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Abstract 

We propose miniature ultrasonic motors using stators made of a single bulk piezoelectric element. The bulk piezo-
electric stator has the potential to increase output by reducing the dissipation that occurs in the adhesion layer 
between the PZTs and a metallic component in the stator. In this paper, we build two kinds of bulk piezoelectric sta-
tors: a cubic bulk stator with a side length of 4.2 mm and a hole of 3 mm in diameter, and a cylindrical bulk stator with 
an outer diameter of 4.2 mm and the same hole diameter. We evaluate their electrical and mechanical characteristics, 
such as impedance and vibration velocity. The experiments clarify the advantages of the bulk piezoelectric stators, 
such as low dissipation. The cubic bulk stator, which shows higher performance than the cylindrical one, is compared 
with a similar-shaped stator using a bronze cube and thin piezoelectric plates. The performance measures of the 
cubic bulk ultrasonic motor are optimized by the preload between the stator and rotor.
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Introduction
Millimeter-scale electric motors with a high torque 
density are one of the essential components in realizing 
future mechatronic devices in mobiles, medicine, and 
rescue. Many micromotors have been proposed in the 
past 30 years [1–4]. Electromagnetic motors are the most 
available actuators but have several problems for fur-
ther miniaturization. Not only they require tiny compo-
nents, but they also induce serious torque reduction due 
to the scaling law, in which the torque scales down with 
the fourth power of a characteristic length [5, 6]. Very 
small actuators less than sub-millimeters use electrostatic 
forces. Electrostatic actuators have excellent scalability 
and enable their miniaturization by MEMS process [7, 8], 
but their weak driving force limits their deployment as 
millimeter-scale motors.

Piezoelectric ultrasonic motors should be the best 
actuators in the middle scale, ranging from submillim-
eter to millimeters, where both electromagnetic and elec-
trostatic principles are difficult to apply [9]. Ultrasonic 

motors are known as one of the prominent miniature 
motors because of their high torque density and sim-
plicity [10–12]. Miniature ultrasonic motors of 4.5 mm 
have been implemented in watches [13], and those of 10 
mm in camera lenses [14]. In all existing commercially-
used ultrasonic motors, an annular piezoelectric plate 
is bonded to a metallic ring by adhesives . This metallic 
ring plays an important role in enlarging the vibration 
amplitude because the original amplitude of piezoelec-
tric ceramics is very small. (The strain of the piezoelec-
tric ceramics is known as roughly 0.1%, no matter how 
high the applied voltage is). However, when miniatur-
izing ultrasonic motors, we want to avoid using the 
metallic component for two negative reasons. First, high-
quality fabrication of the metallic ring is difficult at small 
scale. For example, a trivial burr that can be ignored at 
macro scale becomes a relatively large burr that must be 
removed in microscale. Second, the mechanical dissipa-
tion in the adhesion layer between the metal and piezo-
electric element increases when the size becomes small 
[15].

A solution to those problems is the use of a stator con-
sisting of a single bulk piezoelectric element without any 
metallic component. This idea simplifies the mechanical 
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design and reduces the fabrication cost. It has the pos-
sibility of reducing mechanical dissipation and improves 
the motor performance measures. There have been sev-
eral studies on building miniature ultrasonic motors by a 
bulk piezoelectric element. The first study on using a bulk 
piezoelectric stator suggested building a cylindrical ultra-
sonic motor with a diameter of 2.4 mm and a length of 10 
mm [16]. It showed a relatively high output but requires 
complicated fabrication, such as micromachining for thin 
piezoceramic tubes. After that, building bulk stators was 
attempted for smaller ultrasonic motors, such as a cylin-
drical stator with a diameter of 2 mm and 6 mm [17]. 
However, they require a difficult fabrication process for 
high aspect ratio. Most recently, a flat bulk piezoelectric 
stator with a diameter of 4.2 mm fabricated by MEMS is 
suggested [18]. It showed the performance measures of 
the prototype motors, but the resultant torque was still 
small.

