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Abstract: An ultrasonic motor as a kind of smart material drive actuator has potential in robots,
aerocraft, medical operations, etc. The size of the ultrasonic motor and complex circuit limits the
further application of ultrasonic motors. In this paper, a single-phase driven ultrasonic motor using
Bending-Bending vibrations is proposed, which has advantages in structure miniaturization and
circuit simplification. Hybrid bending vibration modes were used, which were excited by only
single-phase voltage. The working principle based on an oblique line trajectory is illustrated. The
working bending vibration modes and resonance frequencies of the bending vibration modes were
calculated by the finite element method to verify the feasibility of the proposed ultrasonic motor.
Additionally, the output performance was evaluated by experiment. This paper provides a single-
phase driven ultrasonic motor using Bending-Bending vibrations, which has advantages in structure
miniaturization and circuit simplification.

Keywords: ultrasonic motor; single-phase driven; bending vibration

1. Introduction

The ultrasonic motor is a kind of special motor based on the inverse piezoelectric
effect, which has the merits of no electromagnetic interference, no need for lubrication, fast
response, and high positioning accuracy [1–3]. Thus, the ultrasonic motor has been used in
fields such as camera lens drives, robots, optical fiber connections, biomedical engineering,
etc. [4–6].

From the viewpoint of the phase number of excitation power supply, the ultrasonic
motor can be divided into single-phase driven ones [7–9], two-phase driven ones [10,11],
and multi-phase driven ones [12,13]. As the phase shift of each phase of excitation voltages
should be adjustable, the power supplies of the two-phase-driven and multi-phase-driven
ultrasonic motors are relatively complex and large. Tian et al. proposed a single-phase-
driven piezoelectric actuator, which worked with an eight-shaped trajectory, and the piezo
rings were clamped between the flange bolt and the horn [8]. A single-phase-driven piezo-
electric actuator using the longitudinal bending coupling mode was proposed by Liu et al.;
when one signal voltage with the frequency of the first longitudinal and third bending
resonance frequency was applied to the motor and the boundary was unsymmetrical,
oblique elliptical movement was generated to push the mover [14]. However, the con-
sistency demand of the frequency of this longitudinal bending hybrid mode is relatively
high. Flueckiger et al. proposed a single-phase ultrasonic motor, in which the longitudinal
vibration mode was converted to the particular deformation of the resonator [15]. However,
to obtain the forward motion, a signal frequency of 84 kHz was utilized, and to achieve
the backward motion, a signal frequency of 69 kHz was used; thus, the output mechanical
characteristics of the bi-directional motions are not consistent.
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Based on the structure of the metal base and piezoelectric element, ultrasonic motors
can be divided into two types: bonded type [16–18] and sandwich type [19–21]. The
sandwich type ultrasonic motor has the advantages of large output force and high velocity.
The sandwich type Langevin transducer in the literature [19] had an output mechanical
force of 92 N and a no-load velocity of 0.47 m/s. A frog-shaped sandwich type piezoelectric
actuator in the literature [20] achieved a maximum speed and a thrust of 287 mm/s and
11.8 N, respectively. However, because of the existence of stud structure, the structure of the
sandwich type ultrasonic motor is relatively large. Therefore, in some specific situations,
the use of the sandwich type ultrasonic motor is restricted.

In view of the above situations, a novel single-phase-driven bonded type ultrasonic
motor is proposed in this study, which is beneficial to the miniaturization of motor size
and drive circuit. Bending-Bending vibrations are utilized to form the desired oblique line
driving trajectory. Additionally, there is no need for frequency degeneracy of Bending-
Bending vibrations in this study. Section 2 introduces the structure and working principle of
the single-phase-driven ultrasonic motor. Finite element analysis of the single-phase-driven
ultrasonic motor is illustrated in Section 3. Output performance of this single-phase-driven
bonded type ultrasonic motor is evaluated in Section 4. Finally, the conclusion is provided.

