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a b s t r a c t

Acoustic propulsion system presents a novel underwater propulsion approach in small scale swimmer.
This study introduces a submerged surface acoustic wave (SAW) propulsion system based on the
SiO2/Al/LiNbO3 structure. At 19.25 MHz, the SAW propulsion system is proposed and investigated by
the propulsion force calculation, PIV measurements and propulsion measurements. 3.3 mN propulsion
force is measured at 27.6 Vpp. To evaluate the miniature swimmer, the SAW propulsion systems with
multiple frequencies are studied. At 2.2 W, the submerged SAW propulsion system at 38.45 MHz
demonstrates 0.83 mN/mm2 propulsion characteristics. At 96.13 MHz and 24 Vpp, the movements of
miniature swimmer with a fully submerged SAW propulsion system are recorded and analyzed to a
maximum of 177 mm/s. Because of miniaturization, high power density, and simple structure, the
SAW propulsion system can be expected for some microrobot applications, such as underwater drone,
pipeline robot and intravascular robot.
© 2024 The Author(s). Published by Elsevier B.V. on behalf of ShandongUniversity. This is an open access

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Mechanical structures convert energy into actuation in water
or swimmers, such as the screw, tail and others [1–3]. In the field
f underwater propulsion systems, the propeller, bionic fin and
et system can be summed up as mechanical principles. Propellers
nd jet systems are widely applied in ships and underwater
obots because of their powerful propulsion force. They play a
ignificant role in transportation and exploration. Fish-shaped
nderwater robots have also been reported [1]. On the other
and, magnetic, acoustic and biochemical propulsion systems
ave been studied widely in micro-environments [4–8]. Based
n the external magnetic and acoustic system, microrobots can
e manipulated and moved to a specified position in the liq-
id environments [9–11]. Some tiny swimmers rely on chemical
ower that converts local fuels to drive their motion [12,13]. The
undamental principles of these swimmers, with rich chemistry,
ave been studied for biomedical applications. The characteristics
f miniaturization allow them to be competent for more delicate
asks, such as cell drug delivery systems and minimally invasive
urgery [14–17]. Underwater propulsion methods are summa-
ized in Table 1. Despite widespread applications of propulsion
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(http://creativecommons.org/licenses/by/4.0/).
systems in various fields, there are still major technical prob-
lems and challenges. Typically the coexistence of high thrust and
miniaturization is an inescapable issue.

In the field of acoustofluidic technologies, acoustic driving
force within fluids has been utilized to manipulate fluids and
particles in a noncontact and biocompatible manner [18–22].
Acoustic streaming force and acoustic radiation force, is the rep-
resentative of acoustic driving force, are discussed and applied in
medical and biological devices [23–28]. Recently, acoustic propul-
sion force (APS), which is the reaction force of the acoustic driving
force, as a new scheme to realize the autonomous locomotion
of swimmer. A novel acoustic propulsion system is introduced
to try to explore high output power and miniaturization with
surface acoustic waves (SAW) and bulk acoustic waves (BAW)
in Table 1 [29–33]. In this nonlinear phenomenon, the outstand-
ing mechanical properties of fluids make them anticipated as a
novel type of underwater propulsion system. In the new area of
acoustofluidic actuation application, the SAW propulsion system
is proposed and investigated because of miniaturization with high
frequency. In this work, a submerged interdigital transducer (IDT)
based on SiO2/Al/LiNbO3 structure is designed and studied for
miniaturization and high-power density. IDT submergence leads
to a higher acoustic propulsion efficiency in water. A SiO2 film is
coated on the surface of IDT as an insulating layer. The propul-

sion force characteristics, frequency characteristics and swimmer

niversity. This is an open access article under the CC BY license
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Fig. 1. SAW propulsion principle with submerged IDT. (a) Flow velocity distribution at 9.61 MHz and 27.6 Vpp . (b) Schematic diagram of prototype swimmer with
DT.
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Table 1
Underwater propulsion methods for swimmer.
Method Advantages Disadvantages

