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Chapter 1

Introduction

1.1 Research Background

1.1.1 Miniature Underwater Propulsion Systems

Miniature Underwater Propulsion Systems is an important part of Minia-
ture underwater robotics. In recent years, with the development of micro-
electronic devices, material science, artificial intelligence and bionics, micro
underwater propulsion systems have made significant progress in design, ap-
plication and performance. Their main application areas include environ-
mental monitoring, scientific research, military reconnaissance and search
and rescue operations. [1-3,16,17]

The main types of propulsion technology include:

(1) Propeller propulsion

Propeller propulsion system is the most traditional and mature propulsion
method, which is widely used in micro underwater robots. The miniature
propeller propeller generates thrust through rotating blades to push the robot
forward in the water.

Advantage: simple design, low manufacturing cost, mature technology,
suitable for micro-robots to run stably for a long time.

Challenges: Propellers are large and less efficient at low speeds, and they
are not suitable for tasks that require quiet operation due to the noise gen-
erated by mechanical rotation.

(2) Jet Propulsion [11,12]

Jet propulsion systems generate thrust by inhaling and ejecting a stream
of water at high speed. This technology is also widely used in micro-underwater
robots for fine handling and movement in confined spaces.

Advantages: Compared to propeller propulsion, jet propulsion systems
are more flexible in operation, have more stable thrust, and can control



motion in multiple directions.

Challenges: Relatively low energy efficiency and high energy consump-
tion, especially during prolonged operation.

(3) Bionic Propulsion [4-6]

Bionic propulsion systems mimic the movement of aquatic animals, such
as fins, octopus tentacles, or jellyfish swings, to propel the micro-robot for-
ward. This type of propulsion has received increasing attention in recent
years, and has shown potential especially in micro- and nanoscale underwa-
ter robots.

Advantages: Bionic propulsion systems reduce environmental disturbance
during underwater motion and are flexible in tight environments. Extremely
low noise levels make them ideal for quiet operation tasks.

Challenges: Complex designs, often involving flexible materials and com-
plex control systems, and therefore high manufacturing costs.

(4) Electromagnetic fluid propulsion [7-10]

Magnetohydrodynamic Propulsion propels a robot forward by applying
an electric current to a magnetic field, causing ions in water or a conductive
fluid to be subjected to the Lorentz force.

Advantages: no mechanical moving parts, quiet operation, suitable for
use in hidden or noise-sensitive environments.

Challenges: lower efficiency, especially in small systems, stronger mag-
netic fields required to generate sufficient thrust, higher energy consumption.

(5) Ultrasonic Propulsion [13-15]

Ultrasonic propulsion systems use ultrasonic vibrations to generate tiny
pressure waves to propel flow in the water column, which in turn drives a
micro-underwater robot. This technology mainly generates thrust through
cavitation effect or acoustic wave-driven liquid movement.

Advantages: no mechanical moving parts, reducing maintenance require-
ments and noise pollution, suitable for high-precision operations.

Challenges: Smaller thrust force, can only be applied to very small-scale
underwater equipment at this stage.

Combining the characteristics of the above propulsion systems, ultrasonic
propulsion is a simple structure because it is driven only by the vibration of
the vibrator. Although reducing the size of the vibrator makes the vibration
amplitude smaller, reducing the size of the vibrator also increases its reso-
nance frequency, thus as long as there is a high enough resonance frequency,
the same thrust can be obtained. Therefore, ultrasonic propulsion is more
suitable for miniaturisation than bionic propulsion, propeller propulsion or
even jet propulsion. Moreover, ultrasonic propulsion is directly driven by
electricity, which is less susceptible to external interference than electromag-
netic fluid propulsion.



In conclusion, ultrasonic propulsion has achieved a good balance between
miniaturisation, stability and driving power. Therefore, ultrasonic propul-
sion is expected to be used in the narrow environment of industrial survey and
maintenance, as well as medical target therapy, minimally invasive surgery.
In order to realise the application of ultrasonic underwater propulsion system,
this study focuses on the ultrasonic underwater propulsion system, and im-
proves the design and theoretical system of ultrasonic underwater propulsion
system.

1.1.2 Ultrasonic Underwater Actuator

When a piezoelectric element, which can convert electrical energy into
mechanical energy, is subjected to an external power source, an inverse piezo-
electric phenomenon occurs, whereby the displacement is almost proportional
to the external electric field. [18-20]. This phenomenon has led to the widely
investigated compact ultrasonic underwater propulsion systems.

Based on piezoelectric actuators, Deng et al. have produced a cm-level
miniature robotic cowfish that can be propelled underwater by the move-
ment of its pectoral and tail fins. [21] Hu et al. proposed a small under-
water actuator with flexible drive components in a piezoelectric macrofibre
composite and its propulsion properties were evaluated. [22,23] Zhao et al.
designed a small semi-open robotic fish that can move underwater by using
a piezoelectric cantilever beam. [24] Liu et al. A new underwater propul-
sion measure has been developed using piezoelectric actuators. [25] In the
same year, a piezoelectric robot with a fish-like structure using piezoelectric
elements was presented, inspiring research into small underwater propulsion
systems. [26,27] Furthermore, an ultrasonic motor with dual rotors was also
investigated. [28] However, these underwater actuators with piezoelectric el-
ements have complex mechanical structures, are heavy and have low energy
conversion efficiency, thus the advantages of miniaturisation of piezoelectric
elements have not been fully exploited.

The theory of acoustic flow and acoustic radiation forces due to non-
linear acoustics has been widely investigated in the field of medicine. Non-
linear acoustics shows that thrust is generated by the mechanical vibration
of piezoelectric elements underwater. [29,30] Then, a miniature underwater
propulsion system combining the inverse piezoelectric phenomenon of piezo-
electric elements with the acoustic radiation effect in water has attracted
much attention. [31-34]

The main topics that our research team has completed prior to this are
as follows:

Prototype underwater propulsion actuators using surface acoustic waves



and underwater propulsion actuators using bulk acoustic waves were fabri-
cated and their propulsion characteristics were evaluated. [35,36] In order to
be able to increase the driving efficiency, it is necessary to obtain basic data
on compact underwater propulsion systems using new piezoelectric elements.
The structure of the actuator and the mechanical properties of the ultrasonic
transducer were therefore evaluated. [37,38]

As shown in Figures 1.1, 1.2 are the initial trial products when our re-
search team carried out the topic related to ultrasonic underwater propulsion.
Figure 1.1 shows the acoustic underwater actuator constructed by using the
surface wave vibrator, which achieves a driving speed of 0.1 m/s at an in-
put voltage of 9.61 MHz and 78 V.., while Figure 1.2 shows the acoustic
underwater actuator constructed by using the thickness-vibrating bulk wave
vibrator, which achieves a driving speed of 210 mm/s at an input voltage of
1.63 MHz and 70 V..

Both bulk wave vibrator underwater propulsion and surface wave vibra-
tor underwater propulsion are driven by mechanical vibration, the difference
lies in the way the acoustic wave propagates. In the case of the thickness
vibration mode of the bulk wave vibrator shown in Figure 1.2, the acous-
tic wave propagation direction is always parallel to the thickness direction,
which means that the acoustic wave can be fully utilised in the underwater
propulsion system.

The Rayleigh wave of a surface acoustic vibrator radiated into water is
shown in Figure 1.1. When water is loaded onto the Rayleigh wave propagat-
ing surface of a surface acoustic wave (SAW) vibrator, the surface acoustic
wave become leaky surface acoustic wave and efficiently radiate longitudi-
nal waves into the water. If the speed of propagation in water is v, and the
speed of propagation of the Rayleigh wave is v,, the radiation angle (Rayleigh
angle) 6., is expressed as follows

0, = sin~L(22) (1.1)
v?"

In summary, surface waves propagate mainly along the surface of the vi-
brator, thus only partially leaked longitudinal waves can be applied to the
water. In contrast, the bulk acoustic waves of the thickness vibration mode
can be fully acted upon in the water. It can be seen that the thickness
mode bulk acoustic wave vibrator is more suitable for the ultrasonic under-
water propulsion system than the surface acoustic wave vibrator. Therefore,
this study selects the underwater propulsion system based on the thickness
vibration mode of the bulk wave piezoelectric vibrator as the research object.



Although the feasibility of ultrasonic underwater actuators has been ver-
ified and has many advantages over other types of small underwater propul-
sion systems, there is no perfect theoretical system to help its application,
and the structural design of the actuator needs to be improved to enhance
the underwater propulsion capability. Therefore, this study will start with
underwater actuators for bulk acoustic wave vibrators with thickness vibra-
tions, and then try to explore the theoretical system as well as a variety of
actuator designs and evaluations.
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Figure 1.1: Actuator using surface acoustic wave underwater propulsion
system(9.61MHz, 78V, ps; 0.1m/s). [35]

Thickness-vibration-mode Ultrasonic Transducer

SR Air  Water

Acoustic Radiation Propulsion Acoustic Radiation Force

Figure 1.2: Actuator using bulk acoustic wave underwater propulsion system
(1.63MHz, 70V p; 210mm/s). [40]

1.2 Purpose and Thesis Outline

1.2.1 Purpose

One of the reasons why micro-robots based on ultrasonic vibrator under-
water propulsion systems have shown promise but have not yet been applied
is the problem that a model representing the relationship between drive volt-
age and propulsion force has not yet been completed. For the design of new
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microrobots, it is necessary to quantitatively understand the individual char-
acteristics of the ultrasonic vibrator’s liquid propulsion system. Therefore,
among the components of the new underwater propulsion system, the ultra-
sonic vibrator was subjected to experimental and analytical investigations,
with the aim of clarifying the modelling problems and obtaining basic data
for constructing the optimum system.

Specific topics for optimising the drive efficiency of ultrasonic underwater
actuators:

1.In order to achieve reduced actuator size as well as lower impedance
consumption, a disc-shaped vibrator is chosen as the preferred solution. Al-
though the modelling of electrical-mechanical equivalent circuits of vibrators
has been widely used, all of them consider only the vibration in a single
direction to simplify the calculation. However, for the plate shaped vibra-
tor with thickness vibration mode in this study, it has a complex vibration
distribution, thus it is not possible to consider only a single direction of
vibration. Therefore, in this study, an attempt will be made to solve the
electrical-mechanical equivalent circuit model by considering two directional
parameters in the longitudinal and radial directions.

2.In order to explore the propulsion principle of the ultrasonic under-
water actuator, it is necessary to quantify its thrust force. In this study,
the thrust characteristics are investigated by experimentally measuring the
sound pressure to calculate the acoustic radiation force.

3.To take advantage of the miniaturisation of the ultrasonic underwater
actuator. In this study, three different ultrasonic underwater actuators were
investigated.

1.2.2 Thsis Outline

There ara 6 chapters in this thesis. The contents of each chapter are
mentioned in the table 1.1

In the chapter 1, The background of this study is presented, describ-
ing the advantages of ultrasonic underwater actuators for small underwater
propulsion systems and the problems that still need to be solved in order
to realise the application. There is also an introduction about the subject
matter of this research.

In the chapter 2, Underwater actuators with bulk wave vibrators are
specifically introduced by describing the principle, structure, admittance
characteristics, vibration velocity distribution, acoustic pressure distribution,
propulsion characteristics, and speed characteristics of underwater actuators
including the PZT disk-shaped vibrator. The principle of propulsion is also
discussed by calculating the acoustic radiation pressure.



Table 1.1: Contents of thesis

Thesis Outline

Chapter 1 Introduction

Chapter 2 Miniature Underwater Actuator using a PZT Disk Transducer
Chapter 3 Miniature Underwater Actuator using BNBTM Disk Transducer
Chapter 4 Miniature Underwater Actuator using a PZT Ring Transducer
Chapter 5 Equivalent Circuit of Disk Transducer

Chapter 6 Conclusions and Future Work

In the chapter 3, The ultrasonic underwater actuator was designed using a
non-lead BNBTM disk-shaped vibrator for environmental protection, safety
and excellent material properties compared to PZT. The design is evaluated
in terms of admittance characteristics, vibration distribution, propulsion and
speed characteristics.

In the chapter 4, because the vibration distribution of the disck-shaped
vibrator exhibits a distribution of multiple peaks, this results in the portion at
the trough not generating propulsion force and a reduction in drive efficiency.
Moreover, from the structural design, the disk-shaped vibrator requires a hole
on the outer side of the actuator. Therefore, the ring vibrator is designed to
solve the above problems.

In the chapter 5, an attempt was made to solve the electrical-mechanical
equivalent circuit model by considering two directional parameters in the
longitudinal and radial directions.

In the chapter 6, Conclusions and future work are summarized.



References

1.

10.

Zhang T D, Zhou H, Wang J, Liu Z H, Xin J and Pang Y J, 2019
Optimum design of a small intelligent ocean exploration underwater
vehicle Ocean Eng. 184 40-58

FuS H, Wei F N, Yin C, Yao L G and Wang Y X 2021 Biomimetic soft
micro-swimmers: from actuation mechanisms to applications Biomed.
Microdevices 23 6

Chen B L et al 2016 Platinum nanoparticle decorated SiO2 microfibers
as catalysts for micro unmanned underwater vehicle propulsion ACS
Appl. Mater. Interfaces 8 309417

Field R D, Anandakumaran P N and Sia S K 2016 Soft medical micro-
robots: design components and system integration Appl. Phys. Rev.
6 041305

Sun Q M, Han J Z and Li H 2020 A miniature robotic turtle with target
tracking and wireless charging systems based on IPMCs IEEE Access
8 18715664

Zhou X X, Li K and Liu Y X 2023 Development of an antihydropressure
miniature underwater robot with multilocomotion mode using piezo-
electric pulsed-jet actuator IEEE Trans. Ind. Electron. 70 5044-54

K, G., J, P, S, G., H, N. (2023). Magnetic propulsion performance
of a compound spiral micro-robot applied in viscoelastic environments.
Journal of the Brazilian Society of Mechanical Sciences and Engineer-
ing, 45(3), 95.

Hoang, M.C., Nguyen, K.T., Le, V.H., Kim, J., Choi, E., Kang, B.,
Park, J.-O., Kim, C.-S. (2021). Independent electromagnetic field con-
trol for practical approach to actively locomotive wireless capsule en-
doscope. TEEE Transactions on Systems, Man, and Cybernetics: Sys-

tems, 51(5), 3040-3052.

Zhang, Y., Su, Z., Chi, M., Huang, Y., Wang, D. (2022). Toward
high-performance magnetically-driven microrobots for biomedical ap-
plications. Journal of Micro-Bio Robotics, 17(1), 1-16.

Kim, J., Jeong, H., Lee, S., Park, J.-O. (2021). Redundant electro-
magnetic control of an endoscopic magnetic capsule driven by multiple



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

electromagnets configuration. ITEEE Transactions on Industrial Elec-
tronics, 69(11), 11370-11382.

Chen, S., Xu, H., Xiao-Xiong, Lu, B. (2023). An underwater jet-
propulsion soft robot with high flexibility driven by water hydraulics.
In IEEE International Conference on Robotics and Automation (ICRA
2023), London, UK, May 29 - June 2, 2023, 2613-2619.

Li, Y., Zhao, J., Wang, Q., Chen, H. (2023). Development of an an-
tihydropressure miniature underwater robot with pulsed-jet actuator.
IEEE Transactions on Robotics, 39(4), 1342-1354.

Dharmawan A G, Hariri H, Foong S, Soh G S and Wood K L 2017
Steerable miniature legged robot driven by a single piezoelectric bend-

ing unimorph actuator Int. Conf. on Robotics and Automation (ICRA)
pp 600813

ChiZ Q and Xu Q S 2014 Recent advances in the control of piezoelectric
actuators Int. J. Adv. Robot. Syst. 11 182

Wang L, Hou Y J, Zhao K D, Shen H, Wang Z W, Zhao C S and Lu X
L 2019 A novel piezoelectric inertial rotary motor for actuating micro
underwater vehicles Sens. Actuators A 295 428-38

LiJ, Guo Y L and Wang W 2016 Research on autonomous underwater
robot propelled by bionic octopus tentacle propulsors Int. J. Control
Autom. 9 273-80

Scaradozzi D, Palmieri G, Costa D and Pinelli A 2017 BCF swimming
locomotion for autonomous underwater robots: a review and a novel
solution to improve control and efficiency Ocean Eng. 130 437-53

He S P, Shi S J, Zhang Y H and Chen W S 2018 Design and experi-
mental research on a deep-sea resonant linear ultrasonic motor IEEE
Access 6 57249-56

Uchino K, Cagatay S, Koc B, Dong S, Bouchilloux P and Strauss M
2004 Micro piezoelectric ultrasonic motors J. Electroceram. 13 393-401

Li X, Yao Z Y and Wu R C 2016 Modeling and analysis of stick-slip
motion in a linear piezoelectric ultrasonic motor considering ultrasonic
oscillation effect Int. J. Mech. Sci. 107 215-24



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Deng Y and Avadhanula S 2005 Biomimetic micro underwater vehicle
with oscillating fin propulsion: system design and force measurement
Proc. 2005 IEEE Int. Conf. Robotics

Hu DY, Lou J Q, Chen T H, Yang Y L, Xu C, Chen H R and Cui
Y G 2020 Micro thrust measurement experiment and pressure field
evolution of bionic robotic fish with harmonic actuation of macro fiber
composites Mech. Syst. Signal Process. 153 107538

LouJ Q,GuT,Chen TH, Yang Y L, Xu C, Wei Y D and Cui Y G 2022
Effects of actuator-substrate ratio on hydrodynamic and propulsion
performances of underwater oscillating flexible structure actuated by
macro fiber composites Mech. Syst. Signal Process. 170 108824

Zhao Q L, Liu S, Chen J, He G, Di J, Zhao L, Su T, Zhang M and Hou
7 2021 Fast-moving piezoelectric micro-robotic fish with double caudal
fins Robot. Auton. Syst. 140 103733

Liu R, Zhao H, Wang L, Jin J, Lai D Y and Chen Y H 2022 A novel
structural-functional integration piezoelectric thruster for miniature
unmanned underwater vehicles Smart Mater. Struct. 32 015016

Liu R, Zhao H, Wang L, Jin J and Wu Y F 2022 Design and develop-
ment of a novel piezoelectric caudal fin-like underwater thruster with
a single vibration mode Rev. Sci. Instrum. 93 113545

Liu R, Wang L, Jin J, Zhao H, Zhang A T and Chen D 2022 A novel
3-DoF piezoelectric robotic pectoral fin: design, simulation, and exper-
imental investigation Smart Mater. Struct. 31 065003

Lu X L, Wang Z W, Shen H, Zhao K D, Pan T'Y, Kong D X and Twiefel
J 2019 A novel dual-rotor ultrasonic motor for underwater propulsion
Appl. Sci. 10 1-11

Sarvazyan A 2015 Acoustic radiation force in biomedical applications:
origin, past, present, and future J. Acoust. Soc. Am. 137 2312-3

Ostrocsky L, Priev A and Barenholz Y 2011 Acoustic radiation force
for rapid detection of particles in biological liquids J. Acoust. Soc. Am.
14 020002

Yu HY and Kim E S 2004 Ultrasonic underwater thruster 2004 17th
IEEE Int. Conf. Micro Electro Mechanical Systems (MEMS) (IEEE)
pp 486-9

10



32.

33.

34.

35.

36.

37.

38.

39.

40.

Zhang N QQ, Wen Y and Friend J 2019 MHz-order surface acoustic wave
thruster for underwater silent propulsion Micromachines 11 419

Bourquin Y and Cooper J M 2013 Swimming using surface acoustic
waves PLoS One 8 e42686

Tanimura R, Kong D Q and Aoyagi M 2022 Multi-degrees-of-freedom
swimmer using an ultrasonic longitudinal transducer Jpn. J. Appl
Phys. 61 SG1038

Kong D Q and Kurosawa M K 2018 A novel swimmer actuator via
leaky surface acoustic wave 2018 IEEE Int. Ultrasonics Symp. (IUS)
(IEEE) pp 14

Nishio K, Kong D Q and Kurosawa M K 2019 Self-propelled swimmer
propulsion system using SAW and BAW 2019 TEEE Int. Ultrasonics
Symp. (IUS) (IEEE) pp 1678-81

Kong D Q, Qian Y, Kurosawa M K and Aoyagi M 2021 Evaluation
method for acoustic underwater propulsion systems J. Acoust. Soc.
Am. 150 115764

Qian Y, Kong D Q and Kurosawa M K 2021 Force characteristics of
disc-shaped PZT transducer for the underwater acoustic propulsion
system 2021 IEEE Int. Ultrasonics Symp. (IUS) (IEEE) pp 14

Yun H, Kong D Q and Aoyagi M 2021 Characteristics of thickness-
vibration-mode PZT transducer for acoustic micropumps Sens. Actu-
ators A 332 113206

Dq Kong , K Nishio and MK Kurosawa, Self-propelled swimmer via
thickness-vibration-mode ultrasonic transducer,Smart Mater. Struct.
29 (2020) 02LT02 (6pp)

11



Chapter 2

Miniature Underwater
Actuator using a PZT Disk
Transducer

In this chapter, ultrasonic underwater actuators and various types of mea-
surement platforms such as vibration velocity, Propulsion force characteris-
tics, acoustic pressure will be described in detail. An ultrasonic underwater
actuator will be designed using a vibrator with a thickness mode of vibration
in the form of a disk-shaped vibrator with a diameter of approximately 10
mm made of PZT material. The actuator will be evaluated by measuring the
admittance characteristics, vibration velocity distribution, propulsion force
characteristics, and acoustic pressure. And an attempt is made to explore
the tpropulsion force principle.

12



2.1 Piezo Transducer

Figure 2.1: PZT Disk-shaped Transducer

Figure 2.2: Wire Connection Scheme for The Disk-shaped PZT Transducer

In order to achieve miniaturisation, reduce the size while increasing the
resonance frequency and reducing the distance between electrodes (resistance
reduction), the choice of a plate transducer is the preferred solution. As the
project on underwater propulsion systems with thickness vibration piezoelec-
tric elements is in its early stages, there is no complete design methodology.
Therefore, it is convenient to conduct research using commercially available

13



PZT disk-shaped transducers in order to obtain basic data on underwater
propulsion systems for thickness vibration piezoelectric elements.Therefore a
disk-shaped transducer as shown in Figure 2.1 will be used to design the ul-
trasonic underwater actuator. The dimensions of this disk-shaped transducer
are 10 mm in diameter and 1 mm in thickness. the material is the widely
used Pb(Zr, Ti)O3(PZT) piezoelectric material. The upper and lower circular
surfaces of the tansducer are covered with silver electrodes 8um thick, and
the electrodes on the upper surface extend to the back of the transducer,
which allows the wires to be all arranged on the back of the transducer. The
PZT was procured from FUJIceramics, and the various material parameters
about PZTc204 are shown in Table 2.1.