2. Structure and Working Principle of the Single-Phase-Driven Ultrasonic Motor

The structure of the proposed single-phase-driven ultrasonic motor is shown in
Figure 1a, which is composed of one aluminum alloy base and four pieces of PZT ce-
ramic. The integrated base has three functioning parts, which are the base, horn, and
driving foot. The horn is designed to magnify the vibration amplitude. In order to demon-
strate the two orthogonal bending vibration modes of the ultrasonic motor, the polarization
direction of four pieces of PZT ceramic is illustrated in Figure 1b. The bonded type of the
proposed ultrasonic motor makes it suitable for miniaturization.
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tion directions, (c) schematic diagram of driving trajectory.

In addition, in a traditional case of a hybrid of two orthogonal bending vibration
modes, two sinusoidal excitation voltages with a phase shift of 90 degrees are used to form
an elliptical driving trajectory [22,23]. In this study, two orthogonal bending vibration
modes with a 0-degree phase shift are utilized; thus, displacements in the OX and OY
directions will be generated simultaneously; then the oblique line driving trajectory is
formed, as shown in Figure 1c. Under the proposed principle, only single-phase excitation
voltage is needed, which is beneficial to reduce the power cost, simplify the circuit, and
miniaturize the whole ultrasonic motor.
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3. Finite Element Analysis of the Single-Phase-Driven Ultrasonic Motor

The finite element method is used to calculate the vibration modes and to obtain the
resonance frequencies of the Bending-Bending vibration modes. The finite element method
(FEM) model of the proposed ultrasonic motor was built in ANSYS, as shown in Figure 2.
The numbers of nodes and elements of the FEM model are 58657 and 40698, respectively.
The element type of the FEM model is SOLID227. The properties of the aluminum alloy
and the PZT ceramics are listed in Table 1.
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Figure 2. The FEM model of the proposed ultrasonic motor built in ANSYS.

Table 1. The properties of the aluminum alloy and the PZT ceramics.

PZT41 Aluminum Alloy

Piezoelectric matrix d =

 0 0 0 0 5 0
0 0 0 5 0 0

−1.6 −1.6 3.3 0 0 0

× 10−10 C/N Density ρ = 2810 kg/m3

Stiffness matrix cE =


15 8.4 6.8 0 0 0
8.4 15 6.8 0 0 0
6.8 6.8 12.9 0 0 0
0 0 0 3.3 0 0
0 0 0 0 2.8 0
0 0 0 0 0 2.8

× 1010 N/m2
Poisson’s ratio µ = 0.33

Dielectric matrix εT =

 8.1 0 0
0 8.1 0
0 0 6.7

0

× 10−9 F/m
Modulus of elasticity E = 4.72 GPa

The optimized size of the proposed ultrasonic motor is achieved by parameter sensi-
tivity analysis to ensure that the working frequency of the motor is greater than 20 kHz and
the amplitude of bending vibration is greater than 1 µm. The total length of the aluminum
alloy base is 36 mm, the height of the cross section of the base is 12 mm, the diameter of the
driving foot is 3 mm, and the length of the horn is 15 mm. The size of the PZT ceramic is
10 × 10 × 1 mm3, and the position of the PZT ceramic is shown in Figure 3. The detailed
dimensions of the single-phase-driven ultrasonic motor using Bending-Bending vibrations
are shown in Figure 3.
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Figure 3. The dimensions of the proposed ultrasonic motor (unit: mm).

The calculated bending vibration modes in OX and OY directions are shown in
Figure 4, the resonance frequencies are 41,023 Hz and 41,107 Hz, respectively, and the main
reason for the frequency deviation is the unsymmetrical mesh of the model. The calculated
driving trajectory is shown in Figure 5, which is an oblique line as proposed in Section 2. In
addition, a clamping device was designed, which is shown in Section 4; in the FEM model,
a displacement constraint was applied to the ultrasonic motor by cylinders to simulate the
constraint of the clamping device.
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4. Mechanical Characteristics of the Single-Phase-Driven Ultrasonic Motor

