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Abstract

Considering that high Young’s moduli and low ultrasonic attenuation of fine ceramics may
enhance driving force and reduce energy dissipation, in this study, we exploit the usage of fine
ceramics as vibrating bodies of ultrasonic motors. Several alumina vibrating bodies were
fabricated and bonded to annular lead-zirconate-titanate (PZT) disks to form ring-shaped
vibrators, where traveling waves with the 3rd bending modes were excited to frictionally drive
the rotor. First, we explored the fundamental vibration properties. As predicted, the alumina,/
PZT vibrators provided relatively high force factors, high electromechanical coupling factors,
and low damping compared to the stainless-steel/PZT one with similar structure. Subsequently,
through experimental assessment on load characteristics, we found that the rotation speed of the
alumina/PZT motor at 20 V was larger than that of the stainless-steel /PZT motor at 250 V, and
meanwhile, it exhibited superior maximal-torque-to-voltage and maximal-output-power-to-
voltage ratios; these results imply that satisfactory performance is achievable with our motor.
Besides, alumina’s chemical resistance and electrical resistance make our motor potentially
applicable to the acid/alkaline atmosphere and the intensively alternating-current magnetic field.

Keywords: ultrasonic motors, alumina, high young’s modulus, low ultrasonic attenuation

(Some figures may appear in colour only in the online journal)

1. Introduction

Since ultrasonic motors (USMs) offer the capability to pro-
vide quick response, simple structure, and absence of
electromagnetic radiation [1-5], they have achieved practical
application to several fields [6-9], e.g. auto-focusing system
in digital cameras [1]. Vibrators and rotors are the main
components of USMs [1, 8] and vibrators basically consist of
vibrating bodies (commonly made of metals) and piezo-
electric materials [typically, lead zirconate titanate (PZT)]
[1, 5, 7, 8]. After preliminarily investigating how vibrating
bodies’ material constants affected USMs’ vibration proper-
ties in former studies [4, 10-12], we predicted that high
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Young’s moduli and low ultrasonic attenuation, which con-
tributed to enhancing the driving force and suppressing
energy dissipation [1, 4, 8, 12], were desirable for vibrating
bodies [10-12].

In previous studies [1, 8, 13-18], fine-ceramic layers
were generally coated onto metal-based vibrators’ and/or
rotors’ surfaces to improve USMs’ frictional and abrasional
characteristics, but they were too thin to affect vibration
properties [1, 8]. To date, there has been almost no report
about fine-ceramic-based USMs except Aoyagi et al’s motor
[19]: a thin PZT film was printed onto a fine ceramic plate to
suppress thermally-induced stress in the poling process, but
its vibration properties were roughly studied and the load
characteristics were completely not explored [19]. Besides,
this motor is seemingly incapable of working even when a

© 2019 IOP Publishing Ltd  Printed in the UK
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Figure 1. (a) Configuration of the tested alumina/PZT motor; (b) the ring-shaped vibrator, consisting of an alumina vibrating body and (c) an

annular PZT disk; and (d) the rotor.

small preload is applied because its PZT film is too thin to
generate sufficient vibration amplitude [19]. Thus, it would be
meaningful to design new fine-ceramic/PZT motors to
examine the actuating capability.

In this study, we fabricated a ring-shaped alumina/PZT
vibrator to form a traveling-wave USM and systematically
investigated its vibration properties and load characteristics.
Here, alumina is employed owing to its relatively low ultra-
sonic attenuation among commonly-used fine ceramics [12].
Additionally, the ring shape, which has been widely studied
in the development of USMs [4, 10, 20-25], is selected as its
small profile and hollow structure are attractive advantages
for practical usage [1, 8].