In this paper, we propose miniature ultrasonic motors 
using stators made of a single bulk piezoelectric element. 
Two examples of bulk stators are built for evaluation: a 
cubic bulk stator with a center hole and a hollow cylin-
drical bulk stator. They are compared to a similar-sized 
stator using a metallic component experimentally. The 
comparison clarifies how bulk stators are advantageous 
for use in ultrasonic motors. Finally, the performance 
measures of the cubic bulk ultrasonic motor are evalu-
ated and compared with that of using a metallic com-
ponent. This paper is organized as follows. In section 
"Driving principle and FEM piezoelectric analysis", the 
driving principle and the FEM piezoelectric analysis are 
explained. Section "Vibration analysis" compares the 
cubic bulk stator, cylindrical bulk stator, and the cubic 
metallic stator. In section "Evaluation of a bulk piezoelec-
tric ultrasonic motor", the motor performance using a 
cubic bulk stator is evaluated.

Driving principle and FEM piezoelectric analysis
Driving principle
As the driving principle for miniature ultrasonic motors, 
a first-order bending vibration mode of a hollow cylin-
drical stator is often used [19–21]. The bending mode 
peaks the vibration velocity at the end of a cylinder. The 
vibration amplitude of the bending mode is larger than 
that of other modes and obtains a beneficial effect on the 
motor performance, but the amplitude decreases severely 
when the cylinder length is shorter. In this paper, we use 
the three-wave mode that generates three waves around 
the circumference of the stator hole as a driving princi-
ple. It is expected as one of the most prominent minia-
ture motors because of the simple fabrication process 
and high energy density [22]. Unlike the bending mode, 
the ultrasonic motors driven by the three-wave mode can 

generate a certain torque when the stator is fabricated 
as cubic or flat. This characteristic makes the fabrication 
easy and is suited for the miniaturization.

Let us explain the driving principle of the bulk piezoe-
lectric element-based ultrasonic motor briefly. Figure 1(a) 
shows the first vibration mode exciting three waves along 
the circumference of a hole. Figure 1(b) shows the second 
three-wave mode with a wavelength difference of π/2 
along the circumference. When the two vibration modes 
have a temporal phase difference of π/2 , the stator pro-
duces a traveling wave around the circumference of the 
stator hole. The surface of this traveling wave generates 
an elliptical motion, as with the driving principle of typi-
cal traveling wave ultrasonic motors [23–25]. This ellipti-
cal motion transfers its driving force to the rotor inserted 
into the hole via friction, spinning the rotor.

FEM piezoelectric analysis
We examine whether the bulk piezoelectric stator gener-
ates the three-wave mode inside its hole in finite element 
method (FEM) piezoelectric analysis (FEMTET, Murata 
software co., Tokyo, Japan). Let us consider a bulk sta-
tor with a cubic shape and a center hole. The cubic bulk 
stator is modeled in the FEM piezoelectric analysis. The 
polarization direction is the radial direction from the 
inside of the hole to the outside of the cube, as shown in 
Fig.  2a: The external four surfaces are positive and the 
one internal surface is negative. The four electrodes are 
placed on the four side surfaces of the stator, respectively, 
and one curved electrode is located on the inner sur-
face of the stator hole, as shown in Fig. 2b. The material 
parameters are those of the piezoelectric material used 
in the experimental sections. In the modal analysis/reso-
nant analysis, the voltage e = AE sin(2π fEt) is applied to 
the top electrode and the bottom electrode is connected 
to ground (0V). When the voltage frequency fE equals 
the resonant frequency of the three-wave mode, the 
three-wave mode appears in the simulation results. Fig-
ure 2c shows the result of analysis. The cubic bulk stator 

ba

π/2

Fig. 1  a Vibration mode exciting three waves along the 
circumference of a hole in stator. (a) The first three-wave mode and 
(b) the second three-wave modes with a wavelength difference of 
π/2
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can generate a three-wave mode around its hole in the 
proposed designs.

Another design of the bulk stator is a hollow cylinder, 
the shape of which can be fabricated by ordinary machin-
ing processes. The difference between the two designs 
is the existence of four corners. For the resonant analy-
sis, the polarization direction and material properties 
are defined in the FEM model of the hollow cylindri-
cal bulk stator (Figure  2d). As with the cubic bulk sta-
tors, the three-wave mode is excited inside the hole of a 
cylindrical bulk stator (Figure 2e). The resulting resonant 
frequencies in both models are different because of the 
existence of the corners. The inductance of the cylindri-
cal bulk stator decreases by the reduction of the mass of 
the corners and results in a smaller natural frequency of a 
hollow cylindrical one.