The wire connection scheme for the disk-shaped PZT transducer is shown
in Figure 2.2. The Fuji Ceramics disk-shaped PZT transducer used in this
study is widely used in ultrasonic nebulisers. It has a wire connection as
shown in the Figure 2.2 | with the negative electrode extending to the back
surface, allowing both positive and negative wires to be attached to the same
surface, facilitating the design of ultrasonic underwater propulsion actuators.
This wire connection method is the result of cost and performance consid-
erations by the company and is not the result of an optimal design of the
ultrasonic underwater propulsion system.

Table 2.1: Material Parameters of PZTc204 (FUJI CERAMICS)

Electro-mechanical Relative permittivit Equivalent piezoelectric
coupling coefficient P Y constant [x1072m/V]

kp ks ke €11/20 /e da ds3
0.63 0.74 0.52 2240 2200  -190 435
Voltage output coefficient  Elastic constant Frequency constant

[x1073V - m/N] [x109N/m?| [m - Hz]

g31 933 1/95 1/555 Ny N33 Ny

-9.7 22.0 7.2 5.7 2110 1450 2070
Density Mechanical quality Dielectric Poisson’s

[x103kg/m3] factor loss ratio

P Qm tand o
7.65 520 0.0025 0.29

2.2 Ultrasonic Actuator

To elaborate the principle of acoustic propulsion system, the mechanism
can be illustrated in terms of the bio-inspired and biomimetic engineering.

14



Recent efforts to design bionic swimmer technologies have also renewed focus
on elucidating the physical principles of animal swimming. A central tenet
is the idea that propulsion force is generated by pushing the surrounding
water rearward. This paradigm requires the animal to generate the higher
pressure near the body. The higher pressure gradient would act to push
fluid downstream, propelling the animal forward as a consequence. [1-6] For
example, if we swim with our hands slapping the water, our palms will feel
the pressure given by the water, and with this pressure, we can swim for-
ward. This propulsion mechanism can also be considered as a reciprocating
vibration or acoustic wave near the baseline. The mechanical output power
is proportional to the square of the vibration velocity in Equation. 2.1. The
vibration amplitude and frequency of the human are centimeter scale and
several Hz, the vibration velocity can be calculated in Equation 2.2,

P o v? (2.1
v=2xmx fxA.

[\
~— ~—

where v, f and A are the vibration velocity, frequency and vibration ampli-
tude. The vibration of bulk ultrasonic transducer, a reciprocating vibration,
has the nanometer/micrometer vibration amplitude and the MHz/kHz fre-
quency. Based on equation 2.2, it is known that even though the transducer
is reduced in size, the resonance frequency is increased and the same vibra-
tion speed as the original size is obtained. Thus, a acoustic propulsion system
with ultrasonic disc-shaped transducer may be suitable for underwater actu-
ator with the smaller vibration amplitude and higher frequency.

If the ultrasonic transducer is placed directly into the water, both the up-
per and lower surfaces of the ultrasonic transducer generate acoustic radiation
pressure, according to Newton’s third law, the water exerts the same force
on both surfaces of the ultrasonic transducer, and the ultrasonic transducer
will not move. If, as shown in Figure 2.3, the lower surface of the ultrasonic
transducer is always in contact with the air, only the surface in contact with
the water will receive the force, thus this prevents short-circuiting of the wires
on the back of the ultrasonic transducer, but also produces a propulsion force
perpendicular to the surface. This is the principle of the acoustic underwater
propulsion system.

Therefore, the ultrasonic underwater actuator was designed as shown in
Figure 2.4. (a) represents the cross-section deconvolution plane of the actu-
ator. The disc transducer is placed on an inverted cone cavity, which not
only keeps the plate transducer horizontal contributing to the vibration dis-
tribution on the measurement surface, but also allows it to be secured while
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Figure 2.3: Principle of acoustic propulsion system.

minimising the contact area. And the fixation piece is printed and fabricated
by a 3D printer and the material is TPU. the TPU has some elasticity and
can clamp the circular plate transducer well. (b) is the photo of the actuator,
the actual size is about 12 mm in diameter and 5 mm in height.

The fixed actuator is waterproofed by plugging the holes where the wires
lead out with glue, and will be used in the measuring session.

2.3 Admittance Characteristics

After the PZT transducer was installed in the prototype actuator, its
admittance was measured using a precision impedance analyzer in air and
water. The results are shown in Figure 2.5. The resonance frequency of
the PZT actuator in air and water was 2.13 and 2.11 MHz, respectively.
The conductance of the PZT actuator in air and water was 85.8 and 49.9
mS at resonance frequency, respectively. It can be seen that the resonance
frequency in water and air is almost constant, while the conductance at the
resonance frequency is reduced by 35.9 mS.

Neglecting the loss of the induced impedance as well as the air loading,
the vibrational loss of the PZT actuator at the resonance frequency is about
the loss of Ry, = 11.7€) resistance at the resonance frequency shown in the
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Figure 2.4: Actuator. (a): the cross-section deconvolution plane of the actu-
ator;(b): the photo of the actuator
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Figure 2.5: Admittance characteristics of the PZT actuator.
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measurements of the admittance characteristics in air. The power on the re-
sistance represented by the Ry_,, = 8.37(2 difference between the resistance
at the resonance frequency shown in the measurement results of the admit-
tance characteristics in water and the resistance in air represents the output
power of the PZT actuator in water. This means that the output efficiency
of PZT actuator can be expressed as the following equations,

Rw—m Rw—m

= = = 42%. 2.3
T Rum+ Rm R (2:3)

However, 7 is output efficiency, R.,_, is the output load expressed as the dif-

ference between the equivalent resistance in air and in water at the resonant

frequency, R, is equivalent resistance in water at resonance frequency.

2.4 Vibration Velocity Distribution

2.4.1 Measurement System

Exploring the vibration characteristics of thickness vibrations and calcu-
lating the propulsion force requires measurements of the vibrational velocity
of the surface of an ultrasonic transducer. Measurements will be made using
an actuator with the PZT ultrasonic transducer fixed in place. In addi-
tion, since the Doppler vibrometer (Polytec, VibraOne) in possession does
not have an auto-focus and movement function, it is necessary to connect
the function generator, oscilloscope, and moving stage to a computer and
write an auto-scanning and focusing programme using matlab or Labview
software to facilitate automatic reading of vibration velocities at the many
measurement points.

Due to the construction of the ultrasonic actuator as shown in Figure
2.4, it is possible to keep the PZT transducer as horizontal as possible, which
reduces the time spent on focusing during the measurement.

The measurement system for the vibration velocity in air is shown in
Figure 2.6, which demonstrates the entire measurement system constructed.
The Laser Doppler Vibrometer probe is mounted on a moving platform,
which controls the probe and enables it to focus and move automatically.
The red laser light emitted from the probe is the measurement point, and
the laser light is kept as perpendicular as possible to the measurement plane.
The ultrasonic transducer actuator to be measured is placed directly below
the probe. The device shown here has a microscope lens attached to the
probe, which makes the laser beam thinner, the minimum measurable interval
smaller, and the focusing distance closer , about 3 cm.
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Regarding the judgement of the measured signal, the Laser Doppler vi-
brometer shown in the figure comes with a detection port (RSSI OUT). When
the probe receives a full signal (when the measurement error is minimal), the
output voltage is about 2V, thus the strength of the signal can be judged
by the voltage output from this port. In air because the measurement con-
ditions are better, thus the signal strength threshold for reading data can be
set to 90%, that is, the output voltage of the detection port is greater than
or equal to 1.8V, when reading the measurement data, less than 1.8Vyp will
take the null value or the default value.

Figure 2.6: Viration velocity measurement system in air.

The platform for measuring vibration velocity in water needs to be a little
more complex, as shown in Figure 2.7. The PZT ultrasonic actuator needs
to be placed in a vessel filled with water so that the water is submerged over
the actuator.

If the probe of the Laser Doppler vibrometer is not treated and measure-
ments are taken on the water surface in the same way as in air, there will be
two problems, one is that the laser light passes through the two mediums,
will the readings still be reliable and the other is that the surface of the wa-
ter will be turbulent due to the acoustic waves produced by the ultrasonic
transducer, and these will affect the results of the measurements.

Thus the solution is to wrap a layer of transparent cling film around the
probe and ensure that the laser can completely pass through the cling film.
Then the probe is inserted into the water to measure the vibration velocity
in the water. However, due to the small swimming floats and bubbles in the
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Figure 2.7: Viration velocity measurement system in water.

water and other reasons, it is difficult to do with the same signal strength in
the air, thus the signal strength threshold for obtaining measurement data
should be appropriately lowered, about 80%(1.6Vj,).

2.4.2 Results of Measurements

The vibration amplitude distribution of the surface of the PZT ultrasonic
transducer in air is shown in Figure 2.8. The input voltage is at a frequency
of 2.13 MHz, the resonance frequency of the ultrasonic actuator, and the
peaks are 2V, 3V, 4V, and 5V,,,. The interval between measurement
points is 50um. The centre of the circle is roughly at the position (5,5).

It can be found that the vibration amplitude distribution of the thickness
vibration is distinguished from the pure longitudinal vibration by the pres-
ence of about 11 peaks, and it’s centrally symmetrical, and the peak at the
centre is the largest, and decreases further away from the centre. As the in-
put voltage increases, the vibration amplitude distribution becomes clearer.
This shows that the thickness vibration is formed by the combination of
radial vibration and longitudinal vibration.

In order to compare the values more visually, the vibration velocity dis-
tribution over the diameter has been measured as shown in Figure 2.9. The
driving frequency is 2.13 MHz and the peak-to-peak values are 4V, 6V,
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Figure 2.8: Viration velocity Distribution on the surface in air. Driving
frequency: 2.13 MHz; (a):2Vpp, (b):3Vep, (¢):4Vpp, (d):5Vpp
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8Vyp and 10V,,. The interval between measurement points is 50um. The
(0,0) point indicates the centre of the circl on the surface of the PZT disk-
shaped ultrasonic transducer. The vibration velocities at the centre of the
circle is 280 mm/s, 430 mm/s, 580 mm/s, 775 mm/s, thus for every 2V,
increase in the peak-to-peak value of the voltage, the vibration velocity at
the centre increases by 150 mm/s, 150 mm/s, 195 mm/s, respectively.
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Figure 2.9: Viration velocity Distribution on the diameter in air. Drive
frequency: 2.13 MHz,

Combined with the above measurements of the vibration distribution in
the air, it is possible to derive a distribution pattern for the amplitude of
the thickness vibration, but the vibration velocity is time-dependent, thus
it is not sufficient to determine that each peak is in the same phase, that
is, it is not possible to determine whether the vibration velocity at each
peak reaches its maximum value at the same time, or whether it reaches its
maximum value alternately. Therefore, it is necessary to measure the phase
difference between the drive voltage and the v ibration velocity to solve the
problem.

The phase of the 2.13 MHz, 10V, drive voltage is used as a reference,
and the result of the phase difference with the vibration velocity is measured
as shown in Figure 2.10. From Figure 2.10, it can be seen that the phase
difference between the drive voltage and the vibration velocity at different
positions varies around —100°, but the maximum phase difference differs
from the minimum phase difference by only 60°. Therefore, it can be de-
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termined from the measurement results of the phase difference between the
drive voltage and the vibration velocity that the vibration distribution of the
thickness vibration is indeed as shown in Figure 2.9.

Theoretically, the drive current is in phase with the vibration velocity
and numerically proportional to each other. In addition, the phase differ-
ence between the drive voltage and drive current is constant, thus the phase
difference between drive voltage and vibration velocity is always kept at a

constant phase difference.
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Figure 2.10: Viration velocity Distribution and Phase Difference between
drive voltage and vibration velocity. Drive Voltage: 2.13 MHz, 10V .

Figure 2.11 shows the results of a burst-driven measurement of the vi-
bration distribution of a thickness-vibration disc-shaped PZT vibrator, with
reference to Nakazawa’s master thesis [16]. The numbers on the vertical axis
represent the period of vibration after the start of input.

The standing waves caused by radial vibration from the outer circumfer-
ence of the PZT vibrator towards the centre as time progresses are clearly
seen. It can also be seen that in the initial phase of the rise of vibration from
the first to the fifth cycle, an almost uniform amplitude is obtained.

After a few transient cycles, a vibration velocity distribution for the thick-
ness vibration similar to the measured vibration velocity distribution of the

present study was obtained.
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Since the object of the study is an actuator in water, it is necessary to
measure the vibration velocity distribution in water, and the measurements
of the vibration velocity distribution over the diameter are shown in Figure
2.12. The driving voltage is 4V, 6Vpp,, 8V, and 10V, and the frequency
is 2.11 MHz. The interval between measurement points is 50um. It should be
noted that since the measurement is made in water, the propagation speed of
light in air is about 1.33 times that in water, thus the raw data obtained from
the measurement must be divided by the refractive index of water (1.33) in
order to obtain the correct measurement results.(0, 0) is the centre of the
circle on the surface of the ultrasonic transducer.

Due to the underwater measurement of the signal is not stable enough to
obtain the measurement data signal strength threshold is reduced, resulting
in the distribution of the measurement results is not as clear as the air which,
but still can be seen about 11 peaks, and the peak at the centre of the circle
is the largest, and the farther away from the centre of the circle, the smaller
the peak.

When the driving voltage is 4V,,, 6V,,, 8V}, and 10V, the vibration
velocity at the centre of the circle is 89.5 mm/s, 154 mm/s, 227 mm/s, 313
mm/s. Every 2V,, increase of the driving voltage, the vibration speed at
the centre of the circle is increased by 74 mm/s, 73.3 mm/s, 85.53 mm/s
respectively.

2.5 Sound Pressure

2.5.1 Measurement System

In order to explore whether the propulsion force of the underwater ultra-
sonic actuator is generated by the acoustic radiation pressure, not only the
parameters of the vibration velocity but also the parameters of the acoustic
pressure are needed in the theoretical calculation, therefore, a platform for
measuring the acoustic pressure as shown in Figure 2.13 is built.

The basic structure is similar to that of the vibration velocity measure-
ment platform, and the probe of the Laser Doppler vibrometer can be re-
placed by the acoustic pressure probe needle(ONDA-HNP). The moving stage
controls the acoustic pressure probe to follow a specified path, and acquires
the acoustic pressure measurements along that path. In order to measure
the sound pressure in the near field of the ultrasonic transducer, the sound
pressure probe needle should be as close as possible to the surface of the
ultrasonic transducer, about 0.5 mm, before measurement.
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Figure 2.13: Sound Pressure Measurement System.
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2.5.2 Results of Measurements

The sound pressure distribution over the diameter of the ultrasonic trans-
ducer is shown in Figure 2.14 when the driving voltage is 4V, 6V, 8Vpp
and 10V, and the frequency is 2.11 MHz, respectively. The coordinates at
(0,0) indicate the centre of the circle on the surface of the ultrasonic trans-
ducer. The interval between the measurement points is 100um. Since the
sound pressure measurement is easily affected by the environment in the wa-
ter and does not have numerical screening conditions, the existence of some
outliers can not be avoided.

Observation of Figure 2.14 shows that the sound pressure distribution is
symmetric along the centre, the shape is similar to a parabola symmetric to
the y-axis, and the vibration velocity distribution is consistent. This result
is similar to the sound pressure distribution obtained in [7]. Numerically, the
sound pressure at the centre of the circle of the ultrasonic transducer when
the driving voltage is 4V,p, 6V, 8V, and 10V, is 0.5 MPa, 0.7 MPa, 0.9
MPa and 1.1 MPa respectively, and the sound pressure will increase by 0.2
MPa for every increase of 2V, in driving voltage.

The sound pressure results were measured near the vibrating surface of
the PZT transducer, but did not show several peak distributions as in the
vibration velocity measurements. The vibration velocity distribution results
show that one wavelength is approximately 0.8 mm, which means that the
measurement spacing needs to be less than 0.1 mm to measure the sound
pressure distribution. Therefore, because the diameter of the probe tip is
approximately 0.5 mm coarse, the distribution with a number of peaks cannot
be measured and is averaged to show a quadratic distribution.

The upper limit of the vibration velocity of the PZT piezoelectric material
is approximately 1 m/s, and the sound pressure in water is proportional to
the vibration velocity, thus theoretically the sound pressure in water does not
reach 1 MPa, but the diameter of the probe tip is approximately 0.5 mm,
which may cause standing waves to increase the measurement results.
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Figure 2.14: Measurement results of Sound Pressure.

2.6 Propulsion Force

2.6.1 Measurement System

In order to validate the calculation of the acoustic radiation pressure, it
is necessary to measure the thrust characteristics generated by the ultrasonic
actuator. Therefore, as shown in Figure 2.15 the dynamometer(Mark=10,
M5-012) was fixed on a stand, then the ultrasonic actuator was fixed on the
probe end of the dynamometer, and then the container with water was placed
under the dynamometer and it was ensured that the surface of the ultrasonic
wave transducer was completely and fully in contact with the water.

2.6.2 Results of Measurements

The propulsion force measurements are shown in Figure 2.16. The input
power is almost linearly related to the propulsion force, and when the drive
power is below 0.075 W, the propulsion force of the PZT underwater actuator
cannot be measured. When the input power reaches 4.64w, the propulison
force of PZT underwater actuator can reach 1 mN.

28



Figure 2.15: Zero-Speed propulsion force Measurement System.
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Figure 2.16: Measurement Result of Zero-Speed propulsion force.
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2.7 No Load Speed

2.7.1 Ultrasonic Underwater Actuator

An acrylic prototype Ultrasonic underwater actuator was designed. An
air cavity is used to create an unbalanced condition on one side of the
PZT transducer. Unidirectional propulsion force isproduced for one-direction
moving. An explosion diagram of the Ultrasonic underwater actuator is
shown in Figure 2.17(a). Three acrylic parts, fabricated by a three-dimensional
(3D) printer [KEYENCE (Itasca, IL) AGILISTA-3100], are glued together.
The PZT tansducer is fixed in the groove with pure mechanical integration.
Two symmetrical wire holes are set. A photograph of the acrylic prototype
ultrasonic underwater actuator is shown in Figure 2.17(b). The length and
diameter of the entire actuator are 18 and 14 mm, respectively. [§]

(a)
PZT Transducer

Wire Hole

Acrylic Shell

Figure 2.17: Ultrasonic underwater actuator.(a): Explosion diagram; (b):
Photograph of acrylic prototype actuator.

2.7.2 No Load Speed Measurement

To analyze the prototype ultrasonic underwater actuator locomotion in
water, No-Load-Speed(NLS) was investigated. As shown in Figure 2.18(a),
a foam kickboard was attached to the underwater actuator to make it bal-
ance on the water surface. The prototype ultrasonic underwater actuator
achieved horizontal propulsion. To suppress the wire traction effect, flexible
wires [BLOCK (Verden, Germany), 926869, U0.1 mm| were used for radio
frequency power in the measurements. The locomotion of the prototype ul-
trasonic underwater actuator was recorded by a camera, as shown in Figure
2.18(a)-(d), at an input voltage of 80.4V,, and a driving frequency of 2.1
MHz. The movement of the ultrasonic underwater actuator was analyzed
using an image recognition program in Matlab.
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Figure 2.18: ultrasonic underwater actuator locomotion in water for input
voltage of 80.4V,, at 2.1 MHz recorded by a camera. A foam kickboard
(green square) was used to keep balance. The length and width of frame are
270 and 152 mm.
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As shown in 2.18(a), a green square acrylonitrile butadiene styrene (ABS)
polymer plate was used as the identification mark. The length (270 mm) and
width (152 mm) of a video frame were determined using a ruler before the
measurements. The NLS changeover time in the x and y axis directions
was then analyzed even though the trajectory of the ultrasonic underwater
actuator was not a perfectly straight line. The NLS analysis results for an
input voltage of 80.4V,, are shown in Figure 2.19. The peak NLS value in
water is 152.7 mm/s. The peak NLS value versus input voltage is shown
in Figure 2.20. The NLS of the ultrasonic underwater actuator increased
with increasing input voltage. For an input voltage of 12.4V,,, ultrasonic
underwater actuator movement was first detected when the peak NLS value
was 6.1 mm/s. For an input voltage of 89.6V,,, the peak NLS value was
171.9 mm/s. Because fluid resistance and wire traction affect the NLS, a
higher NLS is expected for a given acoustic radiation force if the ultrasonic
underwater actuator shape and the wireless power supply are optimized. The
high power density of acoustic radiation pressure can be maintained when
the scale of the acoustic underwater propulsion system is down with higher
frequency because vibration velocity does not greatly change. Thus, a higher
NLS is expected for a smaller-scale swimmer.
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Figure 2.19: NLS values for input voltage of 80.4V,,. Peak value is 152.7
mm/s.
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2.8 Acoustic radiation force

Existing theories of propulsive force are examined in order to accurately
determine the propulsion force. When sound waves penetrate the boundary
between two media with different acoustic impedances, a constant, albeit
minute, DC force is generated at the boundary. This is called the acoustic
radiation force. [9-15]

The propulsion force of an ultrasonic underwater actuator is at the inter-
face between the ultrasonic transducer and the water, which is more consis-
tent with acoustic radiation force with the ultrasonic transducer on one side
and the water on the other. Thus, the acoustic radiation force is thought to
be responsible for the ability of the ultrasonic actuation to generate Propul-
sion force underwater.

The viscosity and thermal conductivity of the medium are neglected to
simplify the calculations.

There is a way of describing the acoustic radiation pressure P,. acting on
an object in the sound field in terms of the time-averaged acoustic energy
density < E; > of the incident plane sound wave (when there is no object in
the sound field and no reflection or scattering) [8]. In this case, the radiation
pressure is given by

P,.=<E; > (2.4)

for objects of perfect absorption or
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Pie=(14+R)) < E; > (2.5)

for objects with a sound pressure reflection coefficient R,.

Wov®
o

Figure 2.21: Sound waves are incident on a two-layer medium of different
acoustic impedance.