2. Configuration

Figure 1(a) schematically illustrates the developed motor,
dominantly composed by a vibrator and a rotor. As depicted
in figure 1(b), the vibrator incorporates an alumina vibrating
body (A995, NTK Ceratec, Sendai, Japan) and an annular
PZT disk (C213, Fuji Ceramics, Fujinomiya, Japan). The
alumina product has the Young’s modulus, bulk density,
Poisson’s ratio, and purity of 380 GPa, 3.9 x 103 kg m_3,
0.24, and 99.5% [26], respectively. It consists of a back disk
0.5 mm in thickness and a cylindrical part 30 and 20 mm in
outer and inner diameters, respectively. Average roughness of
the driving surface is 0.12 pm [27], far lower than the
vibration amplitude [~7 pm (see the following section)].
Some 1 mm deep 0.5 mm wide slots were created on the
cylindrical part with 10° intervals. Here, several vibrators
with varying un-slotted part’s thickness i were prepared to

electrode

Figure 2. Photos of the alumina/PZT vibrator prototype taken from
the (a) top and (b) bottom views and those of the stainless-steel/PZT
vibrator prototype taken from the (c) top and (d) bottom views. Note
that, though the central holes on bottom disks have different
diameters, they should exhibit little effect on the vibration properties
as the fixed parts (in yellow) have the same diameters.

explore how the h affects vibration properties. A central hole
was introduced on the back disk to fix the vibrator. A polar
coordinate system (z, #, and r axes) is established on the upper
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Figure 3. (a) Resonance frequency and (b) force factor of the alumina/PZT vibrators with varying unslotted-part thickness. The solid lines
and circles are simulated and experimental results of the alumina/PZT vibrators, respectively. The dashed lines and triangles are the values of

the stainless-steel/PZT vibrator.

surface. As shown in figure 1(c), the PZT disk has an outer
diameter of 30 mm, an inner diameter of 20 mm, and a
thickness of 0.5 mm. One side of the silver electrode was
evenly divided into 12 parts with identical polarization
directions. The undivided side was bonded to the back surface
of the alumina vibrating body with epoxy resin. When
alternating voltages with phases, i.e. Ugcos(wr), —Uycos(wrt),
Upsin(wt), and —Upsin(wt), where U,, w, and ¢ are
respectively voltage, angular working frequency, and time,
are applied; the 3rd bending mode is excited on the vibrator.
Since the sum of these four voltages is zero, electrical
potential of the undivided part should be equal to zero
[1, 4, 12] and as a consequence, it is not required to connect
this side to the ground [1]. The aluminum rotor shown in
figure 1(d) has two parts with different diameters. A bearing
is inserted into the part with a 33 mm outer diameter, while
the bottom surface of the other part is in contact with the outer
edge of the vibrator. A spring is used to apply preloads to the
rotor to generate frictional force.

Figures 2(a) and (b) illustrate the photos of an alumina/
PZT vibrator taken from the top and bottom views, respec-
tively. Instead of feeding lines, a flexible electrode (purchased
from Nihon Membrane, Tokyo, Japan) was bonded to the
PZT disk’s divided side with the non-conductive epoxy-resin
adhesive. Here, the applied pressure during thermal solidifi-
cation and the adhesive’s volume were adjusted to achieve
both sufficient bonding strength and electrical connection. As
shown in figures 2(c) and (d), a stainless-steel (SUS304)/PZT
motor was fabricated for performance comparison. Its struc-
ture is almost the same as the alumina/PZT ones (see
figure 1(b)) except the 4 mm thick unslotted part; the reason
for choosing this thickness is explained in the following
section.

