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Abstract—Many researches on self-propelled swimmer
actuators using ultrasonic vibrators have been discussed with
acoustic streaming. However we suggest that this is due to the
acoustic radiation force caused by the acoustic impedance
difference. In this research, we make two kinds of swimmers
using surface acoustic wave (SAW) that generates 9.6MHz
Rayleigh wave and bulk acoustic wave (BAW) that generates
1.6MHz Bulk wave, and compare the thrust of swimmers
calculated acoustic radiation force from vibration velocity and
measure using digital force gauge. The results show that the
order of thrusts of SAW and BAW are much different. The
movement of the interface between the ultrasonic transducer and
the liquid is required to discuss more strictly.
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I. INTRODUCTION

Recently, several submerged actuators that have been
studied for diverting to microrobots have been announced
[1-6]. However, these actuators require external operation or
are complicated and difficult to miniaturize. In addition, there
are concerns about malfunctions and performance degradation
due to the effects of adhesion of blood components and
impurities in the fluid.

Research on swimmer actuators using ultrasonic
transducers is spreading to solve the problem [7-10]. Some
current research uses PZT transducers that vibrate thickness to
generate bulk waves. In these studies, the generation of thrust
is a phenomenon caused by acoustic streaming. To our
knowledge, because the force from acoustic streaming does not
work directly on the swimmer, the swimmer is moving with
other forces. In this study, we have proposed a self-propelled
swimmer actuator with a different mechanism using Rayleigh
waves, which are surface acoustic waves, and suggest that
thrust generation by ultrasonic transducers is a phenomenon

978-1-7281-4595-2/19/$31.00 ©2019 IEEE

Deqing Kong
Tokyo Institute of Technology
Yokohama, Japan
kong.d.aa@m.titech.ac.jp

Minoru Kuribayashi Kurosawa

Tokyo Institute of Technology
Yokohama, Japan
mkur@ip.titech.ac.jp

based on acoustic radiation force theory during the research
process [11,12]. In this research, two kinds of swimmers were
designed using SAW that generates 9.6MHz Rayleigh wave
and BAW that generates 1.6MHz bulk wave, and compared the
thrust of swimmers calculated acoustic radiation force from
vibration velocity and measured using a digital force gauge.

II.  PROPULSION PRINCIPLE

A. Acoustic Radiation Force

Radiation pressure P, acting on the object in the sound
field is calculated as the acoustic energy density obtained by
time-averaged incident plane sound waves as <E> [13].

As shown in Fig.1, it is assumed that media with different
specific acoustic impedances (z; = picy,Z, = p,¢, Wwhere
piandp, are densities and cjandc, are sound velocities) are in
contact with the boundary plane at x = 0. A portion of the
acoustic energy of the incident wave is reflected to —x side and
the rest is transmitted to +x side due to the reflectance and
transmittance determined by the ratio of the specific acoustic
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Fig. 1 Coordinate system of acoustic radiation force
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impedance. As a result, the acoustic energy density at the

boundary surface difference occurs, and a pressure difference
occurs in the direction in which the difference decreases. This
is radiation pressure.

Considering the case where a plane wave of time-average
acoustic energy density <E> is perpendicularly incident in +x
direction on the boundary surface At this time, the time-
average acoustic energy density <E> in space is

(1+R3) (E)
9213 (5

(x <0)

(E) = x > 0)

(1

where, Z =7,/z, and the acoustic reflectivity is
Rp=(1-2)/(14+7Z), the sound pressure transmittance is
Tp =2/(1 +Z). When the sound pressure amplitude of the
incident wave is Py, the time average acoustic energy density <

E>is

7
2/)1C12

(Ep) = ()

Therefore, the interface receives (1 +R}2,)(El-) pressure

from x <0 side and (¢;/cy)Z T}Z,(E,-) pressure from x > 0
side. The difference is showed
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and this equation means acoustic radiation pressure. The
sound pressure amplitude is

PO = ZﬂprlC‘l (4)

based on the vibration velocity consisting of vibration
amplitude A and drive frequency f. The value obtained by
multiplying the equation (3) by the area is the acoustic
radiation force. From equations (2) and (4), it can be seen that
the acoustic radiation force is proportional to the square of the
vibration velocity.