As shown in Figure 2.21, there are different intrinsic acoustic impedance
media on both sides of the boundary. If the plane sound wave has an angle
of incidence 6 = 0, some of the sound wave is reflected by the different media
and the rest is transmitted. therefore the sound pressure p is

B {posin(wt — k1x) + Rpsin(wt + k1x),x < 0 (2.6)

polpsin(wt — kx),z > 0.

where k; = (1 = 1,2) is the wavenumber in the respective medium.
The reﬂectlon and transmlssmn coefficients of sound pressure, R, and T,

are P?Olc; 7 Z and T, - respectively, expressed with the 1mpedance ratio

p2c2
The particle @ is only in the x-axis direction, which, if we let

71+

’;)Ozp sin(wt — kex),x > 0.
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If i and n are the unit vectors shown in the Figure 2.21, there is a relationship
u = iu = —nu. The acoustic radiation force is also given as

R | / 0 (@ (W - 7))dS (2.8)

Where pg is medium den51ty of statlc pressure with no sound waves present..
ot
2 (2poc2)
the x- and y-axes. 7 is the normal vectgl;.

L=K-Uand p (W« -7)=—pu?7 =2K7 in the integral term of
Equation 2.8, therefore the acoustic radiation pressure is

Lagrangian £ = p071 z & j is the fundamental vector of

P,.=—((K —U) = 2K) = (K + U). (2.9)

2

Where kinetic energy density K = 2 Ou , The potential energy density U = 2p00

From this, the time-averaged (E) of the sound energy density E = K + U
is

() = {(EZ—><1+R§D),:U<0 2.10)

(E)SZT3, 2 > 0.

2
bo _
2o sound pressurePy = pacoAw,

Where, Incoming sound energy density (E;) =
vibration amplitude A.

Equation 2.10 represents the pressure received on both sides of the bound-
ary surface. The difference in energy density between the left and right sides
of the boundary surface is the acoustic radiation pressure, thus eventually the
acoustic radiation pressure per unit area from the left side of the boundary

surface to the right side is

2B) 422079y (21

Pac:<E>|I<0_<E>|$>0:m Co

From this, the acoustic radiation force is

F,. = P,.S (2.12)

However, S is the area of the radiating surface. From this, the acoustic
radiation propulison Fagrp is
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I s
Fapp = —F,.. (2.13)

Next, the acoustic radiation propulsion is calculated using the measured
vibration velocity and sound pressure of the disc-shaped PZT tansducer.
However, the effective radiating area is S = 52 x 10~%7m?

2.8.1 Calculation of Acoustic Propulsion Force

A new quadratic function is obtained by processing the results of acoustic
pressure through Matlab’s fitting function, and then the obtained quadratic
function is substituted into the acoustic radiating pressure calculation for-
mula2.11, and the area division is carried out to get the calculation result of
propulsion force.

Calculated results of thrust were obtained as 0.07 mN, 0.13 mN, 0.21 mN,
and 0.31 mN when the driving power was 0.08 W (driving voltage 4V,,),
0.14 W (driving voltage: 6Vpp), 0.30 W (driving voltage 8V ), and 0.47 W
(driving voltage 10V ), respectively.
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Figure 2.22: Calculation result of propulsion force.

Comparison of the calculation results with the measured results of the
propulsion force is obtained as shown in Figure 2.22, where the calculated

36



results are greater than the measured results at the same driving power.
At 0.08 W, the calculated thrust is 0.07 mN, while the measured result is
OmN. At 0.3 W, the calculated propulsion force is 0.16 mN larger than the
measured result, and at 0.47 W, the calculated thrust is 0.21 mN larger
than the measured result, which can be seen as the difference between the
calculated result and the measured result becomes larger with the increase
of the driving power. is getting bigger and bigger. Therefore, the calculated
results do not correspond to the actual thrust characteristics.

The reasons may be in these points:
1, The calculation needs the value of the sound speed in the PZT trans-
ducer, which is calculated from the equivalent circuit model of longitudinal
vibration, thus the value of the sound speed is different from the thickness
vibration mode, which leads to the deviation of the calculation result.
2, Because the propulsion force is too small, the measured value will be de-
viated due to the external influence during the measurement.
3, Due to the lack of consideration of the viscosity, which causes the calcu-
lated values to be larger than measured values.

2.9 Conclusion

In this section, an ultrasonic underwater actuator with a PZT disc trans-
ducer is fabricated. Measurements of the admittance, vibration, propulsion
force and acoustic pressure characteristics of the actuator were carried out.
An ultrasonic actuator capable of moving underwater was fabricated based
on the measurement actuator, and its speed was evaluated. Finally, using the
acoustic pressure measurement results, an attempt was made to calculate the
acoustic radiation force. The following conclusions were eventually reached,

1. Measurement results of admittance characteristics:

The resonance frequency of the PZT actuator in air and water was 2.13 and
2.11 MHz, respectively. The conductance of the PZT actuator in air and wa-
ter was 85.8 and 49.9 mS at resonance frequency, respectively. the resonance
frequency in water and air is almost constant, while the conductance at the
resonance frequency is reduced by 35.87 mS.

2. Measurement results of vibration velocity in air:

The vibration velocities at the centre of the circle is 280 mm/s, 430 mm/s,
580 mm/s, 775 mm/s, thus for every 2V, increase in the peak-to-peak value
of the voltage, the vibration speed at the centre increases by 150 mm/s, 150
mm/s, 195 mm/s, respectively.

The vibration amplitude distribution of the thickness vibration is dis-
tinguished from the pure longitudinal vibration by the presence of about
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11 peaks, and it’s centrally symmetrical, and the peak at the centre is the
largest, and decreases further away from the centre. As the input voltage
increases, the vibration amplitude distribution becomes clearer. This shows
that the thickness vibration is formed by the combination of radial vibration
and longitudinal vibration.

The phase difference between the drive voltage and the vibration velocity
at different positions varies around —140°, but the maximum phase difference
differs from the minimum phase difference by only 60°. Therefore, it can be
determined from the measurement results of the phase difference between
the drive voltage and the vibration velocity that the vibration distribution
of the thickness vibration is indeed as shown in Figure 2.9.

3. Measurement results of vibration velocity in water:

Due to the underwater measurement of the signal is not stable enough to
obtain the measurement data signal strength threshold is reduced, resulting
in the distribution of the measurement results is not as clear as the air which,
but still can be seen about 11 peaks, and the peak at the centre of the circle
is the largest, and the farther away from the centre of the circle, the smaller
the peak.

When the driving voltage is 4V, 6V, 8V, and 10V, the vibration
velocity at the centre of the circle is 89.47mm/s, 154.14mm/s, 227.44m/s,
312.97mm/s. Every 2V, increase of the driving voltage, the vibration speed
at the centre of the circle is increased by 74 mm/s, 73.3 mm/s, 85.5 mm/s
respectively.

4. Measurement results of sound pressure in water:

The sound pressure distribution is symmetric along the centre, the shape
is similar to a parabola symmetric to the y-axis, and the vibration velocity
distribution is consistent. This result is similar to the sound pressure distri-
bution obtained in [7]. Numerically, the sound pressure at the centre of the
circle of the ultrasonic transducer when the driving voltage is 4V, 6Vyp,
8Vpp and 10V, is 0.5 MPa, 0.7 MPa, 0.9 MPa and 1.1 MPa respectively,
and the sound pressure will increase by 0.2 MPa for every increase of 2V,
in driving voltage.

5. Measurement results of propulsion froce in water:

The input power is almost linearly related to the propulsion force, and the
PZT underwater actuator starts to generate propulsion force only when the
input power reaches 0.075 W or more. When the input power reaches 4.64
W, the propulison force of PZT underwater actuator can reach 1 mN.

6. Measurement results of No-Load-Speed in water:

The NLS of the ultrasonic underwater actuator increased with increasing in-
put voltage. For an input voltage of 12.4V,,,, ultrasonic underwater actuator
movement was first detected when the peak NLS value was 6.1 mm/s. For
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an input voltage of 89.6V,, the peak NLS value was 171.9 mm/s. Because
fluid resistance and wire traction affect the NLS, a higher NLS is expected for
a given acoustic radiation force if the ultrasonic underwater actuator shape
and the wireless power supply are optimized. The high power density of
acoustic radiation pressure can be maintained when the scale of the acoustic
underwater propulsion system is down with higher frequency because vibra-
tion velocity does not greatly change. Thus, a higher NLS is expected for a
smaller-scale swimmer.

7. Calculation results of propulsion force:
Calculated results of thrust were obtained as 0.07 mN, 0.13 mN, 0.21 mN,
and 0.31 mN when the driving power was 0.08 W (driving voltage 4V,,),
0.14 W (driving voltage: 6V,,), 0.30 W (driving voltage 8V,,), and 0.47
W (driving voltage 10V,y,), respectively. And the calculated results do not
correspond to the actual propulsion characteristics.

The reasons may be in these points:
1, The calculation needs the value of the sound speed in the PZT trans-
ducer, which is calculated from the equivalent circuit model of longitudinal
vibration, thus the value of the sound speed is different from the thickness
vibration mode, which leads to the deviation of the calculation result.

2, Because the propulsion force is too small, the measured value will be
deviated due to the external influence during the measurement.

3, Due to the lack of consideration of the viscosity, which causes the
calculated values to be larger than measured values.
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Chapter 3

Miniature Underwater

Actuator using
(Bi, Na, Ba)(Ti, Mn)O3 Disk-shaped
Transducer

In this chapter, the environmental concept is introduced for the first time
in an ultrasonic underwater actuator, and the ultrasonic underwater actuator
is designed using (Bi, Na, Ba)(Ti, Mn)O3, a non-lead piezoelectric material
made in the research laboratory of the DOSHIDA Lab of ASHIKAGA uni-
versity. Underwater propulsion system using PZT transducer, as a new type
of underwater propulsion system, has been studied. (Bi, Na, Ba)(Ti, Mn)Os3,
namely BNBTM lead-free piezoelectric ceramics also were noticed. Through
comparative experiments, lead-free BNBTM piezoelectric ceramics are not
only friendly to the environment and the human body, but it is also that the
material properties of BNBTM piezoelectric ceramics are more stable than
that of PZT piezoelectric ceramics.

Therefore, this chapter mainly discusses the feasibility of using a BNBTM
transducer in the underwater propulsion systems by the measurement of
admittance characteristic, propulsion characteristic, vibration characteristics
and the No-load speed.
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3.1 Miniature Underwater Actuator using BNBTM
Transducer

Pb(Zr, Ti)Og, namely PZT piezoelectric ceramics, has been used in novel
miniature underwater propulsion systems, and some results have been ob-
tained. However, due to the PZT material characteristics, the transducer has
some disadvantages, such as with the increase of vibration velocity, the tem-
perature rises rapidly, the quality factor drops, the stiffness drops and so on,
which are unfavorable to the underwater propulsion system that needs steady
and continuous propulsion. [1-10] In addition, PZT transducer is harmful to
the human body and the environment because it contains lead.

Therefore,(Bi, Na, Ba)(Ti, Mn)O3, namely BNBTM lead-free piezoelectric
ceramics were noticed. The BNBTM transducers have not yet been used for
novel underwater propulsion systems. Compared to the PZT transducer, the
BNBTM transducer is not only harmless to the human body and the envi-
ronment due to no lead, but also more slowly temperature rise, stable quality
factors and stable stiffness against the increases of vibration velocity. The
stable BNBTM characteristics can help the underwater propulsion system to
provide steady and continuous propulsion.

The purpose of this research is to set up a novel underwater propul-
sion system with BNBTM transducer to investigate the feasibility of the
BNBTM transducer used in the novel underwater propulsion system. A
thickness-vibration-mode BNBTM transducer was used for the novel under-
water propulsion system. Firstly, in order to obtain the driving frequency of
the maximum vibration velocity of the BNBTM transducer and the resistance
under the driving frequency, theadmittance characteristics of the transducer
were measured. Secondly, in order to obtain the value of vibration velocity
required for ARP calculation, the amplitude distribution along the specified
route on the BNBTM surface was measured. Then, in order to compare
the calculated propulsion value, the actual propulsion of the BNBTM actua-
tor was measured by a force sensor. Finally, the feasibility of using BNBTM
transducer in the novel underwater propulsion system was evaluated by mea-
suring the BNBTM actuator’s no load speed at different driving voltages and
at the same driving frequency.

3.2 Design of underwater actuator

If the BNBTM transducer is placed directly in water, then according to
the principle of acoustic radiation force, the two sides of the transducer will
receive the same propulsion in opposite directions. These two forces cancel
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Figure 3.1: Structure of the underwater propulsion system using the BNBTM
transducer, the actuator’s cross section, and acoustic radiation propulsion
principle diagram.

each other out, so that no propulsion can be generated. As shown in Figure
3.1, there is space on the right side of the transducer to store air so that the
right surface of the BNBTM transducer is in full contact with air. The left
side of the BNBTM transducer is in full contact with water. According to
the design shown in Figure 3.1, the side of the transducer where contact with
water will be subjected to acoustic radiation force. And the side in contact
with air does not produce acoustic radiation force. Thus the force on the
water from the side in contact with the water in turn generates a propulsion
force perpendicular to the surface of the vibrator.

Figure 3.2: Thickness vibration mode disk-shaped BNBTM transducer; 8.4
mm diameter; 0.5 mm thickness
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As shown in Figure 3.2, a thickness-vibration-mode BNBTM transducer
(M13R from DOSHIDA Lab.) was used to set up a small underwater propul-
sion system. The size of BNBTM is a round plate with a diameter of 8.4
mm and a thickness of 0.5 mm. The diameter of the electrode section is
approximately 5 mm.

Figure 3.3: actuator with the underwater propulsion system using the
BNBTM transducer. The total length of the actuator is about 7 mm.

To investigate the acoustic underwater propulsion system using the BNBTM
transducer, a actuator with the underwater propulsion system was demon-
strated as shown in Figure 3.3. A hollow plastic cone with a wall thickness
of 1 mm was attached to the right side of the transducer to inhibit the acous-
tic radiation force on the right side of the transducer. The cone is made of
acrylonitrile butadiene styrene (ABS) by the 3D Painter (MUTOH, Value3D
MagiX MF-2200D). The horizontal acoustic radiation force is generated on
the left of actuator. The length of the entire actuator was 7 mm.

Moreover, a foam sheet was attached to the top of this actuator to main-
tain balance in the water, then a green plastic sheet was attached to the top
of the foam to make the swimmer easily recognized by the image recognition
program of MATLAB. looking down from the top, as shown in Figure 3.9.
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3.3 Admittance Characteristics of BNBTM
Transducer

The admittance characteristics of the BNBTM transducer were measured
using an impedance analyzer. As shown in Figure 3.4, the distributions were
shown by blue and red lines, when the BNBTM transducer was in air and in
water. Comparing the conductance characteristics in air and water, it can be
seen that the resonance frequency in water is almost unchanged compared to
that in air, which is about 4.22 MHz, while the conductance at the resonance
frequency is 114.8 mS in air and 45.3 mS in water, which is a difference of
69.5 mS.

Neglecting the loss of the induced impedance as well as the air loading,
the vibrational loss of the BNBTM actuator at the resonance frequency is
about the loss of R,, = 8.7() resistance at the resonance frequency shown
in the measurements of the admittance characteristics in air. The power
on the resistance represented by the Ry, _,, = 13.4Q difference between the
resistance at the resonance frequency shown in the measurement results of
the admittance characteristics in water and the resistance in air represents
the output power of the BNBTM actuator in water. This means that the
output efficiency of the BNBTM actuator is 60.7%
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Figure 3.4: a Admittance characteristics of disc-shaped BNBTM transducer
thickness vibration mode. The resonance frequency of the BNBTM trans-
ducer is about 4.22 MHz. The blue curve is the measurement result of the
BNBTM transducer in air, and the orange curve is the measurement result
of the BNBTM transducer in water.
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3.4 Vibration Amplitude Distribution of BNBTM

Transducer

BNBTM transducer
Plastic hollow
cylindrical carrier
LDV
Polytech
OFV512

@ OFV2700 Scannmg route
(Electrode part) ‘
I \J

SHOT-202AM

J) Q
Oscilloscope Moving stage Actuator

Figure 3.5: Measurement system of vibration amplitude.

The BNBTM transducer surface’s vibration amplitude was measured us-
ing a laser Doppler velocimeter (PolyTech, OFV512, OFV2700). The mea-
surement method is shown in Figure 3.5, the BNBTM transducer was at-
tached on one side of an ABS plastic hollow cylindrical carrier. The size of
this carrier is 9 mm in outer diameter, 6 mm in inner diameter, and 10 mm
in height. The other side of the carrier was attached to the metal block,
then the metal block was placed at the bottom of the glass container filled
with water. Finally, the vibration amplitude on the specified route on the
BNBTM transducer surface was measured by the LDV. As shown in Fig. 3.6,
the distribution was displayed by the red line, when the BNBTM transducer
was driven at 33.4V,, driving voltage and at 4.22 MHz driving frequency
in water. The position 0 mm is the point of the exposed electrode part
marginal of the transducer. The electrode diameter was 6 mm, so that the
3 mm position in Figure 3.6 is the center of the BNBTM transducer. At an
interval of 0.2 mm, the vibration amplitude values of 31 positions were mea-
sured along the measurement route. From these vibration amplitude values,
it can be calculated that the average vibration amplitude of the BNBTM
transducer surface is 40.3 nm, and by Equation. 3.1 it can be obtained that
the maximum average vibration velocity is 1.02ms™!

v=A%x2x%x7x* f. (3.1)
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Figure 3.6: Vibration amplitude distribution on a scanning path of the
BNBTM transducer. The driving frequency is 4.22 MHz and the driving
voltage is 33.4Vp,

However, v is the vibration velocity, A is the vibration amplitude, f is the
driving frequency.

For the estimation of the ARP, the acoustic radiation pressure discussed
by Kamakura with the time average was needed. [11,12] The radiation pres-
sure per unit area P, can be calculated by

2F; C1

P=—"__(1+29) —-222), 3.2

pic1
7 =" 3.3
P2C2 ( )

2w fA)?

B, = (peee2mf AP (3.4)

2picy

However, Z is the mechanical impedance ratio with solid and fluid, the density
and the acoustic velocity of solid are p; and ¢y, the density and the acoustic
velocity of fluid are p, and co, Ej; is acoustic energy density with time average.
From Equation. 3.1, it can be concluded that the vibration velocity can
be maintained by increasing the vibration frequency even if the vibration
amplitude decreases due to the decrease of the vibrator’s size. From Equation
3.4, it can be concluded that E; has a linear relationship with v,. Thus, the
acoustic energy density can be maintained while reducing the vibrator’s size.
Since acoustic radiation pressure per unit area P,, Fagrp can be calculated

by
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Fapr = P,S. (3.5)

However, S is the electrode area. The ARP is numerically equal to Fagrp but
in the opposite direction, thus the ARP of the propulsion system using the
BNBTM transducer can be calculated by

Farp = —Fagrr (3.6)

However, Fagp is the ARP of the underwater propulsion system using the
BNBTM transducer.

In this paper, the calculation parameters were p; = 5650kgm =3, ps = 997kgm 3,
¢ = 4630ms™!, ¢y = 1484ms~!. The calculation result is shown by the red
line in Figure 3.8.

3.5 Propulsion force characteristics

The propulsion of the BNBTM actuator with the underwater propulsion
system was measured using a force sensor (Honeywell, FSGO05WNPB). The
sensor head was connected to the BNBTM actuator, as shown in Figure
3.7. This BNBTM actuator is the same as the actuator used to measure the
vibration amplitude. The measurement result is shown by the blue round in
Figure 3.8. Comparing the measurement and calculation propulsion values
in Figure 3.8, it can be seen that there is still a large deviation between
the measurement and calculation results. This calculation only considers
the results of the time-averaged radiation pressure, and does not consider
the viscosity and compressibility of water. Thus, the calculation method
requires it to be further improved.

From the measurement results shown in the figure 3.8, it can be learnt
that the BNBTM underwater actuator starts to generate thrust at an input
voltage of about 6V, 0.2 mN at a driving voltage of 8.4V,,, 1.18 mN at
a driving voltage of 20.4V,, and 3.89 mN at a driving voltage of 36.4V,,.
It can be seen that the thrust of the BNBTM underwater actuator, as the
voltage rises, rises faster before reaching the limit.

3.6 No-load speed of the BNBTM underwa-
ter actuator

For the measurement of the BNBTM actuator’s no load speed, the mo-
tion videos of the BNBTM actuator were collected. Then the position of
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Figure 3.7: Schematic diagram of zero speed propulsion measurement setup.
Head of actuator and sensor is fixed.
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Figure 3.8: The calculation result and measurement result of the BNBTM
transducer’s propulsion.
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the BNBTM actuator in each frame of the video was identified by the im-
age recognition program of MATLAB. As shown in Figure 3.9, the red dot
indicates that the BNBTM actuator has been identified. The BNBTM ac-
tuator’s no load speed was calculated by using the displacement distance of
the red dot between each frame and the time interval between each frame.
Figure 3.9 shows the BNBTM actuator’s movement from the top view. The
measurement was carried out under different driving voltages at 4.22 MHz
driving frequency.

The speed change curves of the BNBTM actuator at different driving
voltages and 4.22 MHz driving frequency were shown in Figure 3.10. It
can be seen that as the driving voltage rises, the curve of the accelerating
section becomes steeper. The speed reached at the maximum around 0.7
s and then the feeding wires obstructed the actuator motion, so that the
speed was slightly decreased. Between 1.7 and 2.4 s, the driving voltage
shut down, then the speed decreased to null in an instant. The maximum
no load speed value of each speed change curve in Fig. 10 was taken out;
The relationship between driving voltage and the BNBTM actuator’s no load
speed was obtained as shown in Figure 3.11. Three points of null speed in
Figure 3.11 indicates that when the driving voltages were 8.4V, 12.4V,,
and 16.4V,,, the BNBTM actuator could not provide enough propulsion to
drive the BNBTM actuator in water.