3. Vibration properties

First, we calculated resonance frequencies and force factors
of the alumina/and stainless-steel/PZT motors through finite
element analysis (FEA) [software: ANSYS (ver. 16.0,
ANSYS Inc. Canonsburg, USA)]. Here, the force factor A is
defined as the ratio of the current (measured with a current
probe: P6021, Tektronix, Beaverton, USA) to the #-axis
vibration velocity (measured with an in-plane vibrometer:
IPV100, Polytec, Waldbronn, Germany) [1, 4, 11, 12].
Figure 3(a) shows that the resonance frequencies mono-
tonically increase as the vibrators become thicker. Owing to
high stiffness [11], the alumina/PZT vibrator exhibits rela-
tively high resonance frequencies compared to the stainless-
steel /PZT one. Figure 3(b) demonstrates that the force factors
reach peak values when the alumina/and stainless-steel /PZT
vibrators have 3 and 4 mm thick unslotted parts, respectively.
Moreover, the maximal force factor is 2.4 times higher for the
alumina/PZT than for the stainless-steel/PZT vibrator dom-
inantly owing to alumina’s high Young’s modulus [12]. Our
previous studies [11, 28] have proved that, among the stain-
less-steel /PZT motors in disk shape (as shown in figures 2(c)
and (d)), the one with a large force factor tends to exhibit high
performance. On the basis of this knowledge, only the one
with a 4 mm thick unslotted part was prepared in this study.
Whereas alumina/PZT motors with varying thickness were
fabricated to test whether they had the same tendency.
Subsequently, we investigated the vibration properties
based on the equivalent circuit model [1]. The motional
admittance Y,,o, resonance frequency f,, anti-resonance fre-
quency f,, and bandwidth corresponding to 0.707 times of the
peak amplitude Af, were initially measured with an impe-
dance analyzer (4294A, Agilent, Santa Clara, CA, USA).
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Table 1. Equivalent circuit parameters of alumina/PZT and stainless-steel/PZT vibrators.

Alumina/PZT Stainless-steel /PZT
Unslotted part thickness ()/mm 1 3 5 4
Resonance frequency (f,)/kHz 49.567 71.225 98.126 26.124
Anti-resonance frequency (f,)/kHz 49.658 72.073 98.889 26.155
Electromechanical coupling factor (k) 6.1% 15.3% 10.7% 4.9%
Force factor (A)/N V! 0.012 0.033 0.019 0.014
Q factor 880 769 775 379
Equivalent damper (v,,)/N's m™! 0.624 0.516 0.645 2.089
Equivalent stiffness (s,,)/10° Nm™" 171 177 308 130
Equivalent mass (m,,,)/lOf3 kg 1.76 0.90 0.81 4.82
< 600 1000 [12]. In the meantime, the alumina/PZT vibrators exhibit
:"E" higher Q factors, resulting in lower equivalent damping
£ 500 800 [1, 4, 8]. Besides, they possess relatively high equivalent
~ stiffnesses and low equivalent masses, which are assumed to
2 400 originate from the relatively high Young’s modulus and
_8 600 5  moderate density of alumina, respectively [1, 4, 11, 12].
$ 300 fIncreasing g Finally, we explored how the vibration velocity and the
5 voitage 1 400 5 Q factor depended on the voltage applied to the h3 vibrator.
= 200 As figure 4 showed, the vibration velocity linearly increased
__§ ) 1 200 from 0 to 512 mms ' In the meantime, the Q factor
~ 100 Decreasing exhibited almost no variation as the voltage increased from 0
% : Volt?ge : to 10 V, but a reduction in the voltage range from 10 to 20 V
D 0 0 as a consequence of PZT’s nonlinearity. Besides, no hyster-

0 5 10 15 20
Voltage / V

Figure 4. Variation of the #-axis vibration velocity as functions of
applied voltage (0-20 V).

Then, the electromechanical coupling factor k, mechanical
quality factor Q, equivalent damping +,,, equivalent stiffness
S, and equivalent mass m,, are calculated with the following
equations [1, 18]:

2
k= |1 — (%) , (1)
0= if @)
2
T =y 3
m0
. . A2
5, = QA YQ A 4)
m0
and
m, = Q7A2 (5)
27‘[]‘; . Ymo

respectively. As table 1 shows, the alumina/PZT vibrator
with a 3mm thick unslotted part (h3 vibrator) exhibits a
relatively high electromechanical coupling factor compared to
the h1 and h5 vibrators as well as the stainless-steel /PZT one

esis was observed in the vibration-velocity and Q-factor
dependences on voltage.