Vibration analysis
In this section, we evaluate the three stators shown in 
Fig. 3. The left and the center are bulk piezoelectric sta-
tors, and the right is a conventional stator comprising of 

a bronze cube with a hole and thin piezoelectric plates 
bonded to the cube. The bulk stators with cubic and 
cylindrical shapes are evaluated by an impedance analy-
sis and a laser Doppler velocimetry. Comparison with the 
metallic stator shows the advantages of the bulk piezo-
electric stators. We compare the two bulk stators with 
the cubic bronze stator by measuring the current and 
velocity.

Prototype of the stators
The bulk piezoelectric stators are produced by cut-
ting and grinding processes, similar to those used for 
machinnig glasses and silicones. The hole at the stator 
center is cut open by a curve generator. After the shapes 
are formed, the inside electrode is made by dipping into 
a silver liquid solution, and four outside electrodes are 
printed. The bulk stators are polarized between four out-
side electrodes and one inner surface inside the hole.

The prototype cubic bulk stator measures a side length 
of 4.2 mm and a through-hole with a diameter of 3 mm. 
The cylindrical bulk stator has an outer diameter of 4.2 
mm and an inner diameter of 3 mm. The material is a 
hard piezoelectric material with a high-quality factor 
(C-213, Fuji ceramics, Fujinomiya, Japan). The compara-
ble metallic stator consists of a bronze cube with a side 
length of 4.2 mm and a hole of 3 mm in diameter and 
four piezoelectric plates with a surface of 4mm× 3mm 
and a thickness of 0.5 mm. The piezoelectric plates are 
bonded to the four side surfaces of the bronze cube using 
an epoxy adhesive.

Giving the design dimensions and material parameters 
to the FEM piezoelectric analyses, the mode shape is 
depicted with the resonant frequency of the three-wave 
mode. The resulting modal analyses show a three-wave 
mode of the cubic bulk stator at a frequency of 226 kHz, 
that of the cylindrical bulk stator at 209 kHz, and that of 
using the bronze cube at 252 kHz.

a db

Electrode

Electrode GND (0V)Electrode

Electrode

Electrode Electrode GND (0V)

c e
Fig. 2  a Polarization direction of the bulk piezoelectric stator in piezoelectric analysis model. b Electrodes placed on the bulk stator, c three-wave 
mode generated in the bulk piezoelectric stator when a voltage is applied. d The model of the cylindrical bulk stator, and e the three-wave mode 
on the cylindrical bulk stator

Fig. 3  Prototype stators. From the left, the cubic piezoelectric bulk 
stator, the cylindrical piezoelectric bulk stator, and the conventional 
stator comprising of a bronze cube and the thin piezoelectric plates 
bonded to the cube
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Impedance analysis
An impedance analysis shows the resonance by the three-
wave mode and clarifies the electric characteristics. In 
this measurement, the top and bottom piezoelectric ele-
ments are connected to the signal and ground lines of the 
impedance analyzer (FRA5087, NF Corp., Yokohama, 
Japan), respectively. The current consumed at the sta-
tors i is calculated from an impedance z, a phase θ and an 
applied voltage e:

Fig.  4 shows the current consumed at the three stators 
when the amplitude of 10Vp−p is constant and the fre-
quency varies from 200 to 250 kHz. The cubic bulk stator 
resonates and increases the current at approximately 229 
kHz, which is almost the same as the resonant frequency 
predicted by the piezoelectric analysis. The current sup-
plied to the cylindrical bulk stator peaks at about 207 
kHz, which is also similar to the prediction of piezoelec-
tric analysis. Comparing the two currents under the same 
applied voltage, the cubic bulk stator supplies a larger 
current than the cylindrical one. This fact means that the 
cubic bulk stator can drive by a lower applied voltage. 
Compared to the bronze stator, the bulk stators can flow 
a larger current. This is because the impedance of the 
bronze cube stator is larger by the dissipation between 
the piezoelectric plates and metallic cube.

