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ABSTRACT

Noncontact transportation of small particles around a circular trajectory was investigated. A circular aluminum plate
with a piezoelectric ring was employed as a vibrating plate. On the basis of finite element analysis (FEA) calculations,
the electrodes of the piezoelectric ring were divided into 24 pieces to generate a flexural vibration mode with one
nodal circle and four nodal lines at the resonance frequency of 47.8 kHz. A circular plate having the same dimensions
as the vibrating plate was installed parallel to the vibrator. It was used as a reflector to generate an acoustic standing
wave in the air between the two plates. The acoustic field between the vibrating plate and reflector was calculated by
FEA and the distribution of the acoustic radiation force acting on a small rigid particle was calculated to predict the
position of the trapped particle. Using a prototype of the vibrating plate, polystyrene particles with diameters of sev-
eral millimeters could be trapped at regular intervals along the horizontal nodal line of the standing wave. By switch-
ing the driving conditions of the divided electrodes in the circumferential direction, the nodal lines of the vibrating

plate could be rotated and the trapped particle could be manipulated with a circular trajectory in air.

INTRODUCTION

Ultrasonic noncontact transportation has several advantages
over other noncontact transportation techniques based on air
pressure and magnetism. One advantage over air-pressure
techniques is its superior cost effectiveness because it does
not require large amounts of clean air, air compressors, or air
tubes. Advantages over magnetic techniques include it does
not require generating undesirable external magnetic fields
and the transported object does not have to be magnetic.

Several studies have investigated acoustic noncontact particle
manipulation techniques [1-4]. Most of them exploit the phe-
nomenon that objects that are small compared with the wave-
length of an acoustic standing wave can be trapped at the
nodal points of the wave [5-8]. Small particles can be con-
trolled using high-frequency ultrasound [9-14]. However, in
this technique, the working distance over which the trapped
particle can be controlled is limited to a few wavelengths of
the acoustic wave in air due to attenuation of the sound wave.
We have been investigating a noncontact technique for trans-
porting small objects over long distances in a linear trajectory
[15]. In this technique, small objects can be trapped along the
horizontal nodal line of an acoustic standing wave generated
between a flexural vibrating plate and a reflector. Controlling
the driving phase difference between two transducers at-
tached to either side of the vibrating plate, a flexural traveling
wave can be generated and controlled along the plate. In
particular, the standing wave in air can be shifted horizontally
to transport trapped objects. The motivation behind this pre-
sent study is the practical application of this noncontact ultra-
sonic manipulation technique to large-scale manufacturing
processes. Such processes often require objects to have
nonlinear trajectories. In this paper, noncontact ultrasonic
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Figure 1. Concept of the noncontact ultrasonic transporter of
small objects.
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transportation of small objects is discussed. The concept
behind this study is depicted in Fig. 1. A proposed noncontact
ultrasonic transporter consists of linear transporters reported
in a previous study by us [15] and a rotary junction where
transported objects can be rotated and their traveling direc-
tions can be switched.

APPARATUS FOR PARTICLE MANIPULATION

The apparatus for manipulating small objects over circular
trajectories consists of a circular vibrating plate and a reflec-
tor. The configuration of the circular vibrating plate is shown
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Figure 2. Configuration of a circular vibrating plate.

Table 1. Vibration modes of a circular plate from 18 to 100
kHz predicted by FEA (m: nodal line, n: nodal circle).

m\\ n 0 1 2 3 4
0 26383 54522 92944
1 37906 69779
2 20226 50402 97521
3 34228 64917
4 47817 86655

(n, m)=(1, 4)

5 18762 60366

6 26273 73588 \

7 35171 88358

8 45429

9 57048

10 70065

11 84500

in Fig. 2. A 0.5-mm-thick aluminum disc with a diameter of
30 mm was employed as a vibrating plate and a 0.5-mm-thick
piezoelectric zirconate titanate (PZT) ring with inner and
outer diameters of 8 and 14 mm respectively, was attached to
the vibrating plate by epoxy. To vary the electric driving
location of the PZT ring, the surface electrodes of the ring
were divided in the circumferential direction. A supporting
rod was attached to the center of the circular plate. A 1-mm-
thick circular aluminum plate with a diameter of 30 mm was
installed parallel to the vibrating plate to generate an acoustic
standing wave in the air between the two plates. The vibra-
tion mode of the circular plate was investigated by finite
element analysis (FEA). The FEA modal analysis results
from 18 to 100 kHz are presented in Table 1. Respectively, m
and n indicate the number of nodal lines and nodal circles in
the resonance vibration modes. The number of nodal lines
and circles that appear increase as the resonance frequency
increases. In this study, the (n, m) = (1, 4) mode (see illustra-
tion in Table 1) at 47.8 kHz was used since it has a larger
vibration amplitude than other modes. The number of divided
electrodes in the PZT ring was determined to be 24 (see Fig.
2) to correspond to the (1, 4) vibration mode.