4. Motor performance

4.1. Experimental setup

In this section, we measured load characteristics of the alu-
mina/PZT motors and made comparison with the stainless-
steel /PZT one. Figure 5(a) depicts the experimental setup.
First, two signals with a 90° phase shift were amplified with
bipolar power amplifiers (HSA4051, NF Corp., Yokohama,
Japan). Then, inverted signals were created with center-tap-
ped transformers. Two high-frequency power meters (3335,
Hioki E. E. Corp., Nagano, Japan) were arranged between the
amplifiers and the transformers to measure the electrical input
power. Figure 5(b) schematically illustrates the system for
evaluating the load characteristics. The torque was measured
by pulling up a weight while the rotation speed was estimated
with a self-made rotation meter. The mechanical output power
equals the product of the torque and the rotation speed.

4.2. Load characteristics

Figure 6 illustrates the variation in the no-load rotation speed
of the h3 motor against the phase at the voltage, frequency,
and preload of respectively 10 V, 71.2 kHz, and 3.3 N. When
the phases were —90° and 100°, the motor provides maximal
rotation speeds in clockwise and counterclockwise directions,
respectively. Figures 7(a)—(c) respectively plot how the
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Figure 6. Variation in no-load rotation speed of alumina/PZT motor
against phase.

rotation speed, output power, and efficiency change with
varying torque. The voltage, working frequency, and phase
were set to 10 V, 71.2 kHz, and 100°, respectively. At 3.3 N,
the maximal torque, output power, and efficiency reached
12.8 mNm, 58.2 mW, and 6.8%, respectively. When the
preload increased to 6.3 N, there existed a reduction in
mechanical output as a consequence of lowered efficiency.
Figures 8(a)—(d) respectively demonstrate how the max-
imal torque, no-load rotation speed, maximal output power,
and maximal efficiency of the h3 motor depend on the voltage
under different preloads. Every time the voltage and/or pre-
load were varied, the working frequency was adjusted to
enable the vibrator to provide maximal vibration velocity.
There initially existed a dead region at <2 V [2]. Then, the
torques corresponding to the preloads of 2.4 and 3.3 N

became higher as the voltage increased from 5 to 10 V, and
approached the saturated value at 10 V [2, 11]. At 6.3 N, the
maximal torque (25.9 mNm) was limited by the voltage
rather than the preload [2]. The no-load rotation speed
increased as the voltage became higher. The maximal output
power reached 141 mW. When the voltage and preload were
respectively 20 V and 3.3 N, the h3 motor exhibited the
maximal efficiency (~8%).

Figures 9(a)—(d) plot the maximal torque, maximal no-
load speed, maximal output power, and maximal efficiency of
the alumina/PZT motors against their unslotted part thick-
ness, respectively. To avoid their failure (see appendix A), the
voltage was set to 20 V. Similar to stainless-steel/PZT ones,
the h3 motor exhibits the maximal torque owing to the rela-
tively high force factor [1, 2, 4, 12]. No-load speed is dom-
inantly affected by the #-axis vibration velocity [2, 11]. The
maximal output power achievable with the h3 motor is higher
as a consequence of its larger electromechanical coupling
factor [4, 18]. The maximal efficiency does not show obvious
difference among the alumina/PZT motors as their friction
materials are identical [1, 14].