The conductance of the BNBTM transducer at the resonance frequency
was 45.30mS, as shown in Figure 3.4. The driving electric power can be calcu-
lated by the driving voltage and conductance. The relationship between the
BNBTM actuator’s no load speed and input electric power was obtained as
shown in Figure 3.1 by the blue circle. The relationship between the propul-
sion of the BNBTM actuator and input electric power was also obtained as
shown in Figure 3.12 by the orange square. It can be concluded from Figure
3.12 that the BNBTM actuator required only about 1 mN propulsion for
motion; The BNBTM actuator required only about 0.4 W of electric power
input to provide 1 mN propulsion. The result shows that the BNBTM ac-
tuator can be driven by batteries. It can be seen that the use of BNBTM
transducer will be helpful for wireless control.
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Figure 3.9: Actuator’s movement in water from the top view. A green plastic
sheet was attached to the top of the BNBTM actuator to maintain balance
in the water. The red dots indicate that the actuator has been identified by
the image recognition program of MATLAB. The driving voltage is 36.4V,,;,
driving frequency is 4.22 MHz.

52



70 . .

=—20.4Vpp

==24.4\pp

60 28.4Vpp|

& ==32.4Vpp

\E 50 ==36.4Vpp}|
£

- 40- 7
O
o

& 30 i
o)
©

2 20 7
o

Z 10 \./\: 1

0 L | 1 | l
0 0.5 1 1.5 2 2.5 3

Time[sec]

Figure 3.10: Speed change curve of the swimmer at driving voltages of
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Figure 3.12: Maximum no load speed of the BNBTM actuator, and the
propulsion of the BNBTM actuator at 4.22M H z under different driving pow-
ers.

3.7 Conclusion

The BNBTM transducer was used for the first time in the novel underwa-
ter propulsion system in this paper. The BNBTM actuator was demonstrated
by the propulsion measurement. The BNBTM swimmer was demonstrated
by no load speed measurement. From measurement results, the BNBTM ac-
tuator at 0.4 W input electric power can provide about 1 mN propulsion to
drive the BNBTM actuator. Thus, the feasibility of the BNBTM transducer
used in the underwater propulsion system has been verified. By comparing
the calculated and measured results of the propulsion, the ARP calculation
method still has a lot of defects. In the future, the BNBTM transducer will
then be further miniaturized to build the underwater propulsion system and
the ARP calculation method will be further improved.
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Chapter 4

Miniature Underwater
Actuator using a PZT Ring
Transducer

The Miniature ultrasonic underwater propulsion system with disck shaped
vibrator was introduced in the last two chapters, and although it has good
underwater propulsion capability, it still has several problems. Structurally,
because the vibrator is a disk-shaped design, small holes must be cut on the
side of the actuator for wire connection in case of wired connection to the
external power supply, which results in the wire bending to form a protrusion
at the small hole of the actuator that is not easy to maintain the balance,
and considering that it is an application with vascular robotics as the ul-
timate goal, the protrusion on the outer side is prone to cut the vascular
wall and cause damages. Regarding the vibration characteristics, it is known
from the vibration distribution measurements of the disk-shaped vibrator
in the previous two chapters that there are multiple peak distributions and
that the vibration velocity at the troughs is extremely small, meaning that
little propulsion force is generated at these troughs, which affects the drive
efficiency. Therefore, ring transducers were applied to improve the above
problems.

This study investigates a scheme utilizing a ring transducer for an acous-
tic underwater propulsion system. Acoustic underwater propulsion systems
are well suited for the inspection and repair of underwater robots due to their
small size, high power density, and simple structure. Previous research has
focused on self-propelled swimmers utilizing disc transducers. However, the
radial vibration component of disc transducers makes it difficult to provide
propulsion for an acoustic underwater propulsion system driven by an acous-
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tic driving force. Pure longitudinal vibration requires a greater thickness to
achieve the same vibration area, resulting in higher impedance and reduced
driving efficiency. In this chapter, simulation, and measurements of vibration
distribution demonstrate that a ring transducer exhibits a vibration distribu-
tion closely resembling pure longitudinal vibration. A prototype underwater
actuator using a ring transducer was fabricated for experimental evaluation
through measurements of admittance characteristics, zero-speed propulsion,
and no-load speed in water.
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4.1 Ring Ultrasonic Transducer

In this study, a PZT ring transducer with a vibration distribution closely
resembling pure longitudinal vibration was studied. To design a plate trans-
ducer with an approximate longitudinal vibration distribution, the vibration
mode of a PZT ring transducer was simulated through finite element method
analysis software (COMSOL Multiphysics 5.6).

The two-dimensional axisymmetric model, depicted in Figure 4.1, is 0.9
mm wide and 1.4 mm high with PZT (FUJI Ceramics Corporation, PZTc-
204) material and electrodes situated at the top and bottom for natural
frequency analysis. The complete simulation model is depicted in Figure 4.1.
It features a PZT ring transducer characterized by an outer diameter of 5
mm, an inner diameter of 3.2 mm, and a thickness of 1.4 mm.

Axisymmetric
model
1.6mm 0.9mm
. R N|
N i N
1.4
mm
Center axis Electrodes

Figure 4.1: Analysis conditions for the ring transducer. The left diagram
illustrates a two-dimensional symmetrical model surrounding the central axis
in the ring transducer, while the simulation model of the ring transducer is
depicted on the right. The electrodes are positioned on both the top and
bottom surfaces of the ring transducer.

The simulation results at a frequency of 1.11 MHz are presented in Figure.
4.2. Figure 4.2-(a) shows the ring transducer contracted in the thickness di-
rection, while Figure 4.2-(b) shows the state of the ring transducer stretched
in the thickness direction. The color gradient from blue to red represents
increasing displacement. The simulation results demonstrate that the ring
transducer made of PZT material with an outer diameter of 5 mm, an inner
diameter of 3.2 mm, and a thickness of 1.4 mm exhibits a vibration distribu-

tion of approximately pure longitudinal vibration when driven at a frequency
of 1.11 MHz.
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Figure 4.2: Vibration mode simulation of the PZT ring transducer at 1.11
MHz (outer diameter 5 mm; inner diameter 3.2 mm,; thickness 1.4 mm).

Figure 4.3: PZT ring ultrasonic transducer (outer diameter 5 mm; inner
diameter 3.2 mm; thickness 1.4 mm).
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A PZT ring transducer with an outer diameter of 5 mm, an inner diameter
of 3.2 mm, and a thickness of 1.4 mm with electrodes placed on the bottom
and top surfaces was fabricated to validate the simulation results based on
the obtained outcomes, as shown in Figure 4.3.

4.1.1 Admittance Characteristics

The admittance characteristics of the PZT ring transducer in the air
were measured using an impedance analyzer (Agilent 4294A), as depicted in
Figure 4.4. At the resonance frequency of 1.09 MHz, the PZT ring transducer
exhibited a conductance value of 32.5 mS in air.

N
o

\—ring PZT transducer in air|

Conductance [mS]
N
o

—o
o
(&)}

1.1 1.15
Frequency [MHZz]

N
o

\—ring PZT transducer in air|
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o

1.05 1.1 1.15
Frequency [MHZz]

Figure 4.4: Admittance characteristics of the PZT ring transducer in air.
The conductance at the resonance frequency of 1.09 MHz is 32.5 mS.

4.1.2 Vibration Velocity Distribution

The vibration velocities on the surface of the PZT ring transducer were
measured at the resonance frequency of 1.09 MHz and different voltages us-
ing a laser Doppler vibrometer (Polytec, OFV512, OFV2700). The setup for
measuring vibration velocity is depicted in Figure 4.5. The vibration veloc-
ities of the electrode surface in the direction of the diameter were measured
by placing the PZT ring transducer on top of two pieces of rubber. With the
same fixation, the vibration velocities of the peripheral surface of the PZT
ring transducer in the thickness direction were also measured.
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Figure 4.5: Vibration velocities of the PZT transducer’s electrode surface.
The PZT ring transducer was placed on top of two rubber sheets and mea-
sured with a laser Doppler vibrometer at different voltages along the elec-
trode surface diameter direction (the scan path indicated by the red arrow).
The vibration velocity distribution presents a peak shape with a difference
of 0.18ms~! between the maximum and the minimum vibration velocities at
73V, driving voltage.
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Figure 4.6: Radial vibration velocity at the peripheral surface of the PZT
ring transducer. The PZT ring transducer was placed on top of two rubber
sheets and measured with a laser Doppler vibrometer at different voltages in
the direction of thickness (the scan path indicated by the red arrow). The
radial vibration velocity at the peripheral surface of the PZT ring transducer
was an average of 0.1ms™! at 73V, driving voltage
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The results for the vibration velocity of the electrode surface of the PZT
ring transducer are shown in Figure 4.5. The uneven spacing of the measuring
points in the figure can be attributed to surface defects on the PZT ring
transducer, such as scratches and dirt. These imperfections hinder accurate
measurements of vibration velocity. When driven by the voltage of 33 Vpp, a
peak appears in the vibration velocity distribution with a maximum value of
0.27ms~! and a difference of 0.11ms~! between the maximum and minimum
values. On increasing to a driving voltage of 73V, a peak appears in the
vibration velocity distribution with a maximum value of 0.46ms™! and a
difference of 0.18ms™! between maximum and minimum values.

The vibration velocity measurements in the radial direction on the pe-
ripheral surface of the PZT ring transducer are shown in Figure 4.6. The
vibration velocity distributions on the peripheral surface of the PZT ring
transducer shown in Figure 4.6 are approximately linear. When the driv-
ing voltage is 33V, the average vibration velocity is 0.06ms™!, while when
the driving voltage is increased to 73V, the average vibration velocity in-
creases to 0.1lms™'. At a driving voltage of 73V, the ratio of the maximum
vibration velocity of 0.46ms™! in the longitudinal direction to the average
vibration velocity of 0.1ms™! in the radial direction is 4.6:1.

The results of vibration velocity measurements confirm that the vibration
velocity distribution of the PZT ring transducer closely resembles pure longi-
tudinal vibration. A PZT ring transducer with a predominantly longitudinal
vibration distribution was designed and fabricated, and the validity of the
simulation results was confirmed by measuring the admittance characteristics
and vibration velocities.

4.2 Prototype Underwater Actuator

The structural design of the swimmer is shown in Figure 4.7. A tubular
component was positioned at the center of the PZT ring transducer, while a
cylinder consisting of two semicylindrical components was placed around the
PZT ring transducer to securely hold it in place, forming a sealed swimmer
configuration where one side of the PZT ring transducer remains exposed to
air.

The wiring of the electrode on the air-contacting side of the PZT ring
transducer passed through the hole in the central tubular component and out
from the center of the tubular component to the rear side of the swimmer,
while the wiring of the electrode on the water-contacting side was exposed
directly to water. An adhesive (Cemedine EPO0IN) was used to secure the
PZT ring transducer and to assemble the swimmer structure to ensure that
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the swimmer is waterproof.

Acrylic parts

(N
572

ring transduceé

Figure 4.7: Swimmer design (front view left, rear view right). A tubular
component was positioned at the center of the PZT ring transducer, while
a cylinder consisting of two semi-cylindrical components was placed around
the PZT ring transducer to hold it in place. The wiring of the electrode on
the air-contacting side of the PZT ring transducer passed through the hole
in the central tubular component and out from the center of the tubular
component to the rear side of the swimmer, while the wiring of the electrode
on the water-contacting side was exposed directly to water.

Figure 4.8: The prototype swimmer.

All fixing elements were fabricated using acrylic resin with a 3D printer.
The swimmer had a length of 7 mm and a diameter of 7 mm, as shown in
Figure 4.8. The structural configuration of the swimmer induced an asymme-
try in the propulsive forces acting on either side of the PZT ring transducer,
resulting in a propulsive force directed towards the surface of the transducer.
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4.2.1 Admittance characteristics

The admittance characteristics of the swimmer are presented in Figure
4.9, where the blue and orange lines represent the swimmer in air and wa-
ter, respectively. When the PZT ring transducer was fixed in the swimmer
the resonance frequency was observed to be 1.08 MHz, accompanied by a
decrease in conductance at the resonance frequency to 13.1 mS. Submerging
the swimmer in water resulted in a shift of the resonance frequency to 1.07
MHz and a further reduction in conductance at the resonance frequency to
5.2 mS.

Based on the measured results for admittance characteristics, it is evident
that the resonance frequency exhibits a difference of 0.01 MHz due to the
fixed mode and the influence of water. However, the conductance under
resonance frequency displays high sensitivity towards both fixed mode and
water, leading to an apparent decrease. As conductance is indicative of the
vibration velocity on the surface of the transducer, proportional to current,
reduced conductance leads to decreased vibration velocity under identical
driving voltage conditions.

Neglecting the loss of the induced impedance as well as the air loading,
the vibrational loss of the PZT ring actuator at the resonance frequency is
about the loss of Ry, = 76.3(2 resistance at the resonance frequency shown
in the measurements of the admittance characteristics in air. The power
on the resistance represented by the Ry, = 116.082 difference between the
resistance at the resonance frequency shown in the measurement results of
the admittance characteristics in water and the resistance in air represents
the output power of the PZT ring actuator in water. This means that the
output efficiency of PZT ring actuator is 60.3%

4.2.2 Vibration Velocity Distribution

The vibration velocity along the diameter direction on the exposed side
electrode surface of the PZT ring transducer, secured to the swimmer, was
measured at a resonance frequency of 1.08 MHz and different voltages using a
laser Doppler vibrometer (Polytec, OFV512, OFV2700). As shown in Figure
4.10, the maximum vibration velocity on the electrode surface after fixing
the PZT ring transducer to the swimmer was approximately 0.1ms~! slower
than when the transducer was measured alone. The fixation method caused
a shift in the vibration velocity distribution from a peak distribution to a
sloped distribution.

After fixation, the reduction in vibration velocity on the electrode surface
of the PZT ring transducer is attributed to the applied pressure on the in-
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Figure 4.9: Admittance characteristics of the swimmer in air and water. The
result in air is shown by a blue line and the result in water is shown by an
orange line. In air conductance at the resonance frequency of 1.08 MHz is
13.1 mS. In water conductance at the resonance frequency of 1.07 MHz is 5.2
mS.
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Figure 4.10: Vibration velocities of the surface of the fixed PZT transducer.
The PZT ring transducer was fastened to the swimmer and measured with
a laser Doppler vibrometer at different voltages along the electrode surface
diameter direction (the scan path was the same as in the vibration velocity
measurement of the PZT ring transducer). The vibration velocity distribu-
tion is close to a slope with a difference of 0.17ms™! between maximum and
minimum vibration velocities at 73V, driving voltage.
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ner and outer diameter surfaces, which suppresses elastic deformation. The
measured conductance results also indicate a decrease in conductance at the
resonance frequency of the fixed PZT ring transducer compared with before
fixation. Specifically, under the same voltage drive, there was a decrease in
current. Given that current was directly proportional to vibration velocity,
this contributes to the observed slowing down of the vibration velocity for
the fixed PZT ring transducer compared with its unfixed state.

When driven by a voltage of 33 Vpp, the maximum vibration velocity
reached 0.16ms™!, with a difference of 0.09ms~! between the maximum and
minimum values. Increasing the driving voltage to 73V, resulted in a max-
imum vibration velocity of 0.32ms™!, with a difference of 0.17ms~! between
the maximum and minimum values. Measurements of the vibration velocity
distribution demonstrate that the PZT ring transducer maintains a vibration
distribution that approximates purely longitudinal vibration even after being
fixed to the swimmer.

4.2.3 Zero-Speed Propulsion

The ZSP of the swimmer driven at various voltages at a resonance fre-
quency of 1.07 MHz in water was measured using a force gauge (Mark-10,
M5-012), as shown in Figure 4.11. The swimmer was attached to the sensor
head. The results illustrating the swimmer’s ZSP are presented in Figure
4.11. A roughly linear relationship between the ZSP and driving voltage is
observed. When the drive voltage is below 17V, the ZSP becomes indis-
cernible for measurement, resulting in an NSP of 0 mN. At a driving voltage
of 80V, the swimmer achieves a ZSP of 1 mN at the resonance frequency
of 1.07 MHz. The ZSP of the swimmer was measured independent of water
resistance and wire traction, thereby confirming the efficacy of the acoustic
underwater propulsion system using a PZT ring transducer to generate the
acoustic propulsive force.

4.2.4 No-load Speed

To maintain the swimmer’s equilibrium in water, a foam float and a
carbon fiber kickboard with a diameter of 3 cm were placed on top of the
swimmer, as shown in Figure 4.12. The identification point was marked on
the kickboard with a square of red tape. The measurement technique for NLS
is shown in Figure 4.12. A camera was employed to capture a motion video
of a swimmer driven by varying voltages at a resonance frequency of 1.07
MHz, followed by analysis using an image recognition program in MATLAB
to evaluate the NLS.
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Figure 4.11: Zero-speed propulsion of the swimmer under different input

voltages at 1.07 MHz. At a driving voltage of 80V, the swimmer achieved
1 mN.

Tracked
Mark

Tracked
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No Load Speed

Figure 4.12: Experimental diagram of no-load speed measurement. A foam
float and a kickboard made of carbon fiber are placed on top of the swimmer

to maintain balance. A tracked mark is used to record the movement of the
swimmer with a camera.
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The results of NLS measurement for the swimmer at the resonance fre-
quency of 1.07 MHz are depicted by distinct color curves under varying input
voltages (Figure 4.13). The activation of the input voltage occurs at approx-
imately 1.3 s, leading to a gradual acceleration of the swimmer with minimal
wire traction until it reaches the maximum NLS at around 4 s. With an
increase in input voltage, a corresponding augmentation in acceleration is
observed. The NLS gradually decreases after 4 s because the traction of the
wire increases with increasing distance. Ultimately, after the swimmer had
been propelled for approximately 15 s the process of image recognition was

terminated, resulting in the NLS value being reset to Oms™!.
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Figure 4.13: NLS of the swimmer under different input voltages at a reso-
nance frequency of 1.07 MHz (1.3 s, input driving voltage; maximum NLS
reached at 4 s; image recognition program terminated at 15 s).

The measurements of the maximum NLS of the swimmer at a resonance
frequency of 1.07 MHz, obtained under different input voltages, are depicted
in Figure 4.14. The maximum NLS increases in proportion to the input
voltage, exhibiting a nearly linear relationship. When the driving voltage was
below 27V, the propulsive force generated by the swimmer was insufficient
to overcome both the wire traction and the resistance of water, resulting
in an inability to measure NLS at input voltages lower than 27V,,. The
maximum NLS was 19.79mms™! when the input voltage was 80V, at a
resonance frequency of 1.07 MHz.

The NLS can be measured to show that the propulsive force generated
by the acoustic underwater propulsion system using a PZT ring transducer

68



- - N N
o [&)] o [(&)]
T T T T

1 1 1

Maximum No Load speed [mm/s]
(&)}

10 20 30 40 50 60 70 80 90
Input Voltage [Vpp]

o
o

Figure 4.14: Maximum NLS of the swimmer under different input voltages
at 1.07 MHz. The maximum NLS is 19.79mms~! when the input voltage
is 80 Vpp. When the driving voltage is below 27V, the propulsive force
generated by the swimmer is insufficient to overcome both the wire traction
and the resistance of water, resulting in an inability to measure NLS at input
voltages lower than 27V,

is sufficient for the swimmer to overcome water resistance and wire traction
for underwater motion.

4.3 Conclusion

In this study, an acoustic underwater propulsion system utilizing a PZT
ring ultrasonic transducer was investigated. The first step involves conduct-
ing simulations on the vibration mode and measuring the vibration velocities
of the PZT ring transducer. Subsequently, a swimmer equipped with a PZT
ring transducer was designed and fabricated. Finally, the propulsive charac-
teristics of the swimmer were evaluated through measurements of admittance
characteristics, vibration velocities, zero-speed propulsion (ZSP), and no-load
propulsion (NLS).

Through simulation of the vibration mode, it was observed that the PZT
ring transducer exhibits a simple vibration distribution, closely resembling
pure longitudinal vibration. The vibration velocity measurements confirmed
that the PZT ring transducer exhibited a vibration distribution resembling
pure longitudinal vibration. Specifically, at the resonance frequency of 1.09
MHz and driving voltage of 73V, the longitudinal vibration velocity distri-
bution of the electrode surface of the PZT ring transducer along the diameter
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direction presents a peak shape with a peak value of 0.46ms™!, and the ra-

dial vibration velocity distribution of the peripheral surface of the PZT ring
transducer along the thickness direction presents an approximately straight
line with an average value of 0.1ms™!. As a result, at the resonance frequency
of 1.09 MHz and driving voltage of 73V, the ratio of the maximum vibra-
tion velocity in the longitudinal direction of the PZT ring transducer to the
average vibration velocity in the radial direction is 4.6:1.

A swimmer utilizing a PZT ring transducer was designed and fabricated
with resonance frequencies of 1.08 MHz and 1.07 MHz in air and water,
respectively, accompanied by conductance at the resonance frequencies of
13.1 mS and 5.2 mS. At the resonance frequency of 1.08 MHz and a driving
voltage of 73V, the vibration velocity distribution along the diameter di-
rection on the exposed electrode surface of the PZT ring transducer, which
was fixed to the swimmer, showed a slope with a maximum vibration ve-
locity of 0.32ms~!. Although the vibration velocity distribution of the PZT
ring transducer changes due to the change in the fixation method it still
approximates to a pure longitudinal vibration distribution.

At the resonance frequency of 1.07 MHz and a driving voltage of 80V,
the acoustic underwater propulsion system using the ring PZT transducer
provided a ZSP of 1 mN, enabling the swimmer to achieve a maximum NLS
of 19.79mms™! by overcoming water resistance and wire traction. Future
research will delve into a more efficient transducer and suppression of the
influence of the wire.
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Chapter 5

Equivalent Circuit of Disk
Transducer

In order to facilitate the design of vibrators that improve the driving effi-
ciency of ultrasonic underwater actuators without the need to spend a lot of
effort on experimentation and selection of suitable vibrators, it is necessary
to analyse the factors affecting the output efficiency of the vibrator by ex-
amining the theoretical model of the vibrator. Electromechanical equivalent
circuits are often used as models for studying the electromechanical prop-
erties of vibrators. [1-6] Therefore, in this chapter, the electromechanical
equivalent circuit model of a vibrator in the disk-shaped thickness vibration
mode is studied in conjunction with the measurement results of the vibrator
in the disk-shaped thickness vibration mode in Chapter 2.