FINITE ELEMENT ANALYSIS OF THE
ACOUSTIC FIELD

When the (1, 4) flexural vibration mode is excited on the
circular plate, an acoustic standing wave will be generated
between the vibrating plate and the reflector, allowing a small
particle to be trapped at the standing wave nodes. By control-
ling the driving conditions of the PZT ring, the acoustic field
can be varied and the trapped objects will be transported. The
circular trajectory of a small object was predicted using FEA
to calculate the sound field in the air between the vibrating
plate and the reflector. The simulation model of FEA is
shown in Fig. 3. The circular vibrating plate and the reflector
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Figure 3. Simulation model of the FEA.
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Figure 4. Driving conditions of the PZT electrodes and the
calculated vibration amplitude distribution of the circular
plate by the FEA at 46.6 kHz.

with diameters of 30 mm were surrounded by an air sphere
with diameter of 50 mm. The minimum mesh size was 0.5
mm. The boundary conditions were perfect reflection of
sound waves at the reflector surface and absorption without
reflection at the surface of the surrounding sphere of air. To
reduce the total computational cost, a 1/4 symmetric model
was employed by applying symmetric boundary conditions in
the r-z plane. The sound pressure distribution in air in the
steady state can be calculated using FEA. First, harmonic
analysis of the FEA was performed for only the vibrating
plate at the resonance frequency of 46.6 kHz. To change the
acoustic field between the plate and reflector and control the
position of a trapped particle in the circumferential direction
the rotation of the vibration distribution on the plate is re-
quired. In this present report, the standing wave of the (1, 4)
flexural mode was used to control the position of a trapped
particle in the circumferential direction by controlling the
driving signals. The driving conditions of the PZT ring and
the calculated vibration amplitude distribution in the plate are
shown in Fig. 4. The symbols “+” and “-” indicate that the
divided electrodes were excited with input voltages of V =
cosot and —coswt, respectively; the aluminum vibrating plate
was electrically grounded. The center of the circular plate
was fixed and the vibration amplitude was normalized by its
maximum value. The FEA results show that the (1, 4) flex-
ural mode, in which a half wavelength corresponds to 45° in
the circumferential direction, was generated. As shown in Fig.
4(a), the input voltages of “+” and “-” were alternated every
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Figure 5. Sound pressure distributions and the vector flows
of acoustic radiation force in air between the vibrating plate
and the reflector predicted by FEA at 46.6 kHz. (a) Sche-
matic layout of distributions (b)-(d). Distributions in (b) r-z
plane, (c) »-Oplane atz=0and (d) z=2.5m

three electrodes (we refer to this driving condition as 3-3
drive). In this case, the angle subtended by three electrode
elements (i.e., 45°) corresponds to a half wavelength of the
flexural vibration. When one of the input driving signals of
the electrodes is changed from “-” to “+” as shown in Fig.
4(b) (called 4-2 drive), the (1, 4) flexural mode is still gener-
ated but its nodal lines are rotated 7.5° in the counterclock-
wise direction. The maximum vibration displacement ampli-
tudes of the plate under these two driving conditions are very
similar: the amplitude with 3-3 drive is only 1.8% greater
than that with 4-2 drive. Furthermore, when the driving con-
dition was changed from 4-2 drive to 3-3 drive as shown in
Fig. 4(c), the (1, 4) mode and nodal lines were rotated by 15°
in total. This demonstrates that the acoustic field and the
trapped particle can also be rotated in the circumferential
direction by controlling the driving condition of the plate.
The acoustic radiation force on a small rigid sphere in an
acoustic standing wave field F’ can be expressed as [16]