4.3. Performance comparison

Table 2 compared the performance between the h3 motor and
the stainless-steel/PZT one. The h3 motor operates in the
high vibration region even when the voltage is as low as 20 V.
Whereas, at the same voltage, the stainless-steel/PZT motor
works in the low vibration region and provides inferior per-
formance. At 250 V, larger preload can be applied to the
stainless-steel /PZT vibrator as it stores higher vibration
energy [4]. Meanwhile, the frictional coefficient between
stainless steel and aluminum (~0.35) is higher than that
between alumina and aluminum (~0.25) [29]. Both of them
cause relatively high torque of the stainless-steel/PZT motor
at 250 V. However, the maximal-torque-to-voltage (T-to-U)
ratio of the alumina/PZT motor is 6.9 times the value of the
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Table 2. Performance comparison between alumina/PZT and stainless-steel /PZT motors.
Alumina/PZT with h3
vibrator Stainless-steel /PZT
Low vibration High vibration
Performance High vibration region region region
Applied voltage/V 20 20 250
Electric field intensity in PZT/V mm™" 40 40 500
Driving frequency/kHz 71.2 26.1 254
Force factor/N V™! 0.033 0.014
Equivalent damper/N s m™" 0.516 2.089
Applicable preload /N 6.3 0.8 13.8
f-axis vibration velocity/mm s~ 511 58 366
Electromechanical coupling factor 15.3% 4.9%
Maximal torque/mN m 25.9 3.2 46.8
Maximal rotation speed /rad s~ 27.7 42 20.8
Maximal output power/mW 141.0 3.8 351.6
Maximal efficiency 7.8% 1.4% 5.6%
Ratio of maximal torque to applied voltage/mNm V™' 1.3 0.2 0.2
Ratio of maximal output power to applied voltage/mW V! 7.1 0.2 1.4

stainless-steel /PZT one. On the other hand, the high Young’s
modulus leads to a relatively high electromechanical coupling
factor of the alumina/PZT motor. In the meantime, it has

slightly higher efficiency; these reasons enable the alumina/
PZT motor to exhibit a higher maximal-output-power-to-
voltage (P-to-U) ratio [1, 8].
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4.4. Potential application areas

Recently, robotics and/or precision machines have become
increasingly required in the chemical industry [30, 31]. For
conventional metal/PZT USMs, shields are required to isolate
their metal parts from the acid or alkaline atmosphere to avoid
corrosion [30]. It is known that alumina has high chemical
resistance [32] (for instance, the weight losses of alumina
products with >99.5% purity are respectively <0.07 and
<0.05 gecm™ per 24 h in HNO5 and NaOH [30]). As a con-
sequence, our motor can be applied directly to the acid/
alkaline environment if its rotor and accessory parts are made
of alumina (currently, alumina bearings are commercially
available [33] and the rotor can be specially ordered [27]).
Another potential application field goes to the intensively
alternating-current magnetic field as alumina’s high conductive
resistance (>10'* Q m) [34] may suppress the eddy current and
consequently the temperature rise in the vibrator [35]. Here, it
would be worthwhile to mention the alumina/PZT motor’s
expense, averagely 240 dollars for these prototypes. Though
it is higher than that of the stainless-steel/PZT one (nearly
40 dollars), in mass production, the expense may be lowered as
the mold and/or the machining tool for fabricating alumina
vibrating bodies are reusable [36]. To sum up, our motor would
be applicable for some special environments owing to alumi-
na’s unique property.

5. Conclusions

In this study, we fabricated an alumina/PZT ring-shaped
vibrator and employed it to form a traveling-wave USM.
Owing to the high Young’s modulus and low ultrasonic
attenuation, this motor was capable of providing high force
factors, high electromechanical coupling factors, and low
damping; this partially verified the validity of our proposal. At
20 V, the alumina/PZT motor (h3) yielded the maximal tor-
que, no-load speed, and maximal output power of 25.9 mN m,
27.7 rads™', and 141 mW, respectively. Compared to the
stainless-steel /PZT motor with similar structure, the alumina/
PZT one provided relatively high T-to-U and P-to-U ratios.
Besides, the highly chemical resistance and highly conductive
resistance may make our motor applicable to several special
environments. Through this investigation, we have gained an
understanding on alumina/PZT motors and anticipate that
these results would provide adequate information for structural
optimization in the future.
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Table A1. Critical voltage and corresponding stress of alumina/PZT
vibrators.

Unslotted part thickness (7)/mm 1 3 5

Critical voltage/V 22 22 28

Maximal stress corresponding to critical volt- 29 23 22
age/MPa

Appendix A. Failure condition

As mentioned in section 3, the vibration velocity of the h3
vibrator is hysteresis-freely dependent on the voltage in the
range of 0-20 V (see figure 4). However, when the voltage
was increased to 23 V, the vibration velocity sharply
decreased from 528 to 15 mm s~ ' and did not recover its prior
state (see figure Al). The permanent failure also existed on
hl and hS5 vibrators (see table A1), while it did not appear on
the stainless-steel /PZT vibrator, where the applied voltage
reached 250 V.