B. Acoustic Radiation Force by SAW

Fig.2 shows how Rayleigh waves are radiated into water.
SAW becomes leaky SAW (LSAW) while radiating
longitudinal waves into water. When the propagation velocity
in water is Vyy and the propagation velocity in lithium niobite
is Vg, the radiation angle (Rayleigh angle) 6 is expressed as
follows.

Og = sin"!(Vy/Vg) (5)

Water
Longitudinal Wave

i Leaky SAW
LiNbO, eaky SAW
Fig. 2 Acoustic radiation into liquid by SAW.

Table 1 Characteristics of underwater SAW[14].

SAW LSAW
propagation  propagation Ax/A
speed (m/s) speed(m/s)

128° y-rotated short 3882 3884 +j70.7 8.74

X-propagation
lithium

niobate open 3994 3931 +67.7 9.24

(a) SAW device

(b) BAW device (20x1.0 mm)

Fig. 3 Ultrasonic transducers used in the experiment.

Propagation speed and attenuation are shown Table 1. Ax
indicates the distance until the amplitude of the leaky surface
acoustic wave attenuates to 1/e, in units of wavelength 4. The
actual value is O = 22°.

III. EXPERIMENT

A. SAW and BAW Devices

The SAW and BAW devices used are shown in Fig.3 (a)
and (b) [15,16].The vibration amplitude was measured using a
laser Doppler vibrometer. At this time, a device was placed on
the bottom of the water tank and a laser beam was applied
vertically from above the water surface. The SAW device has a
feature that the vibration amplitude changes linearly with
respect to the driving voltage. The point with the largest
vibration amplitude was measured and was 6.3 nm at a drive
voltage of 40 Vpp the whole surface. The BAW device was
plotted in 0.5mm increments to measure the overall vibration
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distribution. However, the water surface could be greatly
disturbed. Fig. 4 shows the vibration amplitude when the drive
voltage is 3 Vpp. Density of water is 1.0 x 103 kg/m?, sound
propagation velocity is 1500 m/s. Density of 128°y-rotated x-
propagation lithium niobate is 4.65 x 10°kg/m> and sound
propagation velocity is 3994 m/s. Density of PZT is 7.65 x 10
kg/m? and sound propagation velocity is 4390 m/s. The
effective area of SAW device is 26mm X 9mm for simplicity,
and the effective area of the BAW device is in the range of
radius 6.5mm in the center.

B. Swimmer Actuator

The SAW swimmer was designed so that the vibration
direction of the ultrasonic wave radiated longitudinally was
parallel to the water surface as shown in Fig.5 and Fig.6. In
addition, as shown in Fig.7 and Fig.8, the BAW swimmer to
sandwich an ultrasonic vibrator that vibrates in thickness
between an air layer and a liquid layer so that the acoustic
radiation force is greatly generated in one direction at the
interface with the liquid was designed.
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Fig. 4 Vibration distribution on a straight line of BAW when
the drive voltage is 3Vpp.

Fig. 6 Prototype of SAW swimmer actuator.
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Fig. 7 Schematic view of BAW swimmer actuator.

Fig. 9 Thrust measurement environment.
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Fig. 5 Schematic view of SAW swimmer actuator.

C. Thrust Measurement

Fig 9 shows the thrust measurement environment. By
setting a swimmer actuator at the tip of the digital force gauge,
it was set so that pure thrust can be measured.

The measurement results of SAW swimmer and BAW
swimmer are shown in Fig. 10 and Fig. 11, respectively.The
thrust of the SAW swimmer measured with a digital force
gauge was 4 mN at 100 Vpp from Fig. 10, and 0.5 mN from
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Fig. 10 No load thrusts of SAW swimmers by diverse voltages.
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Fig. 11 No load thrusts of BAW swimmers by diverse voltages.

the calculation. And that of the BAW swimmer measured with
a digital force gauge was SmN from Fig. 11 to 44 Vpp, and 0.2
mN from the calculation. In both cases, the calculated value
obtained from the equation (3) much different.

IV. CONCLUSION

It was shown that the propulsion principle of a swimmer
actuator using an ultrasonic transducer is due to acoustic
radiation force. However, the calculated value of thrust and the
measured value did not completely coincide. In order to solve
this problem, it is necessary to discuss the motion of the
interface between the ultrasonic transducer and the liquid more
precisely. It is also necessary to improve the measurement of
vibration amplitude with a laser Doppler vibrometer in depth.
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