Screw High propulsion force Complicated structure

Tail Low fluid resistance Complicated structure

External magnetic
propulsion

Simple structure
Miniaturization

Low propulsion force
External magnetic control

External acoustic
propulsion

Simple structure
Miniaturization

Low propulsion force
External acoustic control

Biochemical
propulsion

Simple structure
Miniaturization

Low propulsion force

Acoustic autonomous
propulsion (This
work)

Simple structure
Miniaturization
High power density

Need more investigation

movement based on SiO2/Al/LiNbO3 SAW propulsion system are
eported and evaluated. The fully submerged SAW propulsion
ystem is more suitable as a small-scale and high-power propul-
ion system. Thus, a SAW propulsion system with submerged IDT
akes such systems suitable for applications such as underwater
rone, pipeline inspection robot and intravascular robot in future.

. Surface acoustic wave acoustofluidics for autonomous
ropulsion system

In the area of acoustofluidic actuation, manipulation, microp-
mp and atomization have been studied and applied for a long
ime [20–28]. Acoustofluidic actuation utilizes acoustic waves
o manipulate fluids and particles within fluids and has new
pplications, such as the drug delivery system, cell therapy, and
harmaceuticals. In the case of acoustic driving force (ADF) in
iquid, the particle manipulation can be characterized by acoustic
adiation force (ARF) and acoustic streaming force (ASF) with the
AW device. Underwater SAW propulsion system utilizes acoustic
aves to achieve an autonomous movement in novel areas of
coustofluidic actuation. When the IDT as a propulsion source
s placed freely in water, swimmers with acoustic propulsion
ystems realize the self-motion [34–36]. In terms of bio-inspired
nd biomimetic engineering, the high pressure in the vibration
urface acts to push fluid downstream, propelling the swimmer
orward as a consequence [36,37]. As shown in Fig. 1(a), the flow
2

velocity distribution is observed with particle image velocimetry
(PIV) measurement at 9.61 MHz and 27.6 Vpp, when the IDT is
et in whole submergence. Longitudinal waves are generated into
he water with the Rayleigh angle of θR (θR = sin−1c1/c2, c1:
hase velocity of the longitudinal wave, c2: propagation velocity
f Rayleigh wave). Thus, the submerged IDT can be as a propul-
ion source in water in Fig. 1(b). When ADF is generated by the
ubmerged IDT, swimmer with the SAW propulsion system can
wim in the opposite direction.
The SAW is an elastic wave propagating along the free surface.
hen the surface of the substrate is sunk into the liquid, a

eaky surface acoustic wave (LSAW), converted from Rayleigh
urface acoustic wave (RSAW), propagates along the boundary
urface between the solid and liquid. In this nonlinear acoustic
henomenon, acoustic propulsion, that is the reaction force of the
DF, can be evaluated and investigated with ARF in the boundary
urface between the solid transducer and liquid. Acoustic radia-
ion pressure (ARP) P, or the discrepancies in fluid energy density
ue to LSAW [38–40], can be calculated as

=
1
2
ρv2

+
1
2
c21
ρ

ρ ′2 (1)

where ρ is the liquid density and v is the particle velocity. c1 is
he phase velocity of the longitudinal wave in liquid, and ρ’ is the
liquid density fluctuation. When the traveling wave is generated
into the liquid, ARP in Eq. (1) can be represented by

P = ρv2 (2)

In the case of LSAW, the displacements of ux and uz in LSAW
propagation direction x-axis and normal direction z-axis in the
boundary surface between solid transducer and liquid can be
expressed as

ux = Aejωte−jkLxe−αkLz (3)

uz = −jαAejωte−jkLxe−αkLz (4)

where A, ω and kL are the normal vibration amplitude, angular
frequency and wave number, respectively. Absorption coefficient
α can be calculated as

α =

√
1 −

c2 2
(5)
c1
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Fig. 2. IDT at 19.25 MHz. (a) Schematic cross-section structure of SiO2/Al/LiNbO3 SAW propulsion system. (b) Photograph of IDT.
Table 2
Parameters of IDT at 19.25 MHz.
Parameters IDT

