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ABSTRACT 

This study is to explore a composite type piezoelectric motor. Its main structures include the piezoelectric stator, rotor, 
the preload adjusting module and shaft. Wherein the piezoelectric stator is made base, the composite type actuating 
element and stator formed. As the composite type actuating element is set by the axial vibration type actuating element, 
horizontal bending vibration type actuating element and vertical bending vibration type actuating element formed. The 
stator is an empty cylinder with a waist and tapered hole. In addition, the rotor is a kind of a hollow cone. It can be 
through the preload adjusting module to withstand the stator. As the preload adjusting module is set by the limit element, 
spring, washer and nut formed. While the shaft is a kind of cylinder with screw thread and stopper, it can pass through 
the piezoelectric stator, rotor and the preload adjusting module, making it a composite type piezoelectric motor. When 
we provide appropriate driving voltage, frequency, loading and phase angle to the piezoelectric stator, we can let the 
piezoelectric motor produces rapid rotation. Of course, we can also change through the driving phase angle, to change 
the direction of rotation of the piezoelectric motor. According to the experimental results, we found that its maximum 
speed and loading are 480 rpm and 2305 gw under conditions of 180 Vp-p, 35 kHz and 00 driving phase angle. Most 
importantly, we also found that the composite type piezoelectric motor has a very good conversion efficiency of the 
driving phase angle. 
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1. Introduction 

The ultrasonic motor was invented by Sadayuki Ueha 
and Minoru Kurosawa since 1988 [1], its maximum ro- 
tational speed and torque is 240 rpm and 25 mNm 
respectively. Over the past decade, there are still many 
different forms of piezoelectric motors or ultrasonic 
motors succession was invented, such as, a micro ultra- 
sonic motor was invented by T. Kanda, A. Makino, K. 
Suzumori, T. Morita and M. K. Kurosawa [2], its ma- 
ximum rotational speed is 3850 rpm, but its torque is 
only 2.5 nNm. In the same year, K.T. Chau [3], T. Kanda 
[4], Suzuki, A. Kihara [5], Yoichi Ogahara [6], Yosuke 
Nakagawa [7], etc., successively invented different forms 
of ultrasonic motor. Wherein, the ultrasonic motor was 
invented by Yosuke Nakagawa [7], its rotational speed is 
up to 800 rpm, and its torque is up to 0.25 Nm. In 2005, 
after more than 2000 rpm rotational speed of ultrasonic 
motors have been developed in succession [8-12]. In 
particular, the micro ultrasonic motor was invented by A. 
Kobayashi and T. Kanda in 2007 [10], and its rotational 
speed is up to 9600 rpm, and its torque is raised to 5.5 

uNm. 
In recent years, the new type piezoelectric motors or 

ultrasonic motors are constantly being innovative. For 
example, the 2011 year of invention, the multi-block 
piezoelectric car. Its main structure is a piezoelectric 
motor of H-shaped and multi-layered form. Its maximum 
rotational speed and loading is respectively 432 rpm and 
496 gw under conditions of 180 Vp-p and 19 kHz [13]. In 
addition, the 2012 year of invention, the H type pie- 
zoelectric car. Its main structure is a piezoelectric motor 
of H-shaped and single layered form. Its maximum ro- 
tational speed and loading is respectively 2031 rpm and 
289 gw under conditions of 180 Vp-p and 22.9 kHz [14]. 
Under the same driving voltage condition, its rotational 
speed is 4.7 times the former, while its loading ability is 
only 0.58 times the former. In the same year, a piezo- 
electric motor of high actuating force, its loading ability 
is up to 590 gw, but the maximum rotational speed is 
only 53 rmp under conditions of 180 Vp-p and 25.4 kHz 
[15]. Until 2013, one kind of rod type ultrasonic motor, 
its loading ability can be increased to 4130 gw, and its 
rotational speed is up to 200 rmp under conditions of 180 
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Vp-p and 33.7 kHz [16]. The piezoelectric motors or 
ultrasonic motors each having characteristics or ad- 
vantages, the only drawback is that the phase angle 
conversion efficiency is poor. That is, the piezoelectric 
motors or ultrasonic motors are not easy to control 
rotational direction using the phase angle. The main 
purpose and motivation of the present study is through 
the innovative design of the piezoelectric motor to im- 
prove the conversion efficiency of the phase angle, and 
they can enhance the piezoelectric motor’s rotational 
speed and loading ability. 