Laser doppler velocity measurement
The generation of the three-wave mode can be found 
by measuring the vibration velocity inside the stator 
hole. A laser Doppler vibrometer (NLV2500-5, Polytec 
Japan) measure the velocity of the surface without con-
tact. Figure 5 shows the experimental setup for measur-
ing the velocity of the stator. Voltage e = AE sin(2π fEt) 

(1)i =
e

z
cos θ

is applied to the top piezoelectric element and a ground 
line connects to the bottom one to be the same as the 
impedance analysis. The laser Doppler vibrometer emits 
a laser from the sensor head to the stator. A 45◦ rod mir-
ror is installed into the stator hole and it reflects the laser 
orthogonally to the inner surface of the hole. By rotat-
ing the mirror circumferentially, the nodes and anti-
nodes can be observed. While the mirror rotates around 
in a complete circle, six nodes and antinodes are shown, 
and the number of the antinodes is accorded to that of 
the three-wave mode. The peak velocity obtained at the 
antinode of the three-wave mode is measured. Figure  6 
shows the vibration velocity at inside the hole of the three 
stators when the amplitude of AE = 10Vp−p is constant 
and the frequency varies from 200 kHz to 250 kHz, the 
same as those of impedance analysis. The peak velocity 
of the cubic bulk stator is higher than that of the cylin-
drical one at a given constant voltage. The velocity of the 
bronze cube stator is small and the bulk stators generate 
larger vibration velocities under the same applied voltage. 
In all, the frequencies of the peak velocity are accorded to 
the frequency of the peak current.
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Fig. 4  Frequency characteristic of the current measured by 
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Comparison of the stators
The most well-used parameters for evaluating piezo-
electric actuators are quality factor Qm and coupling 
coefficient k. The quality factor Qm expresses how 
underdamped the stator is and the sharpness of the 
supplied current at the resonance. It is calculated from 
the curve of current by the full width at half maximum 
method:

where f0 is the frequency that maximizes the current 
and the denominator f2−f1 is half-width of the current 
curve. The coupling coefficient k means the ratio of the 
consumed mechanical energy to the supplied electric 
energy; that is, a stator with a higher coupling coefficient 
can drive with a lower voltage. It can be approximately 
estimated from the relationship between resonance and 
anti-resonance in the impedance curve [26]:

where fr and fa are resonant and anti-resonant frequen-
cies, respectively. The quality factor and coupling factor 
are obtained by the impedance analysis.

The behavior of the current is ideally analogical to 
that of the velocity, but there is a difference between 
the ideal and the actual–the quality factor Qm obtained 
by the laser Doppler velocimetry differs from that 
obtained by the impedance analyzer in each stator. To 
show this difference, the quality factor obtained by the 
laser Doppler velocimetry should be evaluated, but 
measuring the quality factor of the velocity is difficult 
because the frequency response of the velocity depends 
on the non-linearity of PZTs. Instead of that, we define 
the current-velocity ratio Aiv obtained from the peak 
current ipeak and the peak velocity vpeak . The values of 
ipeak and vpeak are obtained in the experiments at previ-
ous subsections. The current-velocity ratio is expressed 
as

This equation shows that the smaller current-velocity 
ratio obtains a higher vibration velocity under a unit cur-
rent consumption.

Table  1 summarizes the quality factor Qm , coupling 
coefficient k, and the current-velocity ratio Aiv . The 
cubic bulk stator obtains the highest quality factor: 
it means the existence of corners increases the vibra-
tion with low dissipation in the comparison with the 

(2)Qm =

f0

f2 − f1
,

(3)k2 ≃
f 2a − f 2r

f 2a
,

(4)Aiv �
ipeak

vpeak
.

cylindrical one. The coupling factor is slightly lower, 
but the obtained quality factor is more than three 
times larger than the cubic bronze stator. The bulk sta-
tors obtain better current-velocity ratio than the cubic 
bronze stator. This is because the damping of the piezo-
electric material is smaller than that of using an adhe-
sive with a metallic component.

Evaluation of a bulk piezoelectric ultrasonic motor
The bulk piezoelectric stators show better characteris-
tics compared to the bronze stator with adhesion. How-
ever, the motor performance of using bulk stators is still 
unclear because other factors might influence on the 
performance. In this section, we evaluate the ultrasonic 
motor using the bulk stator and compare it with that 
using the bronze cube stator by experiments.