Periodic length (µm) 200
Aperture (mm) 4.5
Strip-electrode pairs 20
Metallization ratio 0.5

where c2 is the propagation velocity of Rayleigh wave in solid.
Particle velocity v is calculated using Eqs. (3) and (4). ARP in
Eq. (2) can be represented by

P =
1
2
ρ(1 + α2)v2

0e
2(kix+kiz) (6)

Thus, ARP distribution can be analytically determined using con-
tinuous displacement in the boundary surface between solid
transducer and liquid. Where v0 and ki are the vibration velocity
of the substrate surface and the imaginary part of the LSAW wave
number. When z = 0, ARP can be discussed and investigated in
the boundary surface between IDT and liquid.

3. IDT at 19 MHz

In previous research, half of the wave power cannot be used
as the propulsion force when the IDT is set in edge [34–36],
because the SAW is generated with IDT symmetrically in both
directions. As shown in Fig. 1(a), Thus, a submerged IDT based
on SiO2/Al/LiNbO3 structure is designed and studied for the high-
power density and miniaturization [37]. IDT submergence may
lead to a higher acoustic propulsion efficiency in water.

3.1. Design

To study the SAW propulsion with submerged IDT, Rayleigh
wave was generated in the 128◦ Y-rotated X-propagation lithium
niobate (LiNbO3) substrate. At 19.25 MHz, the detail of IDT was
shown and determined in Table 2 and Fig. 2(a). The periodic
length of IDT was 200 µm, when the driving frequency was
19.25 MHz. The aperture, strip-electrode pairs, and metallization
ratio were 4.5 mm, 20, and 0.5. The IDT was fabricated by the
surface micro-machining process. Aluminum electrodes were de-
posited by sputtering deposition in the surface of the substrate.
A SiO2 film was coated on the surface of IDT as an insulating
layer. A SiO2/Al/LiNbO3 SAW propulsion system was fabricated in
Fig. 2(b).

The admittance characteristics of IDT were measured with an
impedance analyzer (IM7580 A, HIOKI) in air and water, respec-
tively. The results were shown in Fig. 3. The resonance frequency
was 19.25 MHz in air and water. The conductance of the IDT was
10.5 and 9.9 mS in air and water. The susceptance of the IDT was
3 and 4.7 mS respectively.

To evaluate the vibration characteristics, the normal vibration
velocity of SAW at 91 spots was scanned using a laser Doppler
3

Fig. 3. Admittance characteristics of IDT in air and water: result in air is shown
by blue line, result in water is shown by red line.

vibrometer (LDV, Polytec, VibroOne, VIO-130) in the 5 mm aper-
ture range for five different driving voltages in air, as shown in
Fig. 4(a). The interval between adjacent spots was 50 µm. Addi-
tionally, The average vibration velocity of 91 spot measurements
at the different voltages were shown in Fig. 4(b). For an input
voltage of 24.8 Vpp, the average vibration velocity was kept at
0.68 m/s at 19.25 MHz. Thus, high power density nanomechanical
vibration of IDT was confirmed.

3.2. Fluid downstream via IDT

The flow velocity was measured using PIV measurement to
investigate fluid downstream with the SAW propulsion system at
the various input voltages. To study the velocity field, 10-µm seed
particles were added to pure deionized water. The measurement
area was illuminated with a laser sheet (CivilLasers, 530 nm
1.2 W). The flow velocity was recorded with a high-speed camera
(FASTCAM Mini UX50, 500 fps). The flow velocity distributions
in water at 19.25 MHz were shown in Fig. 5, when the IDT was
fully submerged with increasing input voltage. When the IDT was
set in whole submergence at 27.6 Vpp, two fluid streams were
generated symmetrically into the water with θR. The maximum
flow velocity in water increased from 34.2 to 86 mm/s when
the input voltage was increased from 12.2 to 27.6 Vpp. Thus, the
submerged IDT can be as a propulsion source in water in Fig. 1(b).