2. Composition and Operation Principle 

In order to improve the shortcoming of the above pie- 
zoelectric motors or ultrasonic motors, this study at- 
tempts to use a composite type piezoelectric motor, hop- 
ing to be able to improve the phase angle conversion 
efficiency and at the same time can improve its rotational 
speed and loading ability. The composite type piezoelec- 
tric motor is made by the composite type piezoelectric 
stator, rotor, preload adjusting module and shaft, shown 
as Figures 1 and 2. The composite type piezoelectric 
stator is composed of the base, the composite type pie- 
zoelectric actuating element and stator, shown as Figure 
3. In addition, the preload adjusting module includes the 
limiting element, spring, washer and nut. As for the 
composite type piezoelectric actuating element is com- 
posed of the axial vibration type actuating element, the 
horizontal bending vibration type actuating element and 
the vertical bending vibration type actuating element, 
shown as Figure 4. When we applied different driving 
voltage, frequency and phase angle to the composite type 
piezoelectric actuating element, so that the rotor can 
produce clockwise or counterclockwise rotation, shown 
as Figure 5. 

3. The Trajectory of the Piezoelectric Stator  

In this study, a composite type piezoelectric motor, its 
main structure comprises a piezoelectric stator, rotor, 
preload adjusting module and shaft. However, the deci- 
sion to motion behavior (including rotational speed and 
direction) of a piezoelectric motor is piezoelectric stator. 
So long as we know the vibration modes or trajectory of 
the piezoelectric stator, you can know the motion be- 
haveior of the piezoelectric motor. 

Since the rotor is by the optimum vibration mode or 
trajectory of the piezoelectric stator to the friction rota- 
tion under condition of an appropriate preload or loading. 
Based on past experience, we can understand the optimal 
trajectory of the piezoelectric stator is a solid elliptical 
orbit [16], as: 

2 2 2

1
m m m

u v w

U V W

     
      

     

 

Figure 1. The prototype of the composite type piezoelectric 
motor. 
 

 

Figure 2. The cutaway view of the composite type piezoelec- 
tric motor. 
 

 

Figure 3. The exploded view of the composite type piezo-
electric motor. 
 
where 

 sin sinm mu U t tm    .        (2) 

 cos sinm mv V t tm    .        (3) 

cosmw W tm .              (4) 

and 
 .        (1) 

3m xi i pU c d V  p .              (5) 
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3m yi i pV c d V  p

p

.              (6) 

3m zi i pW c d V  .              (7) 

where u, v, and w represent the different direction of dis- 
placement separately, and where Um, Vm and Wm repre- 
sent the amplitude of the horizontal, vertical and longitu- 
dinal direction separately. ωm(=2πfm) represents driving 
angle velocity, where fm representatives resonance fre- 
quency, and   driving phase angle. Where cxi, cyi and 
czi represents horizontal, vertical and longitudinal direc-
tion out of revise coefficient tensor separately, and where 
the subscript i=1, 2, 3. d3i represents piezoelectric strain 
constant of d-form, such as d31, d32 and d33.  

4. Simulation and Experiment 

In this study, we selected five different lengths of piezo- 
electric stators to simulate, shown as Figure 6 and Table 
1, wherein the base and stator is made of aluminum. 
While the composite type piezoelectric actuating element 
is made of PZT and copper slices. Since copper is very 
thin, so the computer simulation to be ignored. The 
physical properties of the piezoelectric stator expressed 
in Table 2. 
 