F=VDVK, -V(1-y)VP, 1
3 —

p3P=p) @)
2p+p,

where V is the volume of the rigid sphere, p is the density of
the sphere, p, is the density of the air, y is the ratio of the

compressibility of air to that of the sphere, K_Eis the time-

averaged kinetic energy, FE is the time-averaged potential

energy, and V is the gradient operator. The kinetic energy Kg
and the potential energy Pg are expressed as

1
K, =5pov2, 3)
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where v (= jlwpoegrad p) is the particle velocity, ¢ is the
speed of sound in air, w is the angular frequency, and p is the
sound pressure. It should be noted that the diffraction of
sound wave due to the presence of a rigid sphere with a finite
size is not taken into consideration in Egs. (1)—(4). The sound
pressure distributions and the vector lines of the acoustic
radiation force in air between the vibrating plate and the re-
flector are shown in Fig. 5. The plate and reflector had a
separation of 5 mm to generate an acoustic standing wave
between them at 46.6 kHz. The positions of the results in
Figs. 5(b)—(d) are indicated in Fig. 5(a). The absolute sound
pressure amplitude is shown in each figure. In the 7-6 plane,
an acoustic standing wave was generated in the circumferen-
tial direction and the wavelengths and positions of the nodal
lines correspond to the vibration distribution of the circular
plate. The sound pressure amplitude at a distance of 12 to 13
mm from the center in the r» direction was relatively large
compared to that at the center of the air layer, and it depends
on the vibration distribution of the circular plate shown in Fig.
4. In the r-z plane, a standing wave with a half wavelength
was also generated. In each figure, the vectors flow out from
the loop of the standing wave with the larger sound pressure
amplitude. As shown in Fig. 5(b), the vectors flow into the
point (7, z) = (13 mm, 2.5 mm) (the point labeled P in Fig.
5(b)) in the r-z plane, which is on the horizontal nodal line of
the standing wave. Similarly, the results for the -0 plane
show that the vector lines flow into the points (, ) = (13 mm,
22.5° and 67.5°) in Fig. 5(c) and (13 mm, 0°, 45°, and 90°)
(the points labeled P in Fig. 5(d)) and the point (7 mm, 22.5°,
and 67.5°) (points labeled P’ in Fig. 5(d)). The points that the
vectors flow into in Fig. 5(c) are on the surface of the vibrat-
ing plate, and the small object will be attracted and contact to
the plate at these points. These calculation results predict that
the points at which a small object can be trapped are (7, 6, z)
= (13 mm, (n-1)x45°, 2.5 mm) and (7 mm, nx22.5°, 2.5 mm)
(n=1,2...)(i.e., points P and P’ in Figs. 5(b) and (d)). There
are a total of 16 points around the plate. Point P is more suit-
able for manipulating particles than point P’ because the
vertical component of acoustic radiation force is greater at
point P than at point P’. The -z plane at nx22.5° corresponds
to the nodal plane of the standing wave, and it is difficult to
overcome the weight of the manipulated object in order to
levitate the object at these points. At point P, the horizontal
component of the radiation force in the r direction is ap-
proximately 38% of the vertical component in the z direction.

NONCONTACT TRANSPORTATION WITH A
CIRCULAR TRAJECTORY

Noncontact transportation of small objects with a circular
trajectory was investigated using prototypes of the circular
vibrating plate and the reflector. Polystyrene particles with
diameters of several millimeters were used as the transported
object to observe the spatial relationship between the object
and vibrating plate although much smaller particles than the
wavelength in air should be employed. The vibration distri-
bution of the plate was measured using a scanning laser Dop-
pler vibrometer (LDV). The (1, 4) flexural vibration mode
was generated at 44.5 kHz as shown in Fig. 6(a) and there
was good agreement between the experimental results and the
FEA results. The maximum vibration displacement amplitude
in the vertical direction of the plate driven with an input volt-
age of 100 V,,, was 1.34 um. The sound pressure amplitude
in air between the plate and the reflector was measured by a
fiber optic probe. The 125-um-diameter fiber optic probe
could measure the sound pressure without introducing a dis-
turbance. Our results show that the fiber optic probe could
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Figure 7. Sound pressure distributions in air between the
vibrating plate and the reflector at 44.5 kHz in (a) r direction
at z=0.5 mm and (b) z direction at » = 13 mm.