In order to evaluate the output performance, a prototype was manufactured. The
stator of the ultrasonic motor was composed of one integrated aluminum alloy base and
four pieces of PZT ceramic, the dimensions of which were the same as the optimized
simulation results. Additionally, four PZT ceramics were pasted on the stator surface with
resin glue at the positions shown in Figure 3, and the curing time was 24 h under the action
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of preload. The impedance characteristics were tested by an impedance analyzer (ZX80A,
Zhixin Precision Electronics Co., Ltd., Changzhou, China), as shown in Figure 6. The
tested resonance frequency was 41.92 kHz, and the deviation of the simulation resonance
frequency and the test one was 855 Hz, which was approximately 2.1% of the simulation
resonance frequency. The main reasons for the deviation are the parameters error of the
aluminum alloy base and the PZT ceramics, the manufacturing error, and the error caused
by the test condition of the impedance analyzer.
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Then, the output performance was tested under the single-phase excitation voltage.
The clamping device and the experimental setup are shown in Figure 7. The prototype was
clamped and fixed on the foundation support; the driving foot was pressed on the linear
guide rail. The excitation voltage was generated by the signal generator, then amplified
by s power amplifier (ATA-4051, Agitek, China); the single-phase excitation voltage, sine
signal, was applied to the PZT ceramics of the proposed ultrasonic motor.
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The output velocity versus the input excitation voltage frequency is shown in Figure 8.
We can see that changing the frequency is another way to change the output velocity. The
maximum output velocity of the mover was achieved at a frequency of 42.1 kHz. As the
ultrasonic motor works in a resonance state, when the working frequency is far from the
resonance frequency, the output velocity decreases rapidly.

The output velocity versus the input excitation voltage amplitude is shown in Figure 9,
which indicates that we can change the voltage amplitude to increase the output velocity.
With the excitation voltage no more than 120 V, the mover cannot be driven. The maximum
velocity was approximately 340 mm/s under an excitation voltage of 300 V and 42.1 kHz.
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In addition, the proposed single-phase ultrasonic motor using Bending-Bending
vibration modes is feasible, which can also output rotary motion if the linear guide rail is
replaced by a ring. The proposed bonded-type single-phase-driven ultrasonic motor not
only has the merit of easy miniaturization, but also has a simple and easy miniaturization
circuit. This single-phase-driven ultrasonic motor is indeed an impact motor, which has
potential to be used in a high-accuracy platform.
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5. Conclusions

A single-phase-driven ultrasonic motor using Bending-Bending vibrations was pro-
posed in this paper. The structure of this ultrasonic motor was composed of a metal base
and four pieces of PZT ceramic. Additionally, orthogonal bending vibration modes were
excited simultaneously by only single-phase voltage, thus an oblique line driving trajectory
was formed to drive the mover. The working principle was verified by the finite element
method. Additionally, the impedance characteristics of the ultrasonic motor were tested.
The output performance was evaluated by experiment. Additionally, the maximum output
velocity under 300 Vp-p was 340 mm/s. The practicability of this proposed single-phase-
driven ultrasonic motor was verified. This paper provides a single-phase-driven ultrasonic
motor, which has merits in the miniaturization of structures and power circuits. In future
work, we will focus on the verification of the linear trajectory and its application in a
high-accuracy platform.

Author Contributions: Conceptualization, D.X. and S.Y.; methodology, D.X.; software, W.Y.; valida-
tion, W.Y. and D.X.; formal analysis, S.Y.; investigation, W.Y.; resources, D.X.; data curation, W.Y.;
writing—original draft preparation, S.Y.; writing—review and editing, W.Y.; visualization, D.X.;
supervision, D.X.; project administration, X.Z.; funding acquisition, X.Z. All authors have read and
agreed to the published version of the manuscript.