 

Figure 4. The exploded view of the composite type actuating 
Element. 
 

 

Figure 5. The composition and operation principle of the 
composite type piezoelectric motor. 

 

Figure 6. The #1 - #5 composite type piezoelectric stators. 
 

Table 1. The net weight and size of piezoelectric stators. 

TYPE NET WEIGHT (GW) SIZE (MM) 

#1 32.2 D15 × L39.2 

#2 32.7 D15 × L40.2 

#3 33.1 D15 × L41.2 

#4 33.6 D15 × L42.2 

#5 34.0 D15 × L43.2 

 
Table 2. The physical properties of piezoelectric stators. 

MATERAIL PHYSICAL NAME PHYSICAL QUANTITIES 

PIEZOELECTRIC 

STRAIN 

CONSTANTS 

D31 = D32 = −274 (PM/V),  
D33 = 593 (PM/V) 

D15 = D24 = 741 (PM/V) 

PERMITTIVITY 
Ε11 = Ε22 = 15.3 (NF/M), 

Ε33 = 15.1 (NF/M) 

PIEZOELECTRIC 

STRESS 

CONSTANTS 

E31 = E32 = −5.3 (N/VM),  
E33 =15.8 (PM/V) 

E15 = E24 = 12.3 (PM/V) 

STIFFNESS 

CONSTANTS 

C11 = C22 = 120 (GPA),  
C33 = 111 (GPA) 
C44 = 30 (GPA),  

C55 = C66 = 26 (GPA), 
C12 = C21 = 75.2 (GPA) 

C13 = C31 = C23 = C32 = 75.1 

(GPA) 

ACTUATING 
ELEMENT 

(PIEZOELECTRIC

CERAMIC 
SLICE_PZT5) 

DENSITY Ρ = 7700 (KG/M3) 

YOUNG’S 

MODULUS 
E = 73GPA 

POISSON RATIO Ν = 0.33 
BASE & STATOR 

(6061_AL) 

DENSITY Ρ = 2700 (KG/M3) 

 
In computer simulation, we use the ANSYS code. As 

the element type, we choose the solid 98 or couple field 
and the smart size, we choose the 6th size for all materi- 
als. The mechanical boundary condition is clamped-free. 
As regards the electrical boundary, conditions are open 
circuit. 

In the experiment, we used rotors of different shapes, 
sizes, weight and materials, as shown in Figures 7 and 8 
and Table 3. To drive the rotor, we use the power ampli-  
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Figure 7. The experimental structure of the composite type 
piezoelectric stator. 
 

 

Figure 8. The testing mass or rotors and the #1 - #5 com- 
posite type piezoelectric stators or motor. 
 

Table 3. The net weight and size of testing rotors. 

TESTING ROTORS 
NET  

WEIGHT (GW) 
SIZE 
(MM) 

ABBREVIATION

OR CODE 

GEAR TYPE 12.1 D20 × L10.0 D20GEAR 

BALL TYPE 58.6 D20 × L170 D20BALL 

6061 ALUMINUM  
CONICAL TYPE 

58.6 D20 × L150 D20AL 

304 STEEL  
CONICAL TYPE 

58.6 D20 × L147 D20ST 

COPPER  
CONICAL TYPE 

58.6 D20 × L146 D20CU 

6061 ALUMINUM  
CONICAL TYPE 

33.3 D30 × L44 D30AL 

304 STEEL  
CONICAL TYPE 

95.6 D30 × L44 D30ST 

COPPER CONICAL  
TYPE 

103.9 D30 × L44 D30CU 

 
fier (Model: A-303, AA Lab. Systems Ltd. Co.) and the 
dual channel arbitrary function generator (Model: AFG- 
3022, Tektronix Co.). As for the rotational speed meas-
urement, we use the digital tachometer (Model: RM- 

1501, TES Electrical Electronic Co.). When the noise in 
the measurements, we used the sound level meter (Model: 
TES 1350A, TES Electrical Electronic Co.). 