An examination of the literature shows that, in order to simplify cal-
culations, electromechanical equivalent circuits are generally only discussed
for cases where all parameters other than the direction of interest are omit-
ted.Examples include longitudinal vibration and radial symmetrical vibra-
tion. [7-20] Based on the measurement results of the vibration velocity dis-
tribution in Chapter 2, it can be assumed that the thickness vibration of
the disc-shaped vibrator is caused by a combination of longitudinal and ra-
dial vibrations. Therefore, in this chapter, the electromechanical equivalent
circuit of thickness vibration combining longitudinal and radial directions is
discussed for the first time, referring to the process of deriving the electrome-
chanical equivalent circuit of longitudinal vibration.
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5.1 Longitudinal vibration

In this section, an attempt is made to explore thickness vibrations using
the equivalent circuit of longitudinal vibrations. The longitudinal vibration
is excited by an AC electric field parallel to the polarisation direction of the
disc-shaped vibrator, with the polarisation direction of the disc-shaped vi-
brator as the thickness direction. The longitudinal vibration is excited under
constant electric flux density, and the electric field distribution is related to
the position z. In addition, the effect of the anti-electric field inside the
transducer due to the vibration occurs.

Figure 5.1: Longitudinal Vibration

The coordinates are taken in the direction of the polarisation direction in
the z-axis (3-axis direction), in accordance with the general rules for consid-
ering piezoelectric vibrations. The size of the vibrator is assumed to be of
radius a and thickness [. The mechanical boundary conditions are assumed
to be free at both ends. In the case of longitudinal vibration, an electric field
is applied in the z-axis direction (3-axis direction) and the distortion in the
direction parallel to this is considered, resulting in 33 effects.

To ensure that the sign of the electric field F, is also positive when the
sign of the input voltage V' is positive. The electrical boundary conditions
are as follows: the upper electrode at z = [/2 is electrically grounded and the
voltage V' = Vpe“t with angular frequency w is input to the lower electrode
at z=—1/2.

The calculation is performed by converting from the Cartesian coordinate
system to the polar coordinate system in the case of a disk-shaped piezoelec-
tric material. [17] In the case of longitudinal vibration, if the piezoelectric
equation is in the piezoelectric e form and the stress [T] and flux density
[D] are set on the left-hand side, the calculation development becomes sim-
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ple. However, in the piezoelectric e-form, S,, and Sy other than S.. are
included in the equation for stress 7., which makes the calculation compli-
cated. Therefore, the piezoelectric d-form is first taken up and the following
equation is obtained.

S, sBosh, s 0 000 T, 0 0 dg |
Sgg 5{32 Sﬁ SE)) 0 0 0 ng 0 0 d31 E
Szz _ 8{33 8{:73 83Eg 0 0 0 Tzz + 0 0 d33 ET
Sp. 0 0 0 s 0 o0 Ty, 0 dis 0 E"
Srz 0 0 0 0 s o0 1., ds 0 0 ‘
| Sro | 0 0 0 0 0 sg||Tw] [ O 0O 0]
(5.1)
W
D, 0 0 0 0 dys O ;99 .0 0 E,
D@ = 0 0 0 d15 0 0 TZZ + €11 0 E@
Dz d31 d31 d33 0 0 0 Tij 0 6%13 Ez
L TT’Q -
(5.2)
However, sk = 2(sf] — sf). Matrix [s*] represents compliance. Matrix

[d] represents the piezoelectric constant. Matrix [¢7] represents the dielectric
constant.For the electric field, flux density and stress, because of longitudinal
vibration, all components other than those in the vibration direction (z-axis
direction) are set to 0, leaving only E,, D, and T,,. It is important to note
that even though S,,., Sgs and S,, have values for strain, the third equation
in Equation 5.1 does not include anything other than .S,,.

In other words, in the third equation of Equation 5.1 and the third equa-
tion of Equation 5.2, substituting 7,, = Tyy = 0 in the two equations and
transforming the left-hand side so that the stress T,, and the flux density
D, the basic equation is

T..=cES.. —esk. (5.3)
D, =e53S.. + e5° .. (5.4)

E _ aa S dz.
However, ¢k = é, €33 = %, 55 = by — % were assumed.

The equation of motion for a micro-mass pa?rdz when taking a micro-
segment dz in the z-axis direction is
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0? z 8Tzz

pa’mdz 3; = pa*m p dz (5.5)
Pu, 0T,
o = 92 (5.6)

with the displacement in the z-axis direction at each position z as u.(z,t).
Because the stress T, is a function of the electric field as well as the strain, as
shown by the piezoelectric equation in equation 5.3, the equation of motion
is

OPu, _—0S.. __OF.
P = 875, ~ B,

(5.7)

In addition, the piezoelectric body does not have an internal charge, which
gives % = (. Therefore, differentiating both sides of Equation 5.4 by z gives

0D, __3522 — OF, B
02 = €33 P —|—€33 92 = O, (58)

which gives

_esj 0z 0Oz (5.9)
33

as the condition for the electric field. In longitudinal oscillations, the electric
field is a function of the strain, which is the origin of the anti-field.
Substituting % in Equation 5.9 into the equation of motion in Equation
5.7 yields the wave equation for the displacement u,(z,t) as follows.

2 2
0%u, 0%,

5z = V=g (5.10)

However, cb, == 8 4, = 1/ % because L (1 — k%) = L rather than
0 O35 == 1z Vs T\, = 33) = 5

— 2 33 33
2 k
€33 — 33 E _ 1.2\ _ D
.5 1k and sg3(1 — ki) = s33 [9].
33

33

Because the differential equation presented in Equation 5.10 is in the form
of a wave equation, the separation of variables method yields the general
solution as follows.
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u, = [Acos(iz) + Bsz’n(gz)]ew (5.11)
(% Uy
However, A and B are constants and v, = %.

Because the mechanical boundary conditions are free at both ends, the
stress T,, = 0 must always be independent of time ¢ when z = :I:é is sub-
stituted in the general solution of Equation 5.11. Because the stress is a
function of strain and flux density, from the two piezoelectric equations in
5.3, 5.4, it is

Tzz = gszz - e;i Dz (512)
€33

From the general solution for u,(z,t) in Equations 5.12 and 5.11, the two
relations

Y e WL wl oo €3
TZZ|Z:7% = 033(%)[143@71(2”2) + Bcos(%z)]e 5§§2 D,=0
— W wl wl €33 (5.13)
T..|,—1 = ey (—)[—Asin(-—) + Bcos(5—)]e’" — =D, =0
2 U, v, 2v, gz

are obtained, because D, is constant regardless of position in order to satisfy
the boundary condition 7, = 0 at z = :I:%. From equation 5.13,

A=0
L, . €33 .
Bcos(w—)e”’t = U—_eiDz. (5.14)
v W ey

This leaves only B, which is the coefficient of the odd function, for the general
solution of u,(z,t).

Consider the case where the input voltage is given. In the case of longi-
tudinal vibration, the resonant angular frequency w, cannot be determined
from the second equation in Equation 5.14 because the flux density D, de-
pends on the displacement amplitude B of the vibration mode being excited.
Therefore, the electric field distribution E; and the electric flux density D,
are need to be determined. According to Equation 5.8, there is a relationship
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3
9z _5ST 022 (5.15)
33

between the electric field and displacement.Integrating both sides by z yields

€33 Ou,
E,=— N, 5.16
2 (5.16)
33

with the integration constant /N. The integration constant /N is determined
by the potential difference. In the case shown in 5.1, the voltage +Vye/? is

applied to the lower electrode (z = —%), thus the potential difference from
z=—Ltoz=1is —Vpe'. Using u.(z,t) = Bsin(2z)e/*! and Equation

5.16, with attention to the direction of integration,

=i (5.17)

is obtained. By this potential condition, the integration constant N is found
to be

_ -
Yo L o8 gin( Lyt (5.18)

N —
[ l gggzl ()

By this constant, the electric field F., shown by Equation 5.16, is expressed
as

% €33 €33 L,
E.=[2-B €33 ﬁcos(ﬁz) 4285 sm(w—)]e]“t (5.19)
) gszz (o UV, SSzzl (o
33 33

using u.(z,t) = Bsin(>z)e’*". The second term on the right-hand side of
Equation 5.19 is a function of position, which depends on the piezoelectric
vibration distribution, while the third term is independent of position. This
third term has the meaning of an anti-electric field correction term.
Furthermore, substituting the general solution u.(z,t) = Bsin(z)e"
for strain and Equation 5.19for the electric field distribution FE, into the
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piezoelectric equation in Equation 5.4 to obtain the electric flux density D,
which is

—V I
D.=le5i— + zB%sm(;‘; )ert. (5.20)

This confirms that the flux density D, is in a form independent of z and

that the condition 8D €2z = () is satisfied. In Equation 5.20, 55“ Vo corresponds
to the charge densfcy in the absence of non-piezoelectric or plezoelectrlc dis-
tortion. On the other hand, 2B ﬁsm(%)e]“"t is the flux density component
corresponding to the charge supplied by the power source to generate the

correction term 2B %sin(%)ew for the electric field.

3
The second equation in Equation 5.14 is then used to obtain the displace-
ment amplitude

en 1 Vi
B==2 t (1)70- (5.21)
W 33 cos( )[1 — JLC s 2“31) ]
33633 vz

Using this displacement amplitude B, the general solution for the vibra-
tional displacement distribution is

2 €33 1 Vi .
us(2,t) = U—ezf a2 Tosm(ﬁz)ejwt. (5.22)
w w €33 an UZ
C33 cos(%lz)[l — 7$‘Z?3 s 2|

The equation for the displacement function therefore shows that the dis-
placement wu, does not depend on the position in the r direction and the
vibration distribution on the electrodes on both sides (z = 1) of the thick-
ness direction of the disc-shaped vibrator is uniform. However, this is clearly
not in agreement with the measured results of the vibration distribution
presented in Chapter 2.

Although it is known that the displacement function obtained for lon-
gitudinal vibration does not satisfy the measurement results, the electrical-
mechanical equivalent circuit for longitudinal vibration is then continued to
be completed in order to investigate the admittance characteristic.

5.1.1 Equivalent Circuit

The general solution for the beam density from the displacement ampli-
tude B is
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R Vo
D, =[1 4 s P ]55 Dt (5.23)
1 76332 (?7) [
C%5§3 2L

The current ¢ supplied by the power supply can be area divided by the
time derivative of the flux density equation, which is

“ oD
= 2 “dr.
i /0 mr——dr

2a°*7v, 1 ‘ 5.24
T 4 AT e, 2
l 12k cot(£L) — —B—
T ()
Therefore, the admittance Y (= ) is
1
Y = —
Voer 5.25
. 1 (5.25)
= jwCy+ ——7.
—jwCq Y
. I
il
A
_Cd
v Ca —— 1
Ym
O

Figure 5.2: Equivalent Circuit of the Longitudinal Vibration

However, C; = 5%2 @7 and Y, ]%Um( wl -). At full admittance, as
shown in Fig. 5.2, this series circuit of ﬁCd and Ym is an equivalent circuit
that is further connected in parallel with the braking capacitance Cj.
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In addition, whereas in a normal electrical circuit the capacitance of a ca-
pacitor is always positive, in the equivalent circuit for longitudinal vibration,
a —Cy with a negative sign is connected in series with Y,,,, which represents
mechanical vibration. This corresponds to compensating for the influence of
the anti-electric field generated by the piezoelectric vibration on the potential
difference between the electrodes, as in the calculation of the electric field
distribution Equation 5.19 inside the vibrator.

Next section, the admittance characteristics with no load are calculated
from this equivalent circuit.

5.1.2 Admittance Characteristics without External Load

In this section, the admittance characteristics for a diameter of 10 mm and
a thickness of 1 mm will be calculated based on the equivalent circuit with-
out external load derived in the previous section using the PZTc204(FUJI
CERAMICS) material parameters mentioned in Table 5.1.

Table 5.1: Material Parameters of PZTc204 (FUJI CERAMICS)

Electro-mechanical Relative permittivit Equivalent piezoelectric
coupling coefficient P Y constant [x10~12m/V]

k’p 1{533 kt 8{1/60 653/50 d31 d33
0.63 0.74 0.52 2240 2200  -190 435
Voltage output coefficient — Elastic constant Frequency constant

[x1073V - m/N] [x10°N/m? [m - Hz]
931 933 1/s11 1/s%3 Ny N33 N
-9.7 22.0 7.2 5.7 2110 1450 2070
Density Mechanical quality Dielectric Poisson’s
[x10%kg/m3] factor loss ratio
P Qm tand o
7.65 520 0.0025 0.29

Returning to the Equation 5.25 for the admittance, Y,, can be trans-
formed into

tan (L
Y, = ijﬂ%# (5.26)
20,
because of %T—iz = ki, Cq = %“27“ Therefore Equation 5.25 can be

€33€33
transformed into



1
IR
1 - k§3t (ivz)

2vy

Y = jwCy (5.27)

In the resonance state, when the current amplitude is co for a constant
input amplitude voltage, which means that ¥ — oo, the denominator in
Equation 5.27 is

tan(L
1-— kgg% =0, (5.28)
20,
and
tan(;’—’“l) 1
e (5.29)
el ks

holds for the angular frequency w,. Thus, the electromechanical coupling
coefficient k33 is included in the equation for w,, and it can be seen that the
resonant angular frequency varies with piezoelectricity.

From the admittance loop, it can be seen that the mechanical series res-
onance angular frequency ws, the resonance angular frequency w, and the
angular frequency w,, at which the absolute value of admittance reaches its
maximum are not the same due to the presence of Cy, but the mechanical
quality factor @), is sufficiently large that the conductance at the mechani-
cal series resonance angular frequency ws ( diameter of the admittance loop)
is sufficiently large that the change in admittance due to Cy is negligible.
Therefore, ws =~ w,. [10] And it can be learnt from Equation 5.25 that the
mechanical series resonance angular frequency w; is consistent with the con-
ditions for solving the resonance angular frequency wi,.

The anti-angular frequency w,, on the other hand, is when the impedance
is oo and no current flows. which means that Y — 0, so from Equation 5.27,

wWal

) = o0 (5.30)

tan(

holds. In other words, because of

wel  (2n—1)m
_en= 31
2. 5 (5.31)
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the anti-resonant angular frequency is simpler than the resonant frequency
and can be obtained from the thickness [ of the vibrator and the sound speed
v,. However, n is a natural number.

When X = 2L and tan(X) = X, it can be obtained from Equation
Z 33

5.29, and a graph of the functions on both sides of the equation yields Figure

5.3.The orange curve represents the function y = tan(X) and the yellow

curve represents the function y = k%X . The resonance angular frequency
33

can be obtained from the intersection points of the two curves (bluex) at

Xn(= ‘;TTZl) Taking the first intersection point of the graph, w,; = 2% x* fq

gives f,1 = 1.44 MHz, which is approximated by the frequency factor f, =
N33l = 1.45 MHz. Equation 5.31 also shows that the X of the anti-resonant

frequency is 7, 37”, 57” and that the anti-resonant frequency is always higher

than the resonant frequency.

20
15+ *
>-1 0 B
5 y = tan(X)
\
00 /2 m 3n/2 27 57/2

X

Figure 5.3: Resonance and Anti-Resonance Angular Frequencies of Longitu-
dinal Vibration

The above mentioned exact solution for the resonant frequency, however,
the existence of the tan(X) function prevents the calculation results of the
admittance from converging, thus the calculation by taking an approximation
of the tan(X) function is considered as follows. This allows the calculation
results to converge, although the error in the calculation results will be larger.

Returning to the dynamic admittance Y,, in Equation 5.26, by Laurent
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expansion of tcm(2 ), it can be expressed in a circuit with LC series compo-
nents correspondlng to each vibration mode component connected in parallel.
Laurent expansion of equation 5.26 allows from

wl > 1
tan = 5.32
(2vz) ; (2n —1)25 2 — oL 532
to be
Y, — i - ! | (5.33)
— jw 2n— 1+jw02 -
However,A = 20°755 {5 the force coefficient, Lo,_1 = @ is the equivalent

2l
lent mass Ls,_; is independent of the mode order and is half of the actual
mass pa’nl, whereas the equivalent compliance Cy,_; depends on the mode
order and decreases at a rate of (2n — 1)? as the mode order increases. The
equivalent spring constant is the reciprocal of Cy, 1, which means that the
stiffness increases as the mode order increases.

Considering only the first-order mode, the equivalent circuit is an L;C}
series circuit through transformer A connected in series with a capacitor —Cjy
with negative capacitance. The dynamic admittance Y, can be converted to

mass and Cy, 1 = is the equivalent compliance. The equiva-

1
Ym= A ————, (5.34)
JwLy + ]wcl
However, L, = @ and C; = ﬁzailg'

To obtain the full admittance characteristic of PZTc204 disk-shaped vi-
brator, the resistance R,, of the vibration loss and the resistance Ry of the
dielectric loss must be determined in the electromechanical equivalent circuit.

Because the mechanical quality factor @),, and the Mechanical series an—
gular resonance frequency wy; = v/LC' are known, R,, in series with L,,
can be obtained from

AQ

Ws Lim
Qm
Because the induced loss tand = 0.0025 can be found from Table 5.1, the

braking capacitance Cy and the resistance Rd in parallel can be obtained
from

R, =

(5.35)
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1

fa = tandwCy (5.36)

Finally, the electromechanical equivalent circuit is obtained as shown in
Figure 5.4.

I
2 ]

A

O

A:1l
Figure 5.4: Equivalent Circuit of the Longitudinal Vibration with losses

From this electromechanical equivalent circuit the admittance character-
istics can be calculated as shown in Fig. 5.5. The resonance frequency is
1.50 MHz and the conductance at the resonance frequency is 2.06 S. As the
calculation only expands the tan(X) function to the first order, the calcu-
lated resonance frequency of 1.5 MHz differs by 0.06 MHz from the 1.44 MHz
obtained from the exact solution, and theoretically, increasing the expansion
order of the tan function will bring it closer to the exact solution. The
admittance characteristics of the actuator using the PZTc204 disc-shaped
vibrator with a diameter of 10 mm and a thickness of 1 mm, measured in
air, are shown in Fig. 5.6, with a resonance frequency of 2.13 MHz and a
conductance at the resonance frequency of 85.8 mS.

Comparing the results of the admittance calculations with the measure-
ment results, not only are the resonance frequencies different, but the admit-
tance values are also very different. It follows that this electrical equivalence
circuit for longitudinal vibration without load is not applicable to thickness
vibration.
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Figure 5.5: Calculation result for the Admittance of PZTc204 Disc-shaped
10mm Diameter Transducer in the longitudinal vibration equivalent circuit
without load (Resonance frequency: 1.50 MHz; Conductance: 2.06 S)
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Figure 5.6: Measurement result for the Admittance of the Actuator using
PZTc204 Disc-shaped 10mm Diameter 1mm Thickness Transducer in Air
(Resonance Frequency: 2.13 MHz; Conductance: 85.8 mS)
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As the calculations are for a disk-shaped vibrator with free end faces, it
will be investigated whether the results can be improved by adding loads
to both end faces. In order to verify this, it is necessary to create an elec-
tromechanical equivalent circuit (Mason equivalent circuit), which can deal
with arbitrary boundary conditions, and the Mason equivalent circuit for
longitudinal vibration was investigated in the next section.

5.1.3 Mason Equivalent Circuit

Finding electromechanical equivalent circuits for centralised constant sys-
tems is constrained by the fact that the boundary conditions are fixed. In this
section, Mason equivalent circuit is represented for the longitudinal vibration
that can accommodate arbitrary boundary conditions.

Take the inward positive force in the z-axis direction of the vibrator and
define each parameter as F; and Fj, respectively, as shown in Fig. 5.7.

N

N |

Figure 5.7: Definition of each parameter of the transfer matrix of longitudinal
vibrations.

From the wave equation for longitudinal vibration, the general solution
for displacement is

w L w ,
Uyy = [Acos(v—z) + Bsm(v—z)]e]“’t. (5.37)
z z
>y
However, vz = 0373. Because no boundary conditions such as freedom at

both sides are given here, A = 0 is not used and even functions are included.
The electric field in this case agrees with the case of boundary conditions
such as two sides free, since the even functions disappear when the potential
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is calculated in the same way as in Equation 5.17. Thus, from Equation 5.16,
the electric field is

V €33 SZZ €33 . l y
B, =2 582 op B8 gin( 2]t (5.38)
l 8Szz e-]wt € zzl ’UZ
33 33

In this derivation process, the mechanical boundary conditions of the vi-
brator are not included, thus it holds for all boundary conditions and angular
frequencies w. By substituting the general solution of the displacement and
the expression for the electric field into the piezoelectric equation T3,, the
stress 1, 1s

Vo — e .
T.. = {—e552 + D Y [~ Asin(L2) + Beos(22)] — 2BE2 sin(=2 )} e,
{ v, v, v, 5§§Zl U,

w w
—Z —Z

(5.39)

Noting that the stress is positively tensile, whereas the force is positively

compressive, [ at z = —% is

Fl = _aQWTZZ‘Z:,é
— [ [ €332 [ Vo,
- —aQW{c%E[Asm( i ) + Beos( i )] — 2B €33 sin( d ) — E33— belt,
z Uz Uz Eggzl ? l
(5.40)
and F, atz:%is
Fy = —a%Tu\z:é
—w o wl wl e’ ., wl Vi
= —QQW{C?%U—[—ASZH( ” )+ BCOS(ZU )] —2B ;3 lsm(% ) — e_g,gTO}eWt
z z z 53§z z

On the other hand, the vibration velocities v; and vy on both the top and
bottom sides are

v, = %| __1 = jw[Acos( wl ) — Bsin(—)]ewt
ot *= 2 2v, 2v,
o o t (5.42)
_ ; _iTA Bsin( =) e
V2 = o |z:% Jw| cos(2vz)+ sm(%z)]@ ,



because the general solution of the displacements in Equation 5.37 can be
differentiated with time t.

Substituting Equation 5.1 into Equations 5.40 and 5.41, and V = Vye/*t,
gives

_ wl V1 — Vs 1 ad’7mess., a’mess
= S, Zylvitan(—) — , — V
1= olv1 Cm(%z) Sm(f_j)] +]de I ) (v2 — 1) + ]
(5.43)
e S, Zo|—vat (wl) Ul—U2]+ 1 (a27re_33)2( >+CL27T6_33V
= jSuZo[—vatan — : Vg —
2= JPudol ™t 20, sm(%) JjwCq " 1 2
(5.44)

and eliminates the constants A and B that were included in the equations
representing external forces F} and F,. However, the acoustic impedance

. 2
Zy = pv,, the cross-sectional area S, = a’7 and Cj = 55;2“7”. If the force

coefficient A = “Q“Teﬁ, the relationship between force and velocity is

. wl v — v 1
Fi = jSuZo[uitan(z -) — S;n (W_f) . CdA2(02 —v)+ AV (5.45)
wl V] — Vs 1

B = i Altan(s, ) = Sran] g A e m ) T AV (546)

Uz

By the force coefficient A corresponding to the ideal transformer, the input
voltage is converted into a force, which is then used for mechanical vibration.