Experimental setup
Figure    7 shows how to apply the voltages to the sta-
tor. To drive the by the three-wave mode, two differ-
ent voltages, E1 and E2 with a voltage amplitude AE 
and a frequency fE , are applied to the piezoelectric ele-
ments on the stator. The frequency fE is adjusted to the 
resonant frequency that excites the three-wave mode 
in the stator. When the first voltage E1 = AE sin(2π fEt) 

Table 1  Performance measures of stators

Stator type Quality 
factor Qm

Coupling 
coefficient k %

i-v ratio Aiv As/m

Cubic bulk 1524 6.52 0.0130

Cylindrical bulk 1134 6.03 0.0145

Cubic bronze 465 7.63 0.0201

E1

E3

Stator

Wave generator (2ch)

Amplifier2Amplifier1
E2E4

Trans.

Trans.
E1

GND

GND

E2

Transformer

InputOutput

Fig. 7  Experimental setup to apply voltages to the stator
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is applied to the top piezoelectric element, the stator 
excites a three-wave mode. When the second voltage 
E2 = AE cos(2π fEt) is applied to the right piezoelectric 
element, another three-wave mode is excited. The volt-
ages E1 and E2 have a temporal phase difference of π/2 
while two three-wave modes present a wavelength differ-
ence of π/2. To enlarge the vibration, the four piezoelec-
tric elements are composed at the four sides of the stator 
and the four voltages are applied. Besides, two voltages 
E3 and E4 are applied to the bottom and left surfaces. 
They have a reverse phase from E1 and E2, respectively: 
E3 = −AE sin(2π fEt) and E4 = −AE cos(2π fEt).

Two power supplies and transformers are used to gen-
erate the four voltages E1−E4 . Two high-frequency volt-
ages are generated using a wave generator (WF1974, NF 
Corp., Yokohama, Japan) and amplified by power ampli-
fiers (HSA4052, NF Corp.). In addition to the amplified 
voltages, transformers generate voltages with reversed 
phases. For example, in a power supply line, when volt-
age E1 with sine phase is input to a transformer, another 
voltage E3 with a negative sine phase is output from a 
transformer terminal. Thus, two voltages E1 and E3 are 
obtained from two terminals of a transformer. Through 
transformers, voltages E1−E4 are applied to the elec-
trodes of the stator. The amplitudes, frequencies, and 
phase differences of these voltages can be adjusted using 
the wave generator and amplifiers.

When the voltages are applied, the rotor starts spin-
ning. The rotor spin from the transient state to the 
steady-state is captured using a high-speed camera (VW-
9000, Keyence Co., Tokyo, Japan). The angular veloc-
ity and the angular acceleration of the rotor spin are 
computed from the changes in the still images obtained 
from the high-speed camera by using image-processing 
software. By tracking the movement of the marker on 
the rotor in subsequent images, time-history data of the 
angular displacement are accumulated in memory. The 
angular velocity and the angular acceleration are calcu-
lated by differentiating these data with time. The output 
torque is estimated from the angular acceleration and the 
moment of inertia.

The driving principle requires excitation of two three-
wave modes at the same driving frequency. The fre-
quency of the three-wave mode by E1 and E3 (Line A) 
should be accorded to that by E2 and E4 (Line B) (Fig. 7). 
The discordance between the two modes occurs by sev-
eral empirical reasons such as a fabrication quality and 
lowers the motor performance. For a fair comparison, 
the two three-wave modes excited in the cubic bulk 
and bronze stator are shown in Fig.  8a, b, respectively. 
Both show a good agreement of the three-wave modes 
between the lines A and B, although the behavior of the 
bronze stator is relatively gradual.

Transient response
We compare the transient response of the ultrasonic 
motors using the cubic bulk stator and the bronze sta-
tor. Figure   9a shows the experimental setup for meas-
uring the transient response. The stator is supported by 
contact probes serving as connectors for applying volt-
ages. As shown in the cross-section view (Fig.  9b), a 
rotor inserted to the stator contacts the upper edge of the 
stator hole and a hollow ring rotor contacts the bottom 
edge. Another side of the ring rotor contacts a bearing to 
reduce friction.