3.3. Propulsion characteristics

The acoustic propulsion FAP is expressed as the reaction force
of the ADF. ARP P is exerted as a type of ADF in the boundary
surface of the solid and liquid because of their different acoustic
impedances. The vibration velocity in water can be estimated
with measured results vm in air and the admittance character-
istics of IDT in air and water. Since the vibration distribution can
be approximated as a sine wave, the average vibration velocity of
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Fig. 4. Normal vibration velocity of SAW. (a) Schematic diagram of measurement setup. 91 spots are scanned at 0.5 mm front of IDT. (b) Vibration velocity for
arious input voltages. At 19.25 MHz and 24.8 Vpp , the vibration velocity is 0.68 m/s.
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Fig. 5. Flow velocity with PIV. Maximum flow velocity increased (from 34.2 to
86 mm/s) with increasing input voltage (from 8 to 27.6 Vpp).

substrate surface v0 in the propagation direction can expressed
as

v0 =
2
π

vm (7)

When x = 0 in Eq. (6), FARF can be calculated with v0, vibration
area S and Rayleigh angle of θR as

FARF = PSθR (8)

S can be calculated with the periodic length, aperture and strip-
electrode pairs of IDT in Table 2. Thus, FAP can be represented
by

FAP = −FARF (9)

To evaluate FAP for the IDT in water, zero-speed propulsion
(ZSP), an important indicator of the SAW propulsion system, was
measured using a force gauge (Mark-10, M5-012) in Fig. 6(a).
Because the IDT was fixed to the force gauge, the whole SAW
propulsion SAW did not move. Thus, the measured results for
ZSP forces were difficult to be affected by the fluid resistance,
wire traction and other effects, and can be used as a performance
indicator for the SAW propulsion system. Fig. 6(b) showed the
measured results of ZSP force and FAP calculation in Eq. (9).
The results increased with increasing input voltages. At 27.6
Vpp, 3.3 mN ZSP force was measured when the IDT was at a
standstill. The distributions of the measured ZSP and calculated
F were approximately normal. The measured and calculated
AP

4

results were around 1.8 and 2.6 mN at 20.2 and 19.6 Vpp. The
vibration velocity measurements, neglect of viscosity calculation
and others may lead to deviations between the measurement and
calculation. In future, the calculation result may be improved with
the vibration velocity measurement of propagation direction in
water and optimized calculation to optimize the propulsion force
simulation.

4. Miniaturization via high frequency

The mechanical vibration output power density of SAW is
proportional to the surface vibration velocity of IDT in Eq. (6).
Because vibration velocity does not greatly change with lower
vibration amplitude and higher driving frequency, the ultrasonic
actuation with miniature transducer widely discussed and ap-
plied [41–47]. Thus, the coexistence of high thrust and miniatur-
ization based on SAW propulsion systems can be expected with
the high driving frequency. Advancing the miniaturization of SAW
propulsion systems at the microscales thus holds considerable
promise for underwater drone, pipeline inspection robot and
intravascular robot.

4.1. Frequency characteristics

To evaluate the miniaturization via high frequency, the detail
of IDTs at 29.13, 38.45, 48.06, 68.22, 80.2 and 96.13 MHz were
determined in Table 3. The metallization ratio was 0.5. IDT areas
with SiO2/Al/LiNbO3 structure were 8.71, 6, 4, 2.35, 1.73 and
1.2 mm2. ZSP measurements of IDTs in water were measured
with the force gauge. Fig. 7 showed the measured results of
ZSP results with unit area when the input power was 2.2 W.
ZSP results fluctuated with different frequencies. At the same
input power, IDT at 38.45 MHz demonstrated the most excellent
ZSP characteristics. ZSP force per unit area was 0.83 mN/mm2.

hen the IDT area is reduced to 1.2 mm2 with increasing driving
requencies, the propulsion force of the miniature SAW propul-
ion systems also deserves to be expected as an underwater
ropulsion microsystem.

