mm
from the reflector; after that the 2nd~6th pressure nodes
should appear at every 0.758 mm interval. Since the focus
of camera was adjusted to the center of the chamber, it was
difficult to measure the distance by distinguishing the
chamber wall; yet it could be confirmed that the pressure
nodes at which particles were aligned were of uniform gap.
Since the phases of excitation signal and the signal that
came out from the reflector PZT were observed at the same
phase, it could be confirmed as well that the ultrasonic
standing wave was normally generated.

Effect of excitation voltage

Figure 8 shows the observation result of particle
alignment while changing the excitation voltage imposed
on the PZT in order to change acoustic pressure, where a
particle size of 10 /m was used, and the excitation fre-
quency was 980 kHz. The images were taken at 0.3 sec.
elapsed time after starting the ultrasonic wave trans-
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) 11.9V ) 12.5V

Figure 8. Alignment of particles for different excitation voltages at
t = 0.3 sec.
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Figure 9. Comparison of particle alignment by pixel intensity on a
horizontal line across the chamber (x-axis : Pixel no. across the
chamber width, y-axis : Light intensity (0-255)).

mission. It can be seen from comparison of the images that
alignment of the particles becomes clear with increases in
voltage level. As has been reviewed in the computer
simulation, this was in confirmation with the results of
particle transport speed towards pressure-nodes when
the acoustic pressure was increased, i.e. the excitation
voltage was increased.

For a clearer comparison, the brightness of pixels was
examined across the chamber width for the horizontal line
at center of the image. As shown in Figure 9, the dark peaks

il

Alignment of particle for different PZT driving fre-

() 1,030 kHz

(a) 930 kHz

) 980 kHz

Figure 10.
guencies.

(particle band) became clearer as the excitation voltage
increased. It can be confirmed that with increase in ex-
citation voltage, particles align, resulting in a clear dis-
tinction between bands of particle alignment with less
brightness, and other zones with easy light penetration.

Effect of driving frequency

The effects of frequency variation on the particle
alignment characteristics were investigated at a fixed
chamber width of 4.5 mm by changing the excitation
frequency from 920 kHz to 1,040 kHz. Figure 10 shows
typical images taken at the time of 2 sec after transmission
of the ultrasonic wave, when the alignment was com-
pleted, over interested frequencies. From the figure, it is
clear that particles were aligned at the pressure-node at an
excitation frequency within + 50 kHz from the center
frequency of 980 kHz, but when the frequency was
increased higher than the critical level, alignment became
dispersed, and with further increase or decrease of
frequency, particle alignment was no longer evident. If the
velocity of ultrasonic wave in water is considered as 1,490
m/sec under a room temperature of around 20°C, the
wavelength would be 1.52 mm at a frequency of 980 kHz,
while the wavelengths would change to 1.60 mm and 1.45
mm at frequencies of 930 kHz and 1,030 kHz, respectively.
Therefore, the required space (31) for forming 6 bands of
pressure-nodes should be 4.62 mm, 4.80 mm and 4.33 mm
at frequencies of 980 kHz, 930 kHz and 1,030 kHz, re-
spectively. However, since in this research the chamber
width is 4.5 mm, although 6 bands of pressure-node planes
can form within * 0.3 mm, above that level an ultrasonic
standing wave has not been able to be generated, because
the wavelength and chamber width do not match.

Effect of particle size

The effect of particle size on alignment characteristics
was evaluated using particles of 100 ¢m and 10 #m in
solution, at an excitation voltage of 10.0 V and frequency of
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Figure 11. Effect of particle size on alignment characteristics.

Table 3. Maximum inlet flow rate for maintaining particle align-

ment at different excitation voltages

Excitation voltage(V) Flow rate(ml/min)

52 74
7.5 9.9
94 1.9
10.5 15.8

980 kHz. In separate experiments, solutions of two sizes of
particle were injected into the chamber, and the particle
alignment process was observed. The images at the time
the alignment was established are shown in Figure 11.
Through image analysis taken every 0.1 sec, the particles
of 100 /m in diameter lined up within 0.1 sec, while align-
ment was observed for the particles of 10 #mat 0.9 sec. This
phenomenon indicated that the larger the particle size, the
faster was its movement towards the pressure-node
plane.

Effect of inlet flow rate

Table 3 shows the maximum inlet flow rate into a
chamber for which the particle alignment plane was not
broken during upward transportation by possible dis-
turbance due to fast flow of upstream when the flow rate of
suspension was increased. Under the given conditions of
operation at an excitation frequency of 980 kHz with
particle size 10 um, a greater inlet flow-rate was allowable
as the excitation voltage increased. The higher excitation
voltage generated more radiation force with which to trap
particles in a certain boundary of the pressure-node plane.
Above the maximum flow rate, the force exerted on the
particles by the flow itself became larger than the trapping
force, which resulted in breaking the particle alignment on
the pressure-node plane. Therefore, it was concluded that
the maximum flow rate could be obtained experimentally
under a given excitation voltage, after fabrication of a
chamber for particle separation. This flow rate would be
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the maximum throughput to make particle separation
possible inside the given chamber.

Conclusions

The effects of excitation voltage and flow rate in a
solution, which are major designing parameters for the
particle separation device, were investigated through com-
puter simulation by establishing a mathematical model for
the displacement characteristics of particles which are
exposed to an ultrasonic standing wave field. The results of
theoretical analysis were experimentally validated with a
cylindrical type chamber, and at the same time the effects
of major operational parameters on the particle separation
characteristics of the system were investigated. Major
research findings are summarized as follows:

(1) A total of 6 bands of acoustic pressure-node planes
were confirmed by naked eye as well as by pho-
tograph image, under the conditions of chamber
width of 4.5 mm, and an excitation frequency of 980
kHz, which was the same as that obtained for PZT by
theoretical analysis.

(2) With increase in excitation voltage and particle size,
particles received a larger acoustic pressure and thus
moved more rapidly towards an acoustic pressure-
node plane.

(3) As regards excitation frequency tolerance, 6 bands
of pressure-node planes were formed at the fre-
quency range of 980 * 50 kHz, but as the excitation
frequency varies further from the center frequency
of 980 kHz, the distribution of particles that have
been aligned at pressure-node planes becomes wider,
and ultimately an ultrasonic standing wave field
cannot be formed beyond the frequency range.

(4) The maximum inlet flow rate can be determined
when the particles in a solution are being trans-
ported upward while maintaining particle alignment
at the pressure-node planes. A higher excitation
voltage allows a greater inlet flow rate of sus-
pension into the chamber.
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