The reason for the permanent failure was analyzed through
FEA. Figure A2(a) illustrates the model and figure A2(b)
shows the stress distribution of the h3 vibrator at its critical
voltage (22 V). Here, a 50 pm thick epoxy-resin bonding layer,
whose Young’s modulus, density, and Poisson’s ratio are
respectively 5.0 GPa, 1.2 x 10° kgm >, and 0.38 [37, 38], is
sandwiched between the alumina vibrating body and the PZT
disk. As figure A2(c) illustrates, stress concentration exists on
the part of the alumina vibrating body that is in contact with the
bonding layer. Besides, the maximal stress reaches 23 MPa,
approaching epoxy-resin’s shear strength (~25 MPa) [39, 40].
Whereas the maximal stress of the stainless-steel/PZT vibrator
is ~12 MPa (see figure A2(d)) despite the applied voltage of
250 V. Previous studies [41, 42] also demonstrate that, for
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Figure A2. Analysis of stress concentration in vibrators. (a) and (b) are the FEA model and stress distribution of the entire vibrator. (c) and (d)
show the stress distributions of the alumina/and stainless-steel/PZT vibrators at 22 and 250 V, respectively.

multilayer composites, stress concentration tends to intensively
exist when sandwiched and sandwiching layers have great
difference in Young’s moduli. Recently, metallic foils have
been reported to be utilized as the bonding layers of piezo-
electric vibrators [43]; this approach possibly mitigates the
above problem as metals generally have higher Young’s
moduli than epoxy resin [11, 12].

Appendix B. Method of calculating
electromechanical coupling factor

The electromechanical coupling factor; which is, in this study,
defined as the ratio of mechanical energy to the sum of
mechanical and electrical energies stored in the vibrator [44];
is calculated with the following procedures [44]:

(1) Calculate the vibration velocity distribution through FEA.
(2) Estimate the vibration energy stored in the vibrator from
the above results as [44]

1 ZLI(VZZ—,’ TV VD)
Um = —m:- s

5 - (A1)

where m represents the vibrator’s mass; v,_;, vg.;, and v,.;
denote vibration velocities of the ith node along the
vertical (z), circumferential (), and radial (r) directions,
respectively; and »n is the total number of the model’s
nodes.

(3) Calculate the electrical energy as [44, 45]

-l L mS .

A2
2 2 (A2

where C,; and u represent the electrical capacitance and
the applied voltage, respectively; and €33, S, and ¢,
denote the permittivity, the electrode’s area, and the
PZT disk’s thickness, respectively.

(4) Estimate the electromechanical coupling factor with the
following equation [45]:

Un + U

Using this method, we calculated the electromechanical
coupling factors of the vibrators whose unslotted parts have
varying thickness. As shown in figure 9(c), the alumina/PZT
vibrators with thickness of 3-4 mm exhibit higher electro-
mechanical coupling factors probably because of their better
acoustic impendence matching than the others [11].

(A3)

Appendix C. Microscope photos of motors’ surfaces

The friction surfaces after intermittent operation of ~2 h were
observed with a microscope (SMZ-745T, Nikon, Tokyo,
Japan). Figures A3(a) and (b) illustrate that aluminum pow-
der, scratched from the rotor, exists on the alumina/PZT
vibrators’ friction surfaces. Figures A3(c) and (d) illustrate
that the severe wear regime on the rotor’s surface is
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Figure A3. Microscope photos of (a) the alumina/and (b) stainless-steel /PZT vibrators. Those in (c) and (d) are the rotors of the alumina/and

stainless-steel /PZT motors.

seemingly smaller for the alumina/than for the stainless-
steel/PZT motor. Though these results may indicate the
alumina/PZT motor’s high durability [27], we still need to
fully prove it by conducting a long-term performance test.
Such a long-term life test is left for further studies.
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