In this calculation process, the stress was determined from the force com-
ponent and the relationship with the vibration velocity was determined, thus
the part of the braking capacitance Cy from the power supply side is not rep-
resented. The braking capacitance enters in parallel with the input voltage,
as can be seen from the consideration in the concentrated constant system,
and if the losses are considered in the same way as in the concentrated con-
stant system, the equivalent circuit for is shown in Figure 5.8. However,
7z, = —j% and Z, = jSngtan(%). The dielectric loss R; and vibra-
tion loss Rmvzare calculated in a similar way to the equivalent circuit of a
concentrated constant system.

The vibration loss R,, can be calculated from the Mason equivalent cir-

cuit short-circuited at both ends (free state at both end faces). Moreover,
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the Mason’s equivalent circuit after short-circuiting at both ends can be con-
verted to the equivalent circuit of the centralised fixed number system, thus
R,, and R, are the same as in the equivalent circuit of the centralised fixed
number system. [10]

Vi Vo
O . L L . O
‘ Z, Z,

IE2
o |
A _Cd
Rd HRm
Fy v Cd:: H F,

1:A

O O

Figure 5.8: Mason Equivalent Circuit of the Longitudinal Vibration with
losses.

Because the obtained two-port Mason equivalent circuit can correspond to
arbitrary boundary conditions, the next section will consider adding loadings
to the Mason equivalent circuit to calculate the admittance.

5.1.4 Admittance Characteristics with Exterbal Load

In the case where the top and bottom sides of the vibrator are in contact
with air, the air load will be added to the Mason equivalent circuit with air
acoustic impedance. In this way, a Mason equivalent circuit with air load
can be obtained, as shown in Fig. 5.9. However, Z,;, = SupairVair- The
Pair = 1.184kg/m3(25°C) is the density of air. The vy, = 346.3m/s(25°C')
is sound speed in air.

The calculated admittance characteristics of the Mason equivalent circuit
with air loads at both ends are shown in Figure 5.10. The mechanical series
resonance frequency f, (the resonance frequency at which the conductance
reaches its maximum) is reduced by 0.08 MHz to 1.42 MHz compared to
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Figure 5.9: Mason Equivalent Circuit of the Longitudinal Vibration with Air
loads.
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Figure 5.10: Calculation result for the admittance of PZTc204 disc-shaped
10mm diameter transducer in the longitudinal vibration mason equiva-
lent circuit with air loads (Resonance frequency: 1.42MHz; Conductance:
2041.14mS)

89



the case without air loads, and the conductance at the resonance frequency
fs is reduced to 2041.14 mS.

The above results show that the addition of an air load changes the ad-
mittance characteristics of the Mason equivalent circuit. The next step is to
investigate how the addition of a water load changes the admittance charac-
teristics of the Mason equivalent circuit.

In the case where the top is contact with water and the bottom side
is in contact with air, the water and air loads will be added to the Mason
equivalent circuit with water acoustic impedance and air acoustic impedance.
In this way, a Mason equivalent circuit with air and water loads can be
obtained, as shown in Figure 5.11. However, Z.;, = SupairVair a0d Zyater =
SupwaterVwater- The pyater = 997.05kg/m3(25°C) is the density of water. The
Vyater = 1497m/s(25°C) is sound speed in water.

\21 V2
ZZ U > Z2
1
o |
_Cd
Zair U Cq Rq U Rm Zyater H
ul H

1:A

Figure 5.11: Mason Equivalent Circuit of the Longitudinal Vibration with
Air and Water loads.

From this Mason equivalent circuit with air and water loads the admit-
tance characteristics can be calculated as shown in Figure 5.12. The res-
onance frequency is 1.42 MHz and the conductance at the resonance fre-
quency is 121.0 mS. The admittance characteristics of the actuator using the
PZTc204 disc-shaped vibrator with a diameter of 10 mm and a thickness of
1 mm, measured in air, are shown in Figure 5.13, with a resonance frequency
of 2.11 MHz and a conductance at the resonance frequency of 49.9 mS.

Comparing Figures 5.10 and 5.12, It can be seen that after adding a water
load to one port and an air load to the other port of the Mason equivalent
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Figure 5.12: Calculation result for the admittance of PZTc204 disc-shaped
10mm diameter 1mm thickness transducer in the longitudinal vibration

mason equivalent circuit with air and water loads (Resonance frequency:
1.42MHz; Conductance: 120.97mS)
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Figure 5.13: Measurement result for the admittance of the actuator using

PZTc204 disc-shaped 10mm diameter 1mm thickness transducer in water
(Resonance Frequency: 2.11MHz; Conductance: 49.92mS)
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circuit, the conductance at the resonance frequency decreases from 2041.14
mS to 121.0 mS compared to the case when both ports are air loaded, even
though the resonance frequency remains unchanged. Comparing Figures 5.6
and 5.13, it can be seen that the admittance characteristic of the actuator in
water is 0.2 MHz lower at the mechanical series resonance frequency fs and
the conductance at the resonance frequency f, is 35.7 mS lower than that of
the actuator in air.

In conclusion, although there is still a significant difference between the
admittance characteristics of water and air calculated by Mason equivalent
circuit and the measured admittance characteristics, the pattern of decrease
in conductance at the resonance frequency fs; and the resonance frequency
fs was found to be the same.

It can be seen above that by applying different loads to the two ports
of the mason equivalent circuit, the upper and bottom boundary states of
the disc-shaped vibrator can be represented. As shown in Figure 5.8, the
currents flowing through the two ports have vibration velocities v; and vy,
which means that the vibration velocity distributions at both ends of the
disc-shaped vibrator at the resonant frequency can be calculated using the
mason equivalent circuit under resonant conditions. Therefore, the calcula-
tion of the vibration velocity distribution using the mason equivalent circuit
is attempted in the next section.

5.1.5 Vibration Velocity Distribution

According to Figure 5.8, the F} and F5 ends of the Mason equivalent
circuit are subjected to loads representing the boundary conditions between
the upper and bottom end faces of the disc-shaped vibrator, and the currents
at the two ports can represent the vibration velocity of the upper and bottom
end faces of the disc-shaped vibrator. The vibration velocity distribution ()
is then calculated according to Figures 5.9 and 5.11 for the case where the
bottom end face is in contact with air only and the case where the upper end
face is in contact with air and water, respectively.

The calculated vibration velocity vs of the F3 port in the two cases shown
in Figures 5.9 and 55.11 is shown in Figure 5.14. In this case, the origin (0, 0)
represents the centre of the circle on the top end face of the disc-shaped
vibrator. The blue colour shows the distribution of the vibration velocity
vy with respect to the diameter of the top end face in the case of Figure
5.9, and the orange colour shows the distribution of the vibration velocity v
with respect to the diameter of the top end face in the case of Figure 5.11.
Equation 5.42 shows that the vibration velocity is independent of position
("z’or'r"), thus the vibration velocity distribution appears linear.
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Figure 5.14: Calculation result for the vibration velocity distribution of
PZTc204 disc-shaped 10mm diameter 1mm thickness transducer in air(blue)
and water(orange). (Input Voltage: resonance frequency [MHz]: 1.42(air)
and 1.42(water); amplitude [V,]: 5)
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Figure 5.15: Measurement result for the admittance of the actuator using
PZTc204 disc-shaped 10mm diameter 1mm thickness transducer in air(blue)
and water(orange) (Input Voltage: resonance frequency [MHz]: 2.13(air) and
2.11(water); amplitude [V;,]: 5)
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The vibration velocity vy when the upper end surface is in contact with
air is 2147.5 mm/s= at a frequency of 1.42 MHz and a drive voltage of 5V,
amplitude, while the vibration velocity vy when the upper end surface is in
contact with water is 156.1 mm/s at a frequency of 1.42 MHz and a drive
voltage of 5V, amplitude. The vibration velocity of the upper end surface
when the upper end surface when in contact with wateris higher than the
vibration velocity of the upper end surface when in contact with air. The
vibration velocity is 1991.4 mm/s faster than the vibration velocity when in
contact with water.

For comparison, the same conditions as described above for the calcula-
tion of the vibration velocity were maintained with the bottom surface of
the disc-shaped vibrator always in contact with air and the upper surface
of the disc-shaped vibrator in contact with air and water respectively. The
measured vibration velocity distribution over the diameter of the top surface
at a frequency of 2.13 MHz (in air) and 2.11 MHz (in water) and a drive
voltage of 5V, amplitude is shown in Figure 55.15. Blue shows the vibra-
tion distribution on the diameter when the top surface is in contact with
air. Orange shows the vibration distribution on the diameter when the top
surface is in contact with water. The coordinate origin (0,0) indicates the
centre of the circle of the top surface.

The measurement results shown in Figure 5.15 indicate that the vibration
velocity distribution on the surface of a circular plate vibrator of PZTc204
with a diameter of 10 mm and thickness of 1 mm has about 11 peaks for
both air and water in terms of shape, with the peak at the centre of the
circle increases The peaks at the centre of the circle are the largest and
decrease with increasing distance from the centre of the circle. Numerically,
the value of the largest peak in air is 790.0 mm/s and the value of the largest
peak in water is 344.0 mm/s, with a difference of 446.0 mm/s.

This subsection compares calculated and measured vibration velocity dis-
tributions and shows that Mason longitudinal vibration equivalent circuit
model does not accurately represent the vibration velocity distribution of
a 10 mm diameter, 1 mm thickness circular disc-shaped PZTc204 vibrator,
either in the form of a distribution or numerically. Therefore, the electrome-
chanical equivalent circuit model needs to be improved.

5.1.6 Conclusion

In this section, thickness vibration is considered through an equivalent
circuit model of longitudinal vibration. In the case of PZTc204, a disk-
shaped vibrator with a diameter of 10 mm and a thickness of 1 mm was used
to compare the calculation results of the equivalent circuit model of longi-
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tudinal vibration with the measured results, and it was concluded that the
equivalent circuit model of longitudinal vibration cannot accurately represent
the thickness vibration characteristics.

1 Calculation results for admittance characteristics:

In air: resonance frequency fs: 1.42 MHz; Conductance at resonance
frequency: 2041.1 mS.

In water: resonant frequency fs: 1.42 MHz; Conductance at resonance
frequency: 121.0 mS.

2.1 Calculation results for vibration velocity distribution:

In air (5Vy,): Shape: straight line; Maximum vibration velocity: 2147.5
mm/s.

In water (5Vy,): Shape: straight line; Maximum vibration velocity: 156.1
mm/s.

2.2 Measurement results for vibration velocity distribution:

In air (5Vgp): Shape: approximately 11 peaks, with the largest peak at
the centre of the circle and smaller peaks away from the centre of the circle;
Maximum vibration velocity: 790 mm/s.

In water (5V(,): Shape: approximately 11 peaks, with the largest peak
at the centre of the circle, smaller peaks away from the centre of the circle;
Maximum vibration velocity: 344 mm/s.

From the above, it was found that the equivalent circuit model considering
only longitudinal vibration cannot accurately represent thickness vibration.
As shown in Figure 5.1, in addition to longitudinal (z) vibration, there is
also radial (r) and rotational (#) vibration. From the vibration distribution
measurements presented in Chapter 2, it is known that the vibration distri-
bution is centrosymmetrical, thus the vibration in the direction of rotation
(0) can be neglected, leaving only the vibration in the radial direction (7).

The next section is therefore to consider whether radial vibration is
present and longitudinal vibration may show multiple peaks in the distri-
bution. For ease of calculation, longitudinal vibrations are ignored and only
the radial vibration characteristics of the disc-shaped vibrator in the piezo-
electric transverse effect are considered.
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5.2 Radial Vibration

Consider the disk-shaped vibrator shown in Figure 5.16, which is sub-
jected to an electric field in the polarised thickness direction and symmetrical
elongational vibration in the radial direction. The coordinates are the same
as for longitudinal vibration, with the direction of polarisation in the z-axis
direction and the vibration direction in the r-axis direction. The disk-shaped
vibrator has a diameter of 10 mm and a thickness of 1 mm, and the boundary
condition is that the side surface is free. In order to make the electric field
positive in the same upward direction as the polarisation, the upper electrode
is electrically grounded and a voltage V = Vje/“! at an angular frequency w
is given to the bottom electrode as input.

Figure 5.16: Radial Vibration

In symmetric elongational vibration, the distortion is considered S, in
the vibration direction and Sgg = %% “= which contains the displace-
ment function u,(r,t) in the r direction, and zero otherwise. In other words,
with the condition that stresses other than 7)., and Ty, flux densities other
than D, and electric fields other than FE, are zero, and without using the

approximation S,. = 0, from Equations 5.1 and 5.2, the relationship

ST'T - SﬁTrr + 81E2T909 + dSIEz
Spp = SETM + Sﬁng + ds1 F, (547)
Dz = d31Trr + d31T90 + 5§3Ez

is obtained. Transforming Equations 5.47 in piezoelectric d-form so that the
left-hand side is the stresses T, and Tyy and the flux density D, gives
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T, = c_ﬁSm« + 6_{32599 —e3 L,
Tpo = c13Srr + 11500 — 31 . (5.48)
Dz = 6_3157“7" + 6_31596’ + gggrEZ'

However, cF, = —p Sl B — =% g — _du_ and S —
T GEP-GRP 2 T GEP-(BY ST+l 33

T 2d31 T,y __ OT, . . .

€33 T s Also, by %5t = =5r= = (, the wave equation is

aQUT o aTrr + Trr - T99

- 5.49
P o or r (5.49)
As a piezoelectric body is a dielectric,
oD,
5 = 0 (5.50)

follows from Gauss’s divergence theorem, assuming that there is no isolated
charge inside it. Substituting this into the third equation in 5.48,

oD, 0S,,  0Spp ——-0E, —<-0L,

= €31 — I = €34" =0 5.51
0z e 0z + 0z )+ e 0z B0z (5:51)
was obtz}ined. The fact that the strain S,, and Sy are independent of z
(% + % = 0) was used to deform this equation. Equation 5.51 results
in % = 0, which shows that the electric field , is independent of z and
constant. The relationship between the electric field and the input voltage,

taking into account that the bottom electrode Vye/*! is added, is

L

0—%&“2—/2@@. (5.52)
4
Therefore,
%ejwt
E, = ;i (5.53)

and the electric field are obtained.

And
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Srr - P
,
10ug  ur  wu, (5-54)
Y=o Ty T
thus the wave equation is
v, —, 0%, 10u, wu,

S O (e T S —
P o nl or? * r Or 7’2)' (5.55)

Here, the electric field E, is constant with respect to the r-axis direction

(22 = ).

Let

2 2 52
o“u, 10u, wu, w*0%u,

or? r Or 72 v_f ot?

=0 (5.56)

, [
be the displacement u,; = u(r)e’" in Equation 5.55. However, v, = %.
Therefore, this solution is given by
w
—r

up(r,t) = AJy(—r), (5.57)

vy

using a function of the cylindrical coordinates. However, A is constant and
Ji(z) is a Bessel function of the first kind.
Because boundary conditions are

r =0 = u, = 0 : automatically satisfied;
r=a="1,=0,

When r = a,
—Ju, —u,
CEW + C1E27 = 631EZ. (558)
Here, because of
’ n
J,(z) = - () + Jpo1 () (5.59)



the undetermined constant A is given by

A= — Gba . (5.60)

cn(52)Jo(52) + (et — i) L (57)

Substituting the value of A into equation 5.57,

e B
Cormad I (Zr) (5.61)

() Jo(48) + (e — ) A(ee) o

becomes a function of the displacement distribution. The resonance condition
is

up(r,t) =

- - wa

c J\ ek — b)) J 5.62
F D = (o~ B (5:62)
from the condition where u,(r,t) is maximal.

The resonance conditions and displacement functions w, obtained, the
material parameters in Table 5.1 can be used to investigate the radial vibra-
tion distribution.

5.2.1 Vibration Distribution

In this section, the vibration distribution of the radial vibration is ex-
amined based on the displacement function w,(r,t) derived in the previous
section. Equation 5.61 contains a first-order Bessel function, which is often
used to describe vibration distributions, and is characterised by the presence
of multiple peaks and the tendency for the peaks to gradually decrease in
size, which is consistent with the characteristics of the vibration distribution
shown in Figure 5.15. Therefore, the influence of the radial displacement
function on the longitudinal vibration distribution is investigated to test
whether the radial vibration may deform the longitudinal piston vibration
into a multi-peak vibration distribution.

If X =< from the resonance condition equation 5.62, the functions on
both sides of the equation can be displayed as in Figure 5.17, and the value
of the co-ordinates of the intersection of the two curves (blue '*’) can be
expressed as a multiple solution of equation X,(n = 1,2,3,...) giving the
n-th resonance angular frequency.

Analysis of the displacement function shows that the constant A deter-
mines the amplitude and the first-order Bessel function determines the vi-
bration distribution. As only the vibration distribution is considered here,
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Figure 5.17: Resonance Angular Frequency of Radial Vibration

it is sufficient to examine only the first-order Bessel function part. Substi-
tuting X,, obtained from Figure 5.17 into the first-order Bessel function of
the displacement function gives J1(§7“), and taking the radius rfrom 0 to a,
the vibration distribution exhibited by the radial vibration at the n-th reso-
nant angular frequency can be determined. If a vibration distribution with
about 11 peaks as shown in Figure 5.15, a vibration distribution with about
6 peaks on the radius (including the centre of the circle), can be obtained at
the angular frequency between the intersection of the 10th and 12th blue "*’
in Figure 5.17, it can be seen that a vibration distribution with 6 peaks is
obtained.

However, considering only the vibration distribution in the radial direc-
tion, it is not intuitive to determine whether the expected vibration distribu-
tion in the longitudinal direction (z-direction) can be obtained. Therefore,
the influence of the radial vibration on the longitudinal vibration distribution
is investigated.

Transforming the piezoelectric equation in equation 5.1 into the form
[T] = [][S] = [e][E] yields

Tzz = C%(Srr + S@g) + C3EgSZZ — 633EZ, (563)

where ¢k is the stiffness coefficient, which is negative in PZT piezoelectric
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materials because of the strong coupling between stress and strain. To sim-
plify the calculation, the term E, is deleted as T3, is not affected by E., and
assuming 7., = 0,

ou, ck ou,
- Gy % U 64
0z 053< or T ) (5.64)

can be obtained by simplifying the equation using Equation 5.59 and inte-
grating both sides of the equation with 2z to obtain

E

Crg ,, W w
L= —BAEY [ J(Zr)d, 5.65
u C% (Ur)/ U(UTT) ( )

Here, u, represents the longitudinal displacement function.

Analysis of the wu, displacement function shows that the zeroth-order
Bessel function determines the vibration distribution and the remaining terms
determine the vibration amplitude. Noting the positive and negative vibra-
tion amplitudes are also related to the vibration distribution and cannot be
ignored. Observing Equation 5.60, it is known that the numerator es; is
negative, but the denominator is +, co and — throughout Figure 5.17, thus
the constant A is —, —oo and + as shown in Figure 5.17 for X, X5 and Xs5.

In summary, combining the positives and negatives of the coefficients as
well as Jo(%r) under X, X, and X3 results in different distributions of
u, in different cases, as shown in Figures 5.18, 5.19 and 5.20.

As can be seen from Figures 5.18, 5.19 and 5.20, the vibration in the
radial direction can indeed affect the vibration distribution in the longitudinal
direction. In particular, as shown in Figure 5.18 and 5.19, although there are
multiple peaks in the longitudinal vibration distribution at the negative value
of the constant A or at the resonance angular frequency of the vibration in
the radial direction, it can be clearly found that the measured results of the
vibration distribution as shown in Figure 5.15 are positively or negatively
reversed in shape. The vibration distribution shown in Figure 5.20 is similar
in shape to the measurement results of the vibration distribution shown in
Figure 5.15, with six peaks from the centre of the circle to the circumference,
and the peaks further away from the centre of the circle are smaller.

In summary, it can be seen that in the case where the constant A is posi-
tive and the frequency is between the two neighbouring resonance frequencies
of radial vibrations, the radial vibration can make the purely longitudinal pis-
ton vibration distribution change to the vibration distribution of thickness
vibration.
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Displacement

0 1 2 3 4 5
r-Positin [m] %107

Figure 5.18: Longitudinal vibration distribution caused by radial vibration.
((0,0) is the centre of the circle on the surface of the vibrator in the longi-

tudinal (z-axis) direction; X;: between the 10th and 11th resonance angular
frequency).

Displacement

r-Positin [m] %1073

Figure 5.19: Longitudinal vibration distribution caused by radial vibration.
((0,0) is the centre of the circle on the surface of the vibrator in the longitu-
dinal (z-axis) direction; Xs: 11th resonance angular frequency).
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Displacement
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r-Positin [m] %1073

Figure 5.20: Longitudinal vibration distribution caused by radial vibration.
((0,0) is the centre of the circle on the surface of the vibrator in the longi-
tudinal (z-axis) direction; X3: between the 11th and 12th resonance angular
frequency).

5.2.2 Conclusion

In this section, the displacement function w,(r,t) of the radially symmetric
extension vibration of a disc-shaped vibrator is derived using the piezoelec-
tric equation considering only the parameters in the radial direction. After
analysing this displacement function u, and converting it to longitudinal
displacement, it is concluded that the symmetric extension vibration in the
radial direction does have the possibility of transforming the piston vibra-
tion in the longitudinal direction into a thickness vibration. In other words,
the thickness vibration may be a combination of the symmetric extension
vibration in the radial direction and the piston vibration in the longitudinal
direction.

Therefore, in the next section, thickness vibration will be investigated
using the piezoelectric equation that preserves the parameters in the longi-
tudinal (z) and radial (r) directions.
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5.3 Thickness Vibration

In this section, an attempt will be made to derive the electromechanical
equivalent circuit for thickness vibrations using the piezoelectric equation.