5. Results and Discussion 

According to the results of simulations and experiments, 
we found: 

1) Figure 9 shows the results of the computer simula- 
tion analysis; we found that the resonance frequency is 
inversely proportional to the length of the stator. That is, 
the longer the length of the stator, the lower its resonant 
frequency. The first resonance mode frequency is 11.664 
kHz of the #1 piezoelectric stator. The first resonance 
mode frequency is 9.361 kHz of the #5 piezoelectric sta-
tor, wherein, the first resonance frequency is a vertical 
bending vibration mode for the #1 - #5 piezoelectric sta- 
tors. The second resonance frequency is a horizontal ben- 
ding vibration mode. As for, the third resonance fre- 
quency is an axial (or longitudinal) vibration mode. In 
addition, the fourth and fifth resonance frequency is re-
spectively a horizontal and vertical bending vibration 
mode of the #1 - #5 stators. At last, the sixth and seventh 
is respectively coupling bending vibration mode. 

2) Figure 10 shows the results of the computer simu- 
lation analysis; we found that the maximum deformation 
is inversely proportional to the length of the stator. That 
is, under the same resonant mode, the longer the length 
of the stator, that the maximum deformation is smaller. 
Also, we can through the maximum deformation of the 
vibration modes to find the best driving or resonant fre- 
quency of piezoelectric motor. 

3) As shown in Figures 11 to 15, the results of the 
computer simulation analysis, we find the best vibration 
mode of each piezoelectric stator landed between fourth 
or fifth resonance frequencies. The free end or top end of 
the best vibration mode is fully compatible with Equation 
(1) as described in elliptical trajectory. 

4) Figure 16 shows the experimental results, we found 
that the rotational speed of the driving way of three kinds 
of vibration modes is better than the other. Where the 
maximum rotational speed is up to 480 rpm under condi-
tions of the driving way of three vibration modes, 180 
Vp-p driving voltage, 35 kHz driving frequency, 12.1 gw 
preload and gear type rotor. In which, the driving way of 
three kinds of vibration modes including axial vibration 
(or longitudinal), horizontal bending, and vertical bend-
ing vibration mode. 

5) Figure 17 shows the experimental results, we found 
that the driving way of three kinds of vibration modes, 
which the average noise is much lower than the other 
driving way. Where the average noise is 71 dB of the 
driving way of three vibration modes under conditions of 
180 Vp-p driving voltage, 35 kHz driving frequency, 12.1 
gw preload and gear type rotor. Where the higher noise 
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Figure 9. The resonance frequency relative to the resonant 
modes of the #1 - #5 composite type piezoelectric stator. 
 

 

Figure 10. The maximum deformation relative to the reso-
nant modes of the #1 - #5 composite type piezoelectric sta-
tor. 
 

 

Figure 11. The best vibration mode of the #1 composite type 
piezoelectric stator. 
 
values for all driving ways appear in the 20 kHz before. 

6) As shown in Figures 18 to 19 results, no matter 
what kind driving condition, we find the conversion effi- 
ciency of the driving phase angle of the #1 piezoelectric 
stator is better than the other. For the rotational speed, 
where the L&HB: 0˚ and VB: 0˚ - 180˚ driving way is 
better than L&HB: 0˚ - 180˚ and VB: 0˚ driving way, as 
for, “L” represents the driving way of longitudinal (or 
axial) vibration type or mode. “HB” represents the driv- 

 

Figure 12. The best vibration mode of the #2 composite type 
piezoelectric stator. 
 

 

Figure 13. The best vibration mode of the #3 composite type 
piezoelectric stator. 
 

 

Figure 14. The best vibration mode of the #4 composite type 
piezoelectric stator. 
 
ing way of horizontal bending vibration type or mode. 
“VB” represents the driving way of vertical bending vi- 
bration type or mode. “0˚ or 180˚” represents the driving 
phase angle. 
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Figure 15. The best vibration mode of the #5 composite type 
piezoelectric stator. 
 