Micromachines 2021, 12, 853 7 of 7

Funding: This work was supported in part by the National Natural Science Foundation of China
(No. 52005398), in part by the China Postdoctoral Science Foundation (No. 2019M663776), in part
by the Shaanxi Natural Science Basic Research Program (No. 2019JQ-805), in part by the Shaanxi
Education Department General Special Scientific Research Plan (No. 20JK0774), and in part by the
Shaanxi Key Laboratory of Mine Electromechanical Equipment Intelligent Monitoring for the Open
Fund (SKL-MEEIM201916).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Liu, J.; Liu, Y.; Zhao, L.; Xu, D.; Chen, W.; Deng, J. Design and experiments of a single-foot linear piezoelectric actuator operated

in a stepping mode. IEEE Trans. Ind. Electron. 2018, 65, 8063–8071. [CrossRef]
2. Liu, Y.; Wang, L.; Gu, Z.; Quan, Q.; Deng, J. Development of a two-dimensional linear piezoelectric stepping platform using

longitudinalbending hybrid actuators. IEEE Trans. Ind. Electron. 2018, 6, 3030–3040.
3. Liu, Y.; Yan, J.; Wang, L.; Chen, W. A two-DOF ultrasonic motor using a longitudinal–bending hybrid sandwich transducer. IEEE

Trans. Ind. Electron. 2018, 66, 3041–3050. [CrossRef]
4. Wan, X.; Liu, M.; Zhang, X.; Fan, H.; Mao, Q.; Dong, M.; Wang, X.; Ma, H. Excitation and propagation of longitudinal l (0, 2) mode

ultrasonic guided waves for the detection of damages in hexagonal pipes: Numerical and experimental studies. Shock Vib. 2021,
2021, 6641828.

5. Lok, M.; Helbling, E.F.; Zhang, X.; Wood, R.; Brooks, D.; Wei, G.Y. A low mass power electronics unit to drive piezoelectric
actuators for flying microrobots. IEEE Trans. Power Electron. 2017, 33, 3180–3191. [CrossRef]

6. Tao, K.; Chen, Z.; Yi, H.; Zhang, R.; Shen, Q.; Wu, J.; Tang, L.; Fan, K.; Fu, Y.; Miao, J.; et al. Hierarchical Honeycomb-Structured
Electret/Triboelectric Nanogenerator for Biomechanical and Morphing Wing Energy Harvesting. Nano-Micro Lett. 2021, 13, 123.
[CrossRef] [PubMed]

7. Yokoyama, K.; Tamura, H.; Masuda, K.; Takano, T. Single-phase drive ultrasonic linear motor using a linked twin square plate
vibrator. Jpn. J. Appl. Phys. 2013, 52, 07HE03. [CrossRef]

8. Tian, X.; Liu, Y.; Deng, J.; Chen, W. Single-phase drive bending-bending piezoelectric actuator operated under 8-shaped trajectory
vibration: Concept, computation and experiment evaluation. Mech. Syst. Signal Process. 2020, 139, 106637. [CrossRef]

9. Cao, T.; Li, X.; Wen, Z.; Wang, B.; Liu, W.; Yu, D.; Wu, D. A CFRP/PZT laminated piezoelectric motor with high force density.
Smart Mater. Struct. 2021, 30, 075005. [CrossRef]

10. Jiang, Z.; Wang, L.; Jin, J. A novel robotic arm driven by sandwich piezoelectric transducers. Ultrasonics 2018, 84, 373–381.
[CrossRef]

11. Aoyagi, M.; Tomikawa, Y. Ultrasonic rotary motor using longitudinal and bending multimode vibrator with mode coupling
caused by external additional asymmetry. Jpn. J. Appl. Phys. 1993, 32, 4190. [CrossRef]

12. Zhang, X.; Zhang, G.; Nakamura, K.; Ueha, S. A robot finger joint driven by hybrid multi-DOF piezoelectric ultrasonic motor.
Sens. Actuators A Phys. 2011, 169, 206–210. [CrossRef]

13. Takemura, K.; Ohno, Y.; Maeno, T. Design of a plate type multi-DOF ultrasonic motor and its self-oscillation driving circuit.
IEEE/ASME Trans. Mechatron. 2004, 9, 474–480. [CrossRef]

14. Liu, Y.; Shi, S.; Li, C.; Chen, W.; Liu, J. A novel standing wave linear piezoelectric actuator using the longitudinal-bending
coupling mode. Sens. Actuators A Phys. 2016, 251, 119–125. [CrossRef]

15. Flueckiger, M.; Fernandez, J.; Giljum, M.; Perriard, Y. Optimization of a single phase ultrasonic linear motor. Proc. IEEE Ultrason.
Symp. 2007, 2327–2330.