The piezoelectric longitudinal effect, where the polarisation direction of
the disc-shaped vibrator is in the thickness direction and the thickness vibra-
tion is excited by an AC electric field parallel to the polarisation direction,
is taken up. The same thickness vibration as the longitudinal vibration is
excited under constant electric flux density, but the electric field distribution
is a function of position 'z’and 'r’. The effect of the anti-electric field inside
the piezoelectric body associated with the same thickness vibration as the
longitudinal vibration also occurs.

Vibration

Figure 5.21: Thickness Vibration

The coordinates are taken in accordance with the general rules for consid-
ering piezoelectric vibrations, with the direction of polarisation in the z-axis
direction (3-axis direction). The size of the vibrator is assumed to be radius
'a’ and thickness 'I". The mechanical boundary conditions are free at both
surfaces. In the case of thickness vibration, the effect is the piezoelectric
longitudinal effect, which is the 33 effect because the electric field is ap-
plied in the 3-axis direction and the distortion in the z-axis direction (3-axis
direction) parallel to this is considered.

To ensure that the sign of the electric field F, is also positive when the
sign of the input voltage V' is positive. The electrical boundary conditions
are as follows: the upper electrode at z = /2 is electrically grounded and the
voltage V' = Vpe/** with angular frequency w is input to the lower electrode
at z =—1/2.
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Because of the thickness vibration, the electric field of E, and FEjy, the flux
density of D, and Dy, and the stress of Ty, and T, are set to zero, leaving
Srrs Sea, Sz, Sy, B, and D, in the end because the strains S,.,., Spg, S, have
r and z components. In addition, Trr and Ty are not excited by the electric
field F.,, but are expected to be excited by the stress 7T,., thus remove ds;
from the piezoelectric equations.

Trr = Cﬁsrr + ClEVQSGH + ClEg‘Szz
TGG - ClE‘QSrT + 65899 + C%Szz
T.. = i3S, + cSp + c5S.. — ez B, (5.66)
Trz - Cﬁsrz
Dz = 6335,27: + 5§3Ez
can be obtained by converting [S] = [s|[T] + [d][E] to [T] = [][S] — [e] [E].

However,The matrix [c| represents the material stiffness parameters, cll =
E .E_(.E\2 E 2
511533 —(513) —sihsiat(sfs) —si

C C
(55_5{32)[53?3(5{51"‘5{32) ( )2]’ 127 (3{21_512)[533(511"’512) 2(513) K 13 533(511"'512) 2(5{23)2’
E 511+311Ez E

1 S
€33 = SE(E+sh)-2(s5)2 (44 = 5E» €33 = 2dg1¢f; + daacly, €33 = €33 — 2dzie31 —
dssess. [7] Because of the thickness vibration, displacements w,.(r, z,t) and
u,(r, z,t) are considered. In addition, T,y = 0 and Ty, = 0, thus the equation

of motion is given by [7,8]

azur - aTTT’ aTTZ Trr - T99
Por = “ar * 0z + r ) (567)
aQUz aTrz aTzz Trz
o = “or i 0z T r (5.68)

By substituting 1st, 2nd, 3rd, 4th equations of Equation 5.66 for Equation
5.67 and 5.68, the equation of motion becomes

0*u, 0SS, g 0Spe 0S.. 0S5, Sy — See
pW:CfJ or +c 12 or +C% or +CZ€1 9z +(clEl_cfj2)—
(5.69)
0?u, 0S;. 0SS 5 O0S. oF, Sz
pW:Cf a +c 13 a +c 136 +c 33 a — €33 az +Cf4 r . (570)
In addition, the piezoelectric material has no internal charge, thus
D,
div| Dy | =0, (5.71)
D,
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and the only component of the electric flux density is D,, thus % =01is
given.Then, the differential of both sides of the 5th equation of 5.66 by z
leads to

0D, 9%u, g OF,
= = 72
R e 0z 0 (5:72)

which gives

0EZ B €33 82uz
0z 35 022
as the condition for the electric field. In the piezoelectric longitudinal effect,
the electric field is a function of distortion, which is the origin of the anti-

electric field.
By substituting 5.73 into the equation of motion for 5.70, and because [9]

(5.73)

ou

Srr = T?
or
10usg u, u,

Spyp=—-——+ — = —

00 00 r r
Oou, Ou,

Sy, = )
0z or (5.74)
ou,

Szz = a3
0z

D E 633

C33 = C33 + —g -

€33

The wave equations for the displacement functions w,(r, z,t) and wu,(r, z,t)
are obtained as follows.

0%u, v, 10u, u, 0%u, 0%u,
P~ G gy ) Teugy Tt G (6.79)
0%u, p,0%u, 1 % p 0%, *u, 10w,

+ (B + cB)( ) (5.76)

P =cunlga T o5, T I

Assuming that the 2nd and 3rd terms on the right-hand side of the wave
equations 5.75 and 5.76 is equal to the constant multiplied by u, and u,
respectively, the wave equations can be transformed into the following equa-
tions respectively.
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Pu, 10u, u, w?
(97‘2 ; 87“ - 7“_2 + U_EUT =0 (577)
Pu, 10u, w?

or2 ror v

u, =0 (5.78)

However, v, is a constant for the speed of sound in the radial direction. Using
the function of the cylindrical coordinates by the separation of variables
method, the general solution is as follows.

Up = [Acos(gz) + Bsin(ﬁz)]Jl(ﬁfr)ej”t (5.79)
Uy Uy Up
u, = [C’cos(vﬁz) + Dsm(vﬁz)]Jg(%r)ew (5.80)

However, v, is a constant for the speed of sound in the thickness direction,
while A, B, C and D are constants.
The boundary conditions are

r =0 = u, = 0 : automatically satisfied;
z2=0=u,=0:C=0.

and u, is equal constant multiplication gzgj, thus B = 0. Therefore the

displacement functions u, and u, are as follows.

Uy = Acos(ﬁz)l]l(vir)ew (5.81)
u, = Dsz’n(gz)Jo(ﬁr)ej“t (5.82)
v, vy

5.3.1 Speed of Sound v, and v,

since

T (x) = —an(x) + T ()
T(w) = =) = T (@),

5.81 and 5.82 are substituted into 5.75 and 5.76 to obtain the following
equation.
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pw? o w., ditceiwwD w,

o sy dtdusl o 5.5
o c s cyp v A Uy

P Wy Gt e A w, (5.84)
kB, c, wv.v. D Uy

Integrating 5.83 and 5.84 gives the following equation.

UZ UT
(ciy — pvl + cﬁ(U—)Z)(Cﬂ —pvy + C%(U—)2) = (ciy + c13)(ciy + c1)  (5.85)

From this equation, v, and v, can be solved as follows

D E E

L (5.86)
P

D .E E

BB
criters

p

U, = y Up =

5.3.2 Equivalent Circuit

Because the mechanical boundary conditions are free at both surfaces
(z = £L) in the thickness direction and (r = a) in the radial direction, the
stress T,, = 0 and 7,, = 0 must always be independent of time ¢ when
z = i%, r = a are substituted in the general solution of Equations 5.81 and
5.82. Because stress T, is a function of strain and flux density, the 3rd and

5th of piezoelectric equations 5.66 lead to

e
T.. = (S + Sog) + cB)S... — %DZ. (5.87)
33

To satisfy the boundary conditions 7,, = 0 and 7, = 0 at z = j:é, r=a,
D, is constant regardless of position, which obtains the two relations

lw,  w _ w 1w ,
= E _ _ _ - Jwt
Trr|z:ié,r:a ciyAcos( vz>(er0(u,a) aJ1<vTa))€
lw 1 ,
+ c{gAcos(Qw )= Ji(Za)edet (5.88)
a vy
lw w

+ CﬁﬁDCOS( VJo(—a)e’' =0
UZ z T

w w lw w ot €33

Tzz‘zzi%,rza = (C%U—TA + CgDSU—ZD)COS( UZ)JO(Ea)e] b %Dz’r:a =0.

(5.89)
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Because of the piezoelectric longitudinal effect, the electric flux density inside
the vibrator is constant and the same as the charge density in the electrode at
z= j:%. Therefore, when the electrical terminals are opened, D, = 0 should
be set in the second term of the left side of Equation 5.89. Accordingly, from
the Equation 5.89 and A # 0 and D # 0, what satisfies

ay 1o(%2a) = 0 (5.90)

z UT‘

cos(

corresponds to the anti-resonant angular frequency w, of the vibration mode
that can be excited.

In the case of piezoelectric longitudinal effects, the resonance frequency
w, cannot be determined from equation 5.89 because the flux density D,
depends on the displacement amplitudes A and D of the vibration mode
being excited. Therefore, the electric field distribution F, and the electric
flux density D, are determined. As shown in Equation 5.71, the charge inside
the piezoelectric material does not depend on it, thus by using 88[; = = (), which
indicates that the flux density is constant for the variable z, Equation 5.72 can
be transformed from the 5th of piezoelectric equations 5.66. Therefore, there
is a relationship between the electric field and displacement as in Equation
5.73. Integrating both sides with z leads to

€33 8uz

E, = + M, (5.91)

g
€55 0z

with M (r) as the integration constant for variable z. The integration con-
stant M (r) for variable z is determined by the potential difference between
the electrodes. As shown in Figure 5.21, the voltage V = +V;e/*? is given to
the bottom electrode (z = —%), thus the potential difference from z = —é to
z = Lis —Vper*!, which is

l

O—Voej“t:—/2 FE.dz

2 z (5.92)
€33 bW w it
=2(=2D =r)e’t — M(r)l
(5 Dhsinly, )l 1)e (r)

using Equations 5.81 and 5.82, noting the direction of integration. By this
potential condition, the integration constant M (r) for the variable z is found
to be
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2633 lw + ‘/()ijt
= Ji jw
l g3y 2vz) O(UT e’ + l

By this M(r), the electric field E,, shown by Equation 5.91, is expressed as

(5.93)

E,=- e—?—D os(ﬁz){]o(ﬁr)ejm
£33 Uy v, U (5.94)
2 €33 lw t %Gth '
——=Dsi Jo(—r)e’®
l 5, ™ n(QUZ) 0(vrr> N l

using the displacement functions w,(r,z,t) and u,(r,z,t). The first term
on the right side of Equation 5.94 is a function of position dependent on
the piezoelectric vibration distribution, while the second term is a value
dependent only on the radial r position. This second term has the meaning
of a correction term for the anti-electric field in the thickness direction at a
certain position in the piezoelectric body.

Furthermore, substituting the 5th of piezoelectric equation 5.66 for the
general solution of the strain, u,, u, and the electric field distribution F,, to
obtain the flux density D,, which is

Jwt
D, = %eggDsm(Ql:jz)Jg(%r)e]”t + €5 VO?

This confirms that the flux density D, has a z-independent form and
that the condition % = 0 is satisfied. In Equation 5.95, the second term
on the right side corresponds to the charge density in the absence of non-
piezoelectric bodies and piezoelectric distortion. On the other hand, the first
term on the right side is the flux density component corresponding to the
charge supplied by the power source to generate the correction term for the
electric field in Equation 5.94.

Having obtained the relationship between the displacement amplitudes A
and D of the vibration modes and the flux density D.|,—,, using Equations

5.88 and 5.89,

(5.95)

aclgw JO( a)
ety (a)Jo(a) + (C{Ez cth)i(2a)
w lw w

A=

D (5.96)

AlcE = —
[ClgvrCOS(QUZ)JO(vra)]
lw w 3, 2 lw w e33Vo (5.97)
+ D[633 cos(zvz)Jo(v—ra) — E_%ZSZH(Q_UZ)JO(U_TCL)] ==



can be obtained. Thus,

€33 v 1 Yo
cly w cos(Qlf“’)Jo(i ) !
A v ol 5.98
L [cﬁ(ﬁa)Jo(ﬁa)Jr(Cﬁ—cﬁ)Jl(ﬁ“)]<1 — S (2uyyap (e ) o)
(81E73)2(£a)‘]0(ia) 53y lw 2v,
egy " o
essv: 1 Vo
D~ B eon g | (599)

(C{%)Q w w
e2 2 1 D) (;a)Jo(ﬁa)
— 35 (22 )tan (%) — 3

83330% lw 21)2) [ClEl(ﬁd)Jo(v%la)-l—(clEz—cﬁ)Jl(ﬁa)]

also can be obtained. Here, the vibration mode excited by the boundary
conditions just given corresponds to the resonance frequency w,., and D — oo
even if the drive voltage amplitude is V; — 0. According to Equation 5.90,
cos(l‘*’—a)Jo(:’—:’a) = 0 is the conditional equation for the anti-resonant angular

20,
frequency w,. Therefore,

(C{E:;)Q Wy wr
20 20, lw, —p-(hra)d(5ra)
1= o (o tan(0) = [ e e ] = 0
€33C53 lwr 2v, e (22a) Jo(3Ra) + (epy — c1y) Ji(32a)
(5.100)

is the conditional expression for w,. Equation 5.100 can be transformed into

(F)?

T(%G)JO(%:G)
2 1— [ E (9r 3340»,« E __E wr ]
€33 011(ﬁa)JO(ﬁa)"‘(clz_cll)Jl(ﬁa)
o = oI o (5.101)
€33€C33 (m)ta”(m)
Which can be rewritten as [9]
612’,3 2 ( )
=k 5.102
E35¢8 '
therefore,
1" (s a) o (520)
]-_[Ewr ngr E_.E oy ]
L2 — c11(SEa)Jo(SEa)+(cpp—ery)J1(Sha) (5 103)
t v, Wy '
(7= )tan(5)
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is the formula that satisfies the angular frequency w,. However, k; is the
electromechanical coupling coefficient.

Return to the derivation of admittance to obtain the electromechanical
equivalent circuit. The displacement amplitudes D allow the general solution
for the flux density D, to be

(x7)
th(QlUZ )tan(gli) JO w S jwt
w 0(Za) €5, Vpel
D, =(1+ B omien )2 T
_ 22w w B o
1 kt( lw )tan(2v2> [cﬁ a)17()3(3;a)—&-(c‘lg2 clEl)Jl(l‘)"—Ta)]
(5.104)

The current ¢ supplied by the power supply can be area differentiated by
the time derivative of the flux density equation, which is

a oD
i:/ 2mr—=dr
0 ot
a’m. . . 533k2(
= jw5§3TVOeJ‘”t + jw

J(:;a) o’ jw
)tcm(%z)( I)J(w )21 Vyelwt

(cF,)? "
2v, )tan( lw ) . [ %(ﬁa)‘]o(ﬁa) ]
l” 2020 LR ()l (el —eR) A (a)

(5.105)

?

1— kX

and thus the admittance Y (= ) is

J1(ﬁa) a2
v i g a’m egski (3 )t‘m(zv )(Uia)Jo(ia)zl
= — = jwe + Jw S ACEE
Voeiwt 33 <L%)2(ﬁa)JO(%a)

L= kP (3 )tan(5) — | o

ClEl(ﬁa)Jo(ﬁa)HCfrCﬁ)Jl(ﬁa)]
1

= jwCq + 1 1,1
_.jwa2cd Yzm (—Yrm)

(5.106)

However, the braking capacity Cy = &5, TW the capacity C,, = %Cd
the dynamic admittance N '
Yom = jw2Cdkf(2ﬁ)tan(ﬂ)%, and
T ;T cF . a)+(cE,—cE “a
Yrm —JWQCdk2(2UZ)tan< )(w )( (la) 11( )(iO() S 11)J1(UT ).
== (32a)Jo(;%a)

€33
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By the admittance formula 5.106, in an equivalent circuit with capaci-
tor —C',,. with negative capacitance and dynamic admittance Y,,, and Y,,,
connected in series. The braking capacitance Cy and —C.,., Y., Y., series
circuit connected in parallel, The overall shape is shown in Figure 5.22.

|
|
—Cy 1

Zm

O

&

|.<

Yrm

C

Figure 5.22: Thickness-vibration-mode Equivalent circuit (I)

In a normal electrical circuit, the capacitance of the capacitor is always
positive, whereas in the equivalent circuit for the thickness vibration mode, a
—(C,, with a negative sign is connected in series with the dynamic admittance
Y.m, Yrm, which represents mechanical vibration. This corresponds to the
correction of the influence of the anti-electric field generated by the piezo-
electric vibration on the potential difference between the electrodes, as in the
calculation of the electric field distribution inside the piezoelectric vibrator.
With a normal capacitor, this would result in a voltage drop, but this —C.,
with a negative sign works in the opposite direction, pushing the voltage up,
resulting in the vibrator being driven with a voltage amplitude higher than
the input voltage.

Returning to equation 5.106, C.,, Y,,, and Y,,, have coefficients a =

)2 w g
J1(£a) 2 (era)Jo(3a) .
m and = \/0115‘1(5;‘a)JO?)(SI:‘}Ta)-‘r(ClEQ—ClEl)JI(;a) that vary with angular
frequency w, and if these coefficients are extracted and expressed in terms of
ideal transformers o and (3 in the equivalent circuit, they can be obtained as
shown in Figure 5.23 in the equivalent circuit of the concentrated constant
system.

113



1
Yo

Y

1:« 1:B

Figure 5.23: Thickness-vibration-mode Equivalent circuit (II)

As thickness vibration differs from pure longitudinal vibration in that
not only longitudinal but also radial vibration is considered, the input power
is converted into kinetic energy in longitudinal and radial vibration respec-
tively, and the ideal transformer « can represent the proportional coefficient
of the power converted into the longitudinal component of thickness vibra-
tion. Similarly, as radial vibration is also considered, ideal transformer g can
represent the proportionality coefficient of the longitudinal vibration due to
radial vibration compared to the pure longitudinal vibration excited by the
input power. Therefore, Y, = jcuZCdkf(%)tan(;Twz) represents the pure lon-
gitudinal vibration excited by the input power, the combination of Y,,, and
Y,.» represent the longitudinal component of the thickness vibration.

The equivalent circuit of the thickness vibration has been derived from
the new piezoelectric equation, the next section investigates the admittance
characteristics of a PZTc204 disc-shaped vibrator of 10 mm diameter and 1
mm thickness at no load, using the equivalent circuit for thickness vibrations.

5.3.3 Admittance Characteristics without External Load

In this section, the admittance characteristics for a diameter of 10 mm and
a thickness of 1 mm will be calculated based on the equivalent circuit with-
out external load derived in the previous section using the PZTc204(FUJI
CERAMICS) material parameters mentioned in Table 5.1.

The equation 5.106 for the admittance Y can be transformed into

114



1
R ) )

2vy

1—B2+ (202 - 1)k3 (222 )tan(52)

Y = ijd< (5107)

In the resonance state, when the current amplitude is oo for a constant
input amplitude voltage, which means that ¥ — oo, the denominator in
Equation 5.107 is

1 — B2 — K} (35 )tan(5)

1— B2+ (2a% — 1)]{:?(%)75@71([—)

w
20,

= 0. (5.108)

And transforming Equation 5.108 gives the same result as Equation 5.103,
as follows

(13)? jwp wr
0 (Gra)Jo(Gra)
R G G A )
ki = R ER WS T (5.109)
(£2)tan(32)

Thus, the electromechanical coupling coefficient k; is included in the equa-
tion for w,, and it can be seen that the resonance angular frequency varies
with piezoelectricity.

On the other hand, the anti-resonance angular frequency w, is when the
impedance is co and no current flows. which means that Y — 0, thus from
Equation 5.107,

lw,g Wa
cos Jo(—a) =0 5.110
() o(Za) (5.110)
holds.
Returning to the dynamic admittance Y,, in Equation 5.106, by Laurent
expansion of tan(le“’Z), it can be expressed in a circuit with LC series compo-

nents corresponding to each vibration mode component connected in parallel.
Laurent expansion of Y,, allows from

oo

lw 1
t = 111
an(%z) Z (2n — 1)2122&  wl (5 )

n=1 8 wl E

to be
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- 1
Y. = . 5.112
ijL2n 1+ == ( )

J“Kj2n 1

2 0= . . .
However,A = % is the force coefficient, M = a?nlp is the actual mass

D
of the vibrator, Lo, 1 = M % is the equivalent mass and Cs, ;1 =
33711 13
l

GnTRED is the equivalent compliance.

The equivalent mass Lo,_; is independent of the mode order, whereas
the equivalent compliance C5,_; depends on the mode order and decreases
at a rate of (2n — 1)? as the mode order increases. The equivalent spring
constant is the reciprocal of Cs,_1, which means that the stiffness increases
as the mode order increases.

Considering only the first-order mode, the equivalent circuit is an L,C se-
ries circuit through transformer A connected in series with a capacitor —2Cy

with negative capacitance. The dynamic admittance Y, can be converted to

1

Jwly + JwC1

Ym = A? (5.113)

However, L, = M}j&% and Cy = W'
To obtain the fulluadnlrflttance characterlstlc of PZTc204 disc-shaped vi-
brator, the resistance R,, of the vibration loss and the resistance Ry of the
dielectric loss must be determined in the electromechanical equivalent circuit.
Because the mechanical quality factor @,, and the Mechanical series an-

gular resonance frequency w; = \/% are known, R,, can be obtained from
wsL
Qm
Because the induced loss tand = 0.0025 can be found from Table 5.1, the

braking capacitance Cy and the resistance Rd in parallel can be obtained
from

R, =

(5.114)

1

= 11
tandwCy (5.115)

Finally, the electromechanical equivalent circuit is obtained as shown in
Figure 5.4.
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Figure 5.24: Equivalent Circuit of the Thickness Vibration with losses

Combining the known material parameters with the equation for admit-
tance Y shows that the elastic modulus s¥; is missing, thus s must first
be determined. The resonance angular frequency w, can be found if the fre-
quency factor N; and the thickness [ of the vibrator are known. The value of
s¥ can be solved for using equation 5.109. However, during the calculation,
€33 = daschy, €5y = ey — dszess.

From this electromechanical equivalent circuit the admittance character-
istics can be calculated as shown in Fig. 5.25. The resonance frequency is
2.29 MHz and the conductance at the resonance frequency is 1060.2 mS. The
admittance characteristics of the actuator using the PZTc204 disc-shaped
vibrator with a diameter of 10 mm and a thickness of 1 mm, measured in
air, are shown in Fig. 5.26, with a resonance frequency of 2.13 MHz and a
conductance at the resonance frequency of 85.8 mS.

As far as the resonance frequency is concerned, the difference between
the calculated and measured results is reduced to 0.16 MHz compared to the
calculated results considering only longitudinal vibrations.