.2. Miniature swimmer at 96.13 MHz

In the case of 96.13 MHz and 1.2 mm2 IDT area, the measured
SP result was less than 0.1 mN at 2.2 W. To investigate the
wimmer locomotion, the no-load speed (NLS) of the swimmer
ith a 96.13 MHz SAW propulsion system was measured in
ater. As shown in Fig. 8, a miniature prototype swimmer was
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Fig. 6. SAW propulsion force. (a) Schematic diagram of measurement setup. (b) The result of acoustic propulsion: calculation (blue) and ZSP measurement (red) for
input voltage at 19.25 MHz.
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Table 3
Parameters of IDT with different frequencies.
Frequency
(MHz)

Periodic
length
(µm)

Aperture
(mm)

IDT area
(mm2)

Strip-
electrode
pairs

Metallization
ratio

29.13 144 3.3 8.71 20 0.5
38.45 100 3 6
48.06 80 2.5 4
68.22 56 2.1 2.35
80.2 48 1.8 1.73
96.13 40 1.5 1.2

Fig. 7. ZSP characteristics per unit area for input voltage at 2.2 W.

designed and fabricated. The dimensions and weight of the pro-
totype swimmer were 10 × 10 × 25 mm and 1 g. A green square
crylonitrile butadiene styrene (ABS) polymer plate was used as
n identification mark. A styrofoam kickboard was used to keep
alance.
At 24 Vpp, the locomotion of the prototype swimmer was

ecorded by a camera in Fig. 9. Based on the green square mark,
he recorded video was analyzed using an image recognition
rogram in MATLAB in Fig. 10. The NLS results changeover time
n the x and y axis directions was analyzed even though the
rajectory of the swimmer was not a perfectly straight line. When
he input voltage was applied to the IDT, the NLS result of the
rototype swimmer increased to a maximum of 177 mm/s. The
peed decreased with fluid resistance and wire traction with the
ower off. The NLS results for maximum value with increased
5

Fig. 8. Photograph of acrylic prototype swimmer (10 × 10 × 25 mm).

nput voltages were shown in Fig. 11. As the input voltage in-
reased, the maximum NLS results of the prototype swimmer also
ncreased.

. Conclusion

To evaluate the miniaturization and high-power density of the
AW propulsion system, a submerged IDT based on SiO2/Al/LiNbO3
tructure was designed and studied. Because the SAW was gen-
rated with IDT symmetrically in both directions, the whole
DT submergence made a higher acoustic propulsion efficiency
n water. A SiO2 film was coated on the surface of IDT as an
nsulating layer. The SAW propulsion system with SiO2/Al/LiNbO3
tructure at 19.25 MHz was investigated by the propulsion force
alculation, PIV measurements and ZSP results. Based on the ad-
ittance characteristics of IDT, fluid downstream and propulsion
haracteristics, the submerged SAW propulsion system at 19.25
Hz was proposed and discussed. At 27.6 Vpp, 3.3 mN ZSP force
as measured. The distributions of the results of measured ZSP
nd calculation were approximately normal. On the other hand, to
valuate the miniaturization via high frequency, SAW propulsion
ystems with IDT at 29.13, 38.45, 48.06, 68.22, 80.2 and 96.13
Hz were evaluated and investigated. At 2.2 W, the submerged
AW propulsion system at 38.45 MHz demonstrated the most
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Fig. 9. Swimmer locomotion in water for input voltage of 24 Vpp at 96.13 MHz recorded by a camera.
Fig. 10. NLS results for input voltage of 24 Vpp . Peak value is 177 mm/s.

Fig. 11. Maximum NLS results for prototype swimmer in water for various input
voltages.

excellent ZSP characteristics. ZSP force per unit area was 0.83
mN/mm2. Even though the measured ZSP result was less than
0.1 mN at 96.13 MHz, the swimmer movements and NLS results
were recorded and analyzed. At 24 Vpp, the NLS result swimmer
ncreased to a maximum of 177 mm/s. The fully submerged SAW
ropulsion system with high frequency can be more suitable as
small-scale and high-power propulsion system. In future, the
ffects of fluid resistance and wire traction can be optimized
ith the overall structure design and wireless system for suitable
pplications. Because of miniaturization, high power density, and
imple structure, the SAW propulsion system with IDTs can be
xpected for some microrobot applications, such as underwater
rone, pipeline robot and intravascular robot.
6
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