The angular velocity is obtained from the high-speed 
camera measurement. The high-speed camera tracks 
the movement of the marker on the rotor top (shown in 
Fig.  9a). Torque is estimated from the angular accelera-
tion and the moment of inertia. (The moment of inertia 
of the rotor is 1.34 × 10−9kgm2 ). Figure    10 shows the 
transient response of the rotor’s angular velocity pro-
duced by the cubic bulk stator and the cubic bronze sta-
tor when a voltage amplitude of 30Vp−p is applied to the 
two stators. The peak angular velocity of the cubic bulk 
reaches approximately 998 rpm, while that of the cubic 
bronze stator is less than 400 rpm. The output torque of 
approximately 15 µNm has been obtained in the cubic 
bulk stator.
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Fig. 8  Frequency characteristics of the current: a cubic bulk stator 
and b cubic bronze stator. Lines A and B are well accorded in the two 
figures
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Fig. 9  Experimental setup for evaluating the motor performance 
measures, such as an angular velocity and torque
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Relationship between the preload and the motor output
The torque of traveling wave ultrasonic motors improves 
with the increase in the preload between the stator and 
rotor. An interest is that the ultrasonic motors using 
the bulk stator also can generate a larger torque by the 
increase in the preload. The preload can be applied at 
the bottom of the rotor shaft as shown in Fig. 9b. When 
weights are applied to the rotor axially, the upper and 
bottom rotors sandwich the stator. By changing the num-
ber of the weights, the preload that acts at both edges of 
the stator can be adjusted. Several weights are attached 
to the rotor using a bearing that separates the motion of 
the rotor and weights. That is, the weights are stationary 
while the rotor spins, and the moment of inertia stays 
constant regardless of the weights.

We examine the optimal preload value that enhances 
the torque of the cubic bulk ultrasonic motor. The angu-
lar velocity is measured at the steady state of the rotation. 
The torque is computed by the second-order derivative of 
angular displacement. Because it makes errors large, the 
values of the torque are averaged for accurate evaluation. 
Figure   11 shows the angular velocity and torque when 
the preload varies under a constant voltage amplitude 
of AE = 30Vp−p . (The rotor starts to spin from 20Vp−p 
or less, but the angular velocity at the low voltage ampli-
tude is unstable.) During this measurement, the voltage 

frequency fE is empirically adjusted to maximize the 
angular velocity and torque. For example, at a preload 
of 8.9 g, the angular velocity peaks at 222.5 kHz and the 
torque peaks at 223.5 kHz. The resulting angular veloc-
ity gradually decreases at larger preloads. This is because 
a large preload decreases the vibration amplitude of the 
stator and results in a decrease in the angular velocity. 
On the other hand, the torque increases with the preload 
and measures a peak torque of 24 µNm at a preload of 8.9 
g. A too-large preload decreases the torque, and no rota-
tion is obtained over N = 16 g.

Figure  12 shows the relationship between the applied 
voltage and the motor output under a constant preload 
of 8.9 g. The angular velocity and the torque increase at 
higher voltage amplitudes. A maximum angular veloc-
ity of 1250 rpm and a maximum torque of 50.2 µNm are 
obtained at 120Vp−p.

Conclusion
The bulk stators for millimeter-scale ultrasonic motors 
were designed by FEM piezoelectric analyses and fab-
ricated from bulk piezoelectric material. The resulting 
prototype stators reduced the mechanical dissipation 
and improved the performance measures in comparison 
to the stator using a metallic component and adhesives. 
The motor torque over 50 µNm is obtained and is much 
larger than those of the comparable bulk stators [16–18], 
although the size of the proposed stator is larger. As with 
the bottom-up process such as MEMS, the miniaturiza-
tion process such as the fabrication of bulk piezoelectric 
ceramics also has potential and is an option as actua-
tors for the miniature mechatronic devices. Because the 
mechanical components and adhesion are unnecessary, 
the bulk stators might be suited for mass production.

The improvement of the bulk piezoelectric ultrasonic 
motor would be started. There are several important 
issues to be clarified to improve the motor performance. 
For example, the optimization of the stator–rotor inter-
face, such as coating the contact surface of the stator to 
obtain better friction and reduce wear. When the contact 
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is optimized, the motor should perform with larger out-
puts at higher preload and higher voltage amplitude, as 
with the common ultrasonic motors.
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