Although the calculated results of the admittance characteristics are quite
different from the measured results, compared with the calculated results
in Figure 5.5, the calculated results of the admittance characteristics after
considering the radial vibration are found that the resonance frequencies of
the thickness vibration are distributed around the resonance frequencies of
the radial vibration, which are 1.27 MHz, 1.61 MHz, 1.95 MHz, 2.63 MHz,
and 2.97 MHz, respectively. The results of the admittance measurements
also show that there are multiple radial resonance frequencies represented by
multiple peaks near the resonance frequency of the thickness vibration.
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Figure 5.25: Measurement result for the Admittance of the Actuator using
PZTc204 Disc-shaped 10mm Diameter 1mm Thickness Transducer without
loads (Resonance Frequency: 2.29 MHz; Conductance: 1060.2 mS)
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Figure 5.26: Measurement result for the Admittance of the Actuator using
PZTc204 Disc-shaped 10mm Diameter 1mm Thickness Transducer in Air
(Resonance Frequency: 2.13 MHz; Conductance: 85.8 mS)
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As the calculations are for a disc-shaped vibrator with free end surfaces,
it will be investigated whether the results can be improved by adding loads
to both end surfaces. In order to verify this, it is necessary to create an
electromechanical equivalent circuit (Mason equivalent circuit), which can
deal with arbitrary boundary conditions, and the Mason equivalent circuit
for thickness vibration was investigated in the next section.

5.3.4 Mason Equivalent Circuit

Finding electromechanical equivalent circuits for centralised constant sys-
tems is constrained by the fact that the boundary conditions are fixed. In this
section, Mason equivalent circuit is represented for the thickness vibration
that can accommodate arbitrary boundary conditions.

Take the inward positive force in the z-axis direction of the vibrator and
define each parameter as Fi, Fy and Fj, respectively, as shown in Fig. 5.27.

Figure 5.27: Definition of each parameter of the transfer matrix of thickness
vibrations.

From the wave equation for thickness vibration, the general solution for
displacement is

Up = Acos(vﬁz)Jl(ﬁr)ejm (5.116)

z UT‘

w W W oo
u, = [Ccos(—2) + Dsin(—=z)]|Jo(—r)e’" (5.117)
v, v, Uy
efyefy— ()’ efyefy— ()’
cfptels cfytels
However, v, = — v =\ Because no boundary con-

ditions such as freedom at both sides are given here, C' = 0 is not used and
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even functions are included. The electric field in this case agrees with the
case of boundary conditions such as two sides free, since the even functions
disappear when the potential is calculated in the same way as in Equation
5.92. Thus, from Equation 5.91, the electric field is

B, = = 5¢ 2 (~Csin(~2) + Deos(:>2)) Jo(-r)e
€33 Uz Uz Vs Ur
o N (5.118)
+ ~— Dsin(
l s,

%ejwt
J - jwt
2112) O(UTT) + l

In this derivation process, the mechanical boundary conditions of the vi-
brator are not included, thus it holds for all boundary conditions and angular
frequencies w. By substituting the general solution of the displacement and
the expression for the electric field into the piezoelectric equation 7., and
T,,, the stress T, T,, are

1 )
T :cﬂAcos(ng)(ﬂJo(gr) - —Jl(gr))e”’t

. U Uy r v,

+ clecos(ﬁz) Jl(ﬁr)ej“’t
W Uz wr U?,u y (5.119)
— 13— Csin(—z)Jo(—r)e’”
Cl3vz sm(vzz) o(vrr)e
w
—D Z NI (= jwt
—i—clgvz cos(vzz) O(UTT)e

w W
T, (0131) A+C33U D)COS(U_Z)JO(U_T)QJM
w W\
c33—C’szn(U—z)Jo(v—7“)€] ' (5.120)
€22 . lw w j Voel!
22 QUZ>J0(U_T7’)€M — €33 Ol

Noting that the stress is positively tensile, whereas the force is positively

compressive, F at z = —é is

= —27r/ 1| udr
0 2

D W lw lw e2. 2 lw
= (24 D w 2,
[(013 +c 33,02 )005(27}2)+C330Z05m(2@z) 5§3l Sm(%z)]
Vi Jwt
(— 27r(w)aJ1(v—Ta)e]“’t)+633 O‘j a2,
(5.121)
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anngatz:%is

F2:—27T/ T, 1d
0 -2

lw w . lw e2,2  lw
[(cl% A+ch UZD>COS(2UZ) - C%U—ZCsm(%z) - i?Dsm(%z )]
Vejwt
(— 27r(w )aJl(v—ra)eJ " + es3 Ol a’m.
(5.122)
and F3 at r = a is
%
Fg = — 2a7r/ Trr’r:adz
1
w w w w
=[enn A TJ()(v_ra) - aJl(U—T@)) + 012A Jl(vr a) + Cfav—zDJo(—ra)]
v lw . .
damZsi et
(— am— sin( Uz)e )
(5.123)

On the other hand, the vibration velocities vy, v and v3 on surfaces are

¢ Ou wl wl v w «
=9 ol — — Dsi 2 or - Jwt
vy 7r/0 7( T |Z_ﬁ)dr Jjw[Cecos( vz) sin( Uz)]( WwaJl(Ura))e

“ou wl wl v w ,
= z = ' - Za))elwt
Vg 27r/0 r(— By |z,7)d7’ jw[C’cos(QU )+Dszn(2 )](27Twa]1( a))e

z z /U’/‘

L

vg = 2a7r/zl (85; |lr=a)dz :ijJl(ﬁa)(4a7r%sm(li))ejwt.

1 Uy w v,

l\.’)

(5.124)

because the general solution of the displacements in Equations 5.116 and
5.117 can be differentiated with time .

Substituting Equation 5.124 into Equations 5.121, 5.122, 5.123 and V =
Voed@t gives

1

Fi =vsZs +uv1 71 + (Ul — ’Ug)Zlg + W

A%(v) —vy) + AV (5.125)
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1

F2 = Ung — Uzzl + (Ul — Ug)Zlg + = AQ(Ul — ’UQ) + AV (5126)

Jjw(—Cqa?m)
By hEDRE + =)Ao ()
Y —jwali(2a) e AT
(5.127)
_ °f3 _ B lw _ _iem 1 —
HOWGVGI‘, Zg = W’ Zl = ];tan(ﬁ), Z12 - _]Uvz sin(12)” Cd =

5§3a2” C _ 42 __ esza’w _ Jwt
B dm—aﬂ'CdaA_Tav_%e .

Substituting Equation 5.127 into Equations 5.125 and 5.125 to integrate
gives the Mason equivalent circuit of the thickness vibration shown in Figure

5.28.

Z, Zy
O QO
A vl . V2 . A
I H Z12 V3
© 1] —
_Cm
R Z F
Fy Cq Ra mH g S I
VvV —_ H B:1
1:A
O
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Figure 5.28: Mason Equivalent Circuit of the Thickness Vibration with losses.

efy (£ a) o (£ a)+(chy—cF)) 1 (a)

—jwadi( %a) ?

e (£ a)Jo(a)
However, B = LA vr
D= g h (Z () (Za)

Ty = =5
—j2vztan(2lT“’z)
In this calculation process, the stress was determined from the force com-
ponent and the relationship with the vibration velocity was determined, thus
the part of the braking capacitance Cy from the power supply side is not rep-

resented. The braking capacitance enters in parallel with the input voltage,

7231:
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as can be seen from the consideration in the concentrated constant system,
and if the losses are considered in the same way as in the concentrated con-
stant system, the equivalent circuit for is shown in Figure 5.28. The dielectric
loss R4 and vibration loss R,, are calculated in a similar way to the equivalent
circuit of a concentrated constant system.

The vibration loss R,, can be calculated from the Mason equivalent cir-
cuit short-circuited at both ends (free state at both end faces). Moreover,
the Mason’s equivalent circuit after short-circuiting at both ends can be con-
verted to the equivalent circuit of the centralised fixed number system, thus
R,, and R, are the same as in the equivalent circuit of the centralised fixed
number system. [10]

Because the obtained three-port Mason equivalent circuit can correspond
to arbitrary boundary conditions, Theoretically, by adding loads at the ports
of the Mason equivalent circuit, the corresponding admittance characteristics
as well as the vibrationa velocities can be obtained.

5.3.5 Conclusion

Combining the discussion of longitudinal and radial vibration in the above
two sections, it can be learnt that thickness vibration is a combination of lon-
gitudinal and radial vibration. Therefore, in this subsection, the electrome-
chanical equivalent circuit of thickness vibration is discussed. The electrical-
mechanical equivalent circuit of thickness vibration is obtained by solving
the piezoelectric equation with parameters in the longitudinal and radial di-
rections, as shown in Figure 5.28. However, it is not possible to accurately
find the conductivity and vibration characteristics of the thickness vibration.

5.4 Conclusion

1. Longitudinal vibration:

In this section, thickness vibration is considered through an equivalent
circuit model of longitudinal vibration. In the case of PZTc204, a disc-
shaped vibrator with a diameter of 10 mm and a thickness of 1 mm was
used to compare the calculation results of the equivalent circuit model of
longitudinal vibration with the measured results, and it was concluded that
the equivalent circuit model of longitudinal vibration cannot accurately rep-
resent the thickness vibration characteristics.
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1.1 Calculation results for admittance characteristics:

eln air: resonance frequency f,: 1.42 MHz; Conductance at resonance
frequency: 2041.1 mS.

eln water: resonant frequency fs: 1.42 MHz; Conductance at resonance
frequency: 121.0 mS.

1.2 Calculation results for vibration velocity distribution:

eln air (5Vy,): Shape: straight line; Maximum vibration velocity: 2147.5
mm/s.

eln water (5Vq,): Shape: straight line; Maximum vibration velocity:
156.1 mm/s.

From the above, it was found that the equivalent circuit model considering
only longitudinal vibration cannot accurately represent thickness vibration.
As shown in Figure 5.1, in addition to longitudinal (z) vibration, there is
also radial (r) and rotational (6) vibration. From the vibration distribution
measurements presented in Chapter 2, it is known that the vibration distri-
bution is centrosymmetrical, thus the vibration in the direction of rotation
(0) can be neglected, leaving only the vibration in the radial direction (7).

2. Radial vibration:

In this section, the displacement function w,(r,¢) of the radially symmetric
extension vibration of a disc-shaped vibrator is derived using the piezoelec-
tric equation considering only the parameters in the radial direction. After
analysing this displacement function w, and converting it to longitudinal
displacement, it is concluded that the symmetric extension vibration in the
radial direction does have the possibility of transforming the piston vibra-
tion in the longitudinal direction into a thickness vibration. In other words,
the thickness vibration may be a combination of the symmetric extension
vibration in the radial direction and the piston vibration in the longitudinal
direction.

3. Thickness vibration:

The Mason electrical-mechanical equivalent circuit of thickness vibration
is obtained by solving the piezoelectric equation with parameters in the lon-

124



gitudinal and radial directions, as shown in Figure 5.28. Theoretically, by
adding loads at the ports of the Mason equivalent circuit, the corresponding
admittance characteristics as well as the vibrational velocities can be ob-
tained. However, there are several problems:

firstly, due to the complexity of the equation, the trigonometric functions are
intertwined with the Bessel functions, which tends to lead to non-convergence
of the calculation results.

Secondly, since there are many equivalence relationships between the pa-
rameters, breaking one equivalence relationship will lead to a change in the
relationship between many parameters when all parameters are not taken
into account.

Third, it is difficult to quantify the forces in the radial direction.
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Chapter 6

CONCLUSIONS AND
FUTURE WORK

6.1 Conclusions

This paper, entitled [Study on underwater actustors using thickness vi-
bration piezoelectric elements| and consisting of six chapters, investigates the
differences in the properties of an underwater actuator with a disk-shaped
thickness vibration piezoelectric element as a result of changes in the material
and shape of the thickness vibration piezoelectric element, and summarises
research into the relationship between acoustic radiation force and propulsion
force.

In Chapter 1 [Introduction], the miniature underwater actuators that
have been studied are described, the advantages of underwater ultrasonic ac-
tuators are investigated, and the necessity of understanding phenomena such
as the principle of propulsion force generation and the quantitative relation-
ship between the two is stated for practical application. The paper states
that the objective of the research is to obtain the basic data necessary for op-
timising the element configuration through prototype fabrication, operation
measurement and analysis of three types of underwater ultrasonic actuators.

In Chapter 2 [Miniature Underwater Actuator using a PZT Disk-shaped
Transducer|, an actuator using a PZT disk-shaped transducer with a diam-
eter of 10 mm, a thickness of 1 mm and a resonance frequency of 2.13 MHz
is fabricated to investigate the operating characteristics and the mechanism
of propulsion force generation. As operating characteristics, a static propul-
sion force of ImN and a no-loaded speed of 150 mm/s were obtained for the
underwater ultrasonic actuator at a driving power of 4.6 W. The propul-
sion force was calculated from the results of measurements of the vibration
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velocity characteristics of the PZT disk-shaped transducer and the acoustic
radiation characteristics into the water, and from the theory of the acoustic
radiation force generated at the solid/liquid boundary.

In Chapter 3 [Miniature Underwater Actuator using (Bi, Na, Ba)(T'i, Mn)O3
Disk-shaped transdeucer]|, an actuator with a (B, Na, Ba)(T'i, Mn)O3 disk-
shaped trasducer of 8.4 mm diameter, 0.5 mm thickness and resonance fre-
quency of 4.22 MHz is fabricated and the operating characteristics are mea-
sured to show that the disk-shaped transducers that is applied to underwater
ultrasonic actuators can be constructed from lead-free piezoelectric material.
As operating characteristics, a static propulsion force of 3.9 mN and a no-
loaded speed of 60 mm/s were obtained for the underwater BNBTM actuator.
It also shows that the underwater BNBTM actuator can be driven with a
small driving power requirement of 0.4 W for a propulsion force of 1 mN.
The results of calculating the propulsion force from the theory of acoustic
radiation force at the solid/liquid boundary, which is already known, show
that the calculated value is smaller than the measured value and that further
investigation is required.

In Chapter 4 [Minature Underwater Actuator using a PZT Ring Trans-
ducer], an actuator using a PZT ring transducer with an outer diameter of
5 mm, an inner diameter of 3.2 mm, a thickness of 1.4 mm and resonance
frequency of 1.09 MHz is fabricated and the operating characteristics are
investigated. The PZT ring actuator’s static propulsion force of 1 mN and
no-load speed of 25 mm/s have been obtained as operating characteristics.
The driving power for 1 mN of propulsion force is 4.2 W, which is shown to
be almost the same as the value in Chapter 2.

In Chapter 5 [Equivalent Circuit of Disk-shaped Transducer], the coupling
of radial vibration to the excitation of the thickness mode results in a complex
distribution of vibration on the vibration surface, which is determined by
analysis, and an electroacoustic equivalent circuit describing the vibration
state is investigated. It is stated that an understanding of the coupling of
the two vibration modes is necessary and that further study is required to
construct an equivalent model.

In Chapter 6 [Conclusions and Future], the results of this study are sum-
marised and future prospects are discussed.

In summary, this paper is an experimental and analytical study of an
underwater actuator using a thickness vibration piezoelectric elements, to
investigate modelling problems and to obtain basic data for the construction
of an optimum system. Because this paper is the first systematic discussion of
a new type of underwater ultrasonic actuator, it contributes to the realisation
of underwater ultrasonic actuator applications.
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6.2 Future Work

Future work is centred on these three topics:

1. The electrical-mechanical equivalent circuit model by considering two
directional parameters in the longitudinal and radial directions.

Although the Mason equivalent circuit for thickness vibrations is derived
from the piezoelectric equation, several problems remain:

e How to simplify the Mason equivalence circuit.

e How to quantify the force in the radial direction,

e [s it possible to build a model dedicated to ultrasonic underwater actu-
ators by incorporating Propulsion calculations into the equivalence circuit.

e Are there other better models available,

e [s it possible to improve the model for finite element simulation to
achieve numerical matching.

2. In order to explore the propulsion principle of the ultrasonic underwa-
ter actuator, it is necessary to quantify its Propulsion force. In this study,
the propulsion characteristics are investigated by experimentally measuring
sound pressure to calculate the acoustic radiation force.

Although the sound pressure has been successfully measured to calculate
the propulsion force, it does not match the actual thrust characteristics. The
following issues can be considered in the future:

e The calculation needs the value of the sound speed in the PZT trans-
ducer, which is calculated from the equivalent circuit model of longitudinal
vibration, thus the value of the sound speed is different from the thickness
vibration mode, which leads to the deviation of the calculation result.

e Because the propulsion force is too small, the measured value will be
deviated due to the external influence during the measurement.

e Due to the lack of consideration of the viscosity, which causes the cal-
culated values to be larger than measured values.

e Exploring the possibility of alternative propulsion theories more suitable
for ultrasonic underwater actuators,

3. To take advantage of the miniaturisation of the ultrasonic underwater
actuator.

Although three different ultrasonic underwater actuators were designed
and evaluated in this study. However, all of them are not sufficient for
practical applications and there are still areas that need to be improved.

e As environmental protection and safety are the issues of the future,
the use of non-lead materials for ultrasonic underwater actuators should be
promoted.

e Further size reduction to highlight the advantages of ultrasonic under-
water actuators,
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e For the exploration of application scenarios, field simulation experi-
ments are conducted. For example, in-pipe drives.

e How to reduce the impact of wires on ultrasonic underwater actuators,

e Improvement of the structure of the ultrasonic underwater actuator to
enable it to maintain a moving attitude in the water.

e How to improve the high driving efficiency of ultrasonic underwater
actuators,

130



Publication

Papers

1. Y. Qian; DQ. Kong; D. Nagasaki; M. Aoyagi; M. K. Kurosawa. (2024).
A miniature swimmer actuated by a PZT Ring Ultrasonic underwater
propulsion System. JAPANESE JOURNAL OF APPLIED PHYSICS,
63(4), doi: 10.35848/1347-4065/ad327hb.

2. Y. Qian; DQ. Kong; Y. Doshida; Aoyagi, M; M. K. Kurosawa. (2021).
An underwater propulsion system with (Bi,Na,Ba) (Ti, Mn)Oj3 trans-
ducer. JAPANESE JOURNAL OF APPLIED PHYSICS, 60(SD), doi:
10.35848/1347-4065/abf3d7.

International Proceedings

1. Y. Qian, DQ. Kong, M. K. Kurosawa. Force characteristics of disc-
shaped PZT transducer for underwater acoustic propulsion system,
IEEE Ultrason. Symp., Proc. of IEEE Ultrason. Symp., Sept. 2021.

2. Y. Qian, T. Hirata, DQ Kong, Y. Doshida, M. Aoyagi, M. K. Kurosawa.
Evaluation of (Bi,Na,Ba)(Ti,Mn)O3 and (Sr,Ca)sNaNb;O,5 Piezoelec-
tric Ceramics for underwater propulsion systems, Symp. on Ultrasonic
Electronics, Proc. of Symp. on Ultrasonic Electronics, Oct. 2021.

3. Y. Qian, DQ Kong, Y. Doshida, M. Aoyagi, M. K. Kurosawa. A Under-
water Propulsion System with (Bi,Na,Ba)TiO3 Piezoelectric Ceramics,
The 41st Symposium on UltraSonic Electronics, Proc. of the 41st Sym-
posium on UltraSonic Electronics, Vol. 41, 3Pb4-3, Nov. 2020.

4. Y. Qian, D. Kong, D. Nagasaki, M. Aoyagi, and M. K. Kurosawa.
A novel ultrasonic underwater propulsion system using a PZT ring
transducer. The 44th Symposium on UltraSonic Electronics. Proc. of
the 44th Symposium on UltraSonic Electronics, 2P4-8. 2023.

131



Domestic Proceedings

1. SRR, FLAEIE, B, IRBHMRIE X O BREI R X 2 EER T2 AW
TP HEEE > 2 7 2 DHEE T DZEAL, HARE S 2021 FEKEITFEFHE
2, HAREE A2 2021 FEEFLHE S FHEHR S, pp. 33-34, Sept.
2021.

2. BRI, LB, HEHE F%E, BEE. JBEER T I K 2BE IR
e S X 7 L DR, B8 33 B TEMNIBEHEDO XA FI 7R VR
DL, #3300 TMEMABEEO XA FI 7R ¥ VROV Li#EHERE
£ pp. 231-234, May 2021.

Related Papers

1. DQ. Kong; Y. Qian; M. K. Kurosawa; M. Aoyagi. (2021). Evaluation
Method for Acoustic Underwater Propulsion Systems. JOURNAL OF
THE ACOUSTICAL SOCIETY OF AMERICA, 150(2), 1157-1164.
doi: 10.1121/10.0005657.

Related Proceedings

1. FLEESE, $805, S5, HHE. AT —T A7 7L — a VAT DBE R
HERv Ry MEES X7 2 OMET, 5 3310 MERNIBEED X A F 3
IR VR D L, H33M TERNEEOR A FIT R S URY
v LfEGER SR, pp. 107-108, May 2021.

2. fLAEESE, /EMFE, IR, BURE, FUY. L7 EAREI T2 X 2P HE
S 2T L, HAFEYS 2021 FEFMIEHES, HARAFTEESR 2021
TERFIR AR ZMWEGR S, pp. 93-94, Mar. 2021.

3. DQ Kong, K. Nishio, S. Kajii, G. Sen, M. K. Kurosawa. Self-propelled
vascular robot propulsion system via SAW and BAW, HAHE I E
FRE I FIEMIR R, HARBHRESARE 93 FIEMR R TDERER, Dec.
2020.

132



Acknowledgments

I would like to show my heartfelt gratefulness to all the people who have
helped me to complete this thesis and conclude my five years study. My
adviser, Prof. Minoru Kuribayashi Kurosawa, enlarged my knowledge and
horizon, gave me a free research environment.

At the same time, Prof. Kong Deqing of toyota institute university gave
me great help with my research.

I would also like to thank Prof. Nishikata, Prof. Takahiro Aoyagi, Prof.
Takeshi Morita and Prof. Marie Tabaru of Tokyo Institute of Technology in
my thesis committee.

I would like to thank Nishio Kazuki for guiding me in my life as well as
in my research.

I would like to thank all the members of Kurosawa Lab.

I would like to thank my parents for supporting me to come to Japan to
study.

Finally, I would like to thank all the people I have met in Japan.

133