 

Figure 16. The rotational speed relative to the driving fre-
quency by different driving ways testing of the #1 composite 
type piezoelectric stator under conditions of 180 Vp-p driv-
ing voltage, 35 kHz driving frequency, 12.1 gw preload and 
gear type rotor. 
 

 

Figure 17. The noise relative to the driving frequency by 
different driving ways testing of the #1 composite type pie-
zoelectric stator under conditions of 180 Vp-p driving volt-
age, 35 kHz driving frequency, 12.1 gw preload and gear 
type rotor. 
 

7) As shown in Figures 20 to 21, we find the rota- 
tional speed is proportional to the driving voltage, and is 
inversely proportional to the loading, where the rota-
tional speed and loading ability of the #1 piezoelec- 

 

Figure 18. The rotational speed relative to the driving phase 
angle of #1 - #5 composite type piezoelectric stator under 
conditions of L & B1:00 and B2:00~1800 driving way, 180 
Vp-p driving voltage, 35 kHz driving frequency, 12.1 gw 
preload and gear type rotor.  
 

 

Figure 19. The rotational speed relative to the driving phase 
angle of #1 - #5 composite type piezoelectric stator under 
conditions of L & B1:00 - 1800 and B2:00 driving way, 180 
Vp-p driving voltage, 35 kHz driving frequency, 12.1 gw 
preload and gear type rotor.  
 

 

Figure 20. The rotational speed relative to the driving volt-
age of #1 - #5 composite type piezoelectric stator under con-
ditions of 180 Vp-p driving voltage, 35 kHz driving fre-
quency, 12.1 gw preload and gear type rotor. 
 
tric stator is better than the other. For rotational speed, 
the shorter the length of the piezoelectric stator or stator, 
the rotational speed of the piezoelectric motor is better. 
As for loading ability, the shorter the length of the piezo- 
electric stator or stator, the loading ability of the piezo- 
electric motor is better under the same driving condi- 
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tions. 
8) Figure 22 shows the experimental results, we found 

the rotational speed of the gear type rotor (D20Gear) is 
better than the other under conditions of L&B1: 0˚ and 
B2: 0˚ driving way and 180 Vp-p driving voltage. Sec-
ondly, the rotational speed of the aluminum type rotor is 
better the other, in addition to the gear type rotor. As for, 
the rotational speed of D20Al type rotor approaches zero 
(only 15 rpm), means that it is not suitable for the #3 
piezoelectric stator. 

6. Conclusion 

According to the results of the computer simulation 
analysis, we found that the resonance frequency and the 
maximum deformation are inversely proportional to the 
length of the stator. Furthermore, we also find the best 
vibration mode of each piezoelectric stator landed be- 
tween the fourth or fifth resonant mode. According to the 
experimental results, we found that the rotational speed 
of the driving way of three kinds of vibration modes is 
better than the other driving ways. In addition, we also 
found that the average noise of the driving way of three 
kinds of vibration modes is much lower than the other 
 

 

Figure 21. The rotational speed relative to the loading of #1 
- #5 composite type piezoelectric stator under condition of 
180Vp-p driving voltage. 
 

 

Figure 22. The rotational speed relative to the #1 - #5 com-
posite type piezoelectric stator under conditions of L & 
B1:00 and B2:00 driving way, 180 Vp-p driving voltage and 
different type rotors. 

driving ways. Most importantly, we find the conversion 
efficiency of the driving phase angle of the #1 piezoelec-
tric stator (the shortest piezoelectric stator) is better than 
the other piezoelectric stators. The rotational speed and 
loading ability of the #1 piezoelectric stator (the shortest 
piezoelectric stator) is better than the other piezoelectric 
stators. Finally, we also found the rotational speed of the 
aluminum type rotor is better than the other type rotors 
under the same driving conditions. 
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