16. Wang, L.; Wang, X.; Twiefel, J.; Jin, J.; Xu, Q. Design of a novel surface-bonded type of linear ultrasonic motor with single-phase
excitation. In Proceedings of the 2020 IEEE 16th International Conference on Automation Science and Engineering (CASE),
Hong Kong, China, 20–21 August 2020; pp. 1078–1083.

17. Shi, Y.; Zhao, C. A new standing-wave-type linear ultrasonic motor based on in-plane modes. Ultrasonics 2011, 51, 397–404.
[CrossRef]

18. Lim, K.J.; Kwon, O.D.; Park, C.H.; Lee, J.S.; Kang, S.H. The design and characteristics of a novel ultrasonic motor. Mater. Sci.
Forum 2006, 514, 1457–1461. [CrossRef]

19. Yun, C.H.; Ishii, T.; Nakamura, K.; Ueha, S.; Akashi, K. A high power ultrasonic linear motor using a longitudinal and bending
hybrid bolt-clamped Langevin type transducer. Jpn. J. Appl. Phys. 2001, 40, 3773. [CrossRef]

20. Zhang, Q.; Chen, W.; Liu, Y.; Liu, J.; Jiang, Q. A frog-shaped linear piezoelectric actuator using first-order longitudinal vibration
mode. IEEE Trans. Ind. Electron. 2016, 64, 2188–2195. [CrossRef]

21. Yamaguchi, D.; Kanda, T.; Suzumori, K. An ultrasonic motor for cryogenic temperature using bolt-clamped Langevin-type
transducer. Sens. Actuators A Phys. 2012, 184, 134–140. [CrossRef]

22. Xu, D.; Liu, Y.; Liu, J.; Chen, W. A bonded type ultrasonic motor using the bending of a crossbeam. IEEE Access. 2016, 4, 1109–1116.
[CrossRef]

23. Liu, Y.; Yang, X.; Chen, W.; Yao, Y. A high power linear ultrasonic motor using a bending bolt-clamped transducer. Ferroelectrics
2013, 445, 39–50. [CrossRef]

http://doi.org/10.1109/TIE.2018.2798627
http://doi.org/10.1109/TIE.2018.2847655
http://doi.org/10.1109/TPEL.2017.2704290
http://doi.org/10.1007/s40820-021-00644-0
http://www.ncbi.nlm.nih.gov/pubmed/34138353
http://doi.org/10.7567/JJAP.52.07HE03
http://doi.org/10.1016/j.ymssp.2020.106637
http://doi.org/10.1088/1361-665X/abff16
http://doi.org/10.1016/j.ultras.2017.11.019
http://doi.org/10.1143/JJAP.32.4190
http://doi.org/10.1016/j.sna.2011.05.023
http://doi.org/10.1109/TMECH.2004.834643
http://doi.org/10.1016/j.sna.2016.10.015
http://doi.org/10.1016/j.ultras.2010.11.006
http://doi.org/10.4028/www.scientific.net/MSF.514-516.1457
http://doi.org/10.1143/JJAP.40.3773
http://doi.org/10.1109/TIE.2016.2626242
http://doi.org/10.1016/j.sna.2012.06.024
http://doi.org/10.1109/ACCESS.2016.2542861
http://doi.org/10.1080/00150193.2013.814016

	Introduction 
	Structure and Working Principle of the Single-Phase-Driven Ultrasonic Motor 
	Finite Element Analysis of the Single-Phase-Driven Ultrasonic Motor 
	Mechanical Characteristics of the Single-Phase-Driven Ultrasonic Motor 
	Conclusions 
	References