determine the sound pressure by measuring variations in the
reflected light intensity from the fiber tip since the reflection
coefficient depends on the sound pressure. Details of this
probe are given in a previous report by us [17]. The sound
pressure amplitude distribution between the plate and the
reflector in the 7 direction at z = 0.5 mm and in the z direction
at » = 13 mm is shown in Fig. 7. Normalized FEA results are
also plotted as solid lines in Fig. 7; the scanning line in the
direction corresponds to the o-a’ line in Fig. 6(a). The ex-
perimental and computed results show good agreement and
the maximum sound pressure amplitude in the air layer was
approximately 1,000 Pa.
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Figure 8. Photographs of polystyrene particles trapped be-
tween the vibrating plate and the acrylic transparent reflector.
(a) Bird’s-eye view, and (b) top-view by the scanning LDV.

Manipulated particle

Vibrating plate
Figure 9. Photograph of a manipulated polystyrene particle
at 44.5 kHz.

Noncontact trapping of polystyrene particles was examined
by installing a reflector. A photograph of trapped particles
between the plate and the reflector is shown in Fig. 8(a). A
transparent acrylic plate was employed as the reflector to
allow the trapped particles to be easily observed. Fig. 8(b)
shows the observational result using the scanning LDV
through the reflector from the top view and we can realize the
spatial relationship between the trapped positions and the
vibration distribution of the plate. The polystyrene particles
could be trapped with at regular intervals corresponding to
half the wavelength of the flexural vibration of the plate
around the circular plate, and it could be confirmed that the
points at which the particles were trapped correspond to
points P predicted by the FEA. The reason why a particle
could not be trapped at the equivalent position of P’ shown in
Fig. 5(d) was mentioned in previous section: the vertical
component of the acoustic radiation force is less than the
weight of the polystyrene particle. Noncontact transportation
of the trapped particles was investigated by switching the
input signal to the PZT electrodes. The driving conditions of
the PZT ring were varied in the same manner as in the FEA
(Fig. 4) (i.e., alternating between 3-3 and 4-2 drives). Non-
contact transportation of a polystyrene particle with a circular
trajectory in the counterclockwise direction could be
achieved by switching the driving conditions as shown in Fig.
9. Switching the driving conditions from 3-3 drive to 4-2
drive is counted as a single switch. Photographs taken at
every two switches are shown in Fig. 9. The trapped particle
was moved by a regular distance in the circumferential direc-
tion and the maximum transportation speed was approxi-
mately 97 mm/s. The relationship between the number of
switches in the input signals and the position of the manipu-
lated particle is presented in Fig. 10. The particle position is
expressed as (», #) where r is the distance from the center of
the plate and @ is the center angle from the default position.
In the circumferential direction, the moving distance is pro-
portional to the switching time and the manipulated particle
is moved through 7.5° each switch, so that 48 switches are
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Figure 10. Relationship between the number of switches of
the input signal and the position of manipulated particle. The
particle position is expressed as (r, #) (r: distance from the
center of the plate, 8: center angle).

required to transport the particle through 360°. This experi-
mental result implies that the acoustic standing wave in air
between the vibrating plate and the reflector is rotated by the
rotation of (1, 4) flexural vibration of the plate. More precise
position control should be possible by increasing the partition
number of PZT electrodes. During the circular movement, the
position of the manipulated particle in the » direction was
approximately » = 13.5 mm, which is close to the calculated
result. The traveling particle moved very little in the vertical
direction since the acoustic radiation force in the vertical
direction far exceeded the weight of the polystyrene particle.

CONCLUSIONS

Noncontact transportation of small particles with a circular
trajectory was discussed. The transporter system consists of
an aluminum disc with a PZT ring and a reflector. The elec-
trode of the PZT ring was divided into 24 elements to gener-
ate and rotate the (1, 4) flexural vibration mode around the
plate. The sound pressure distribution and the acoustic radia-
tion force in air between the plate and the reflector were cal-
culated by FEA, and the positions at which a small object can
be trapped were predicted. The experiment was carried out
with the designed vibrating plate and polystyrene particles
with diameters of several millimeters. The particles could be
trapped at the positions predicted by the FEA. By switching
the input signals to the PZT electrodes, the flexural standing
wave could be rotated and a trapped particle could be ma-
nipulated around a circular trajectory with an accuracy of
7.5°.
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