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Abstract  

The structure and performance of ultrasonic motors have gradually improved with the emergence of new materials, 
techniques, and structural forms. Therefore, the application scope of this technology is also expanding, especially in the field 
of high-end equipment. This paper conducts a review of research on the application status and progress at the frontier of 
research on ultrasonic motors. A summary and classification of both the status of application and cutting-edge research 
progress are presented, including the use of ultrasonic motors in aerospace, precision, biomedical and optical engineering 
and the influence on ultrasonic motor design resulting from the breakthrough in advanced processing and preparation 
technology, structural and functional integration technology, low voltage drives and open-loop control systems. Moreover, 
the performance of products developed with the aid of ultrasonic motors and representative devices are compared; and 
state of the art ultrasonic motor designs are discussed and summarized. Finally, potential future research efforts and 
prospects are highlighted. 
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1. Introduction 

Ultrasonic motors (USMs) involve the use of inverse 

piezoelectric effects in piezoelectric ceramic materials to 

generate rotation or linear motion by controlling the 

mechanical deformation. Recently, research and applications 

pertaining to such devices have rapidly advanced, such as in 

the area of actuation for aircrafts and detectors, cell injection 

based on nano-manipulation, optical scanning, and precision 

platform drives.[1-7] The characteristics required include 

compact structure, high positional accuracy, fast response 

speed, and large travel range. Quick response, non-magnetic 

properties, high torque at low speeds, high resolution, off 

power self-braking, and a large working travel range are 

attractive characteristics for this new type of ultrasonic 

motor.[8,9] Thus, variants of these devices, such as more mature, 

new micro-special motors, have been widely used in many 

engineering fields. Moreover, ultrasonic motor technology is 

expected to undergo new breakthroughs and development with 

the emergence of some new technologies, materials and 

configurations, such as fabrication technology for multilayer  

piezoelectric ceramics, micro-electro-mechanical systems 

(MEMS) micro-machining and 3D printing additive 

manufacturing technology.[10,11] 

Until now, such advantages have enabled successful 

competition with standard electromagnetic solutions in those 

high-end market segments where applications require a 

combination of small size, high positioning accuracy, and high 

torque.[12-14] Due to the lack of a deceleration mechanism in an 

ultrasonic motor, the overall weight is very light, the function 

density is high, and the structure is compact. Therefore, 

traditional electromagnetic motors in the application of micro-

aircraft have gradually been replaced. Furthermore, ultrasonic 

motors have been increasingly used in the field of aeronautics 

and astronautics, where the need for stability and reliability in 

complex and demanding environments is very high.[15,16] In 

particularly, precision driving platforms and biomedical and 

optical engineering all require high displacement resolution, 

accurate positioning, and fast response.[17-19] Ultrasonic motors 

with the above characteristics have been widely developed and 

successfully applied in these fields. Moreover, ultrasonic 

motors are free of electromagnetic interference and favored in 

the fields of medical equipment, optical coherence 

tomography (OCT) imaging, magnetic resonance imaging 

(MRI), high-end positioning platforms and other advanced 

equipment. 
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With the development of micro-machining technology, 3D 

printing technology, and the wide use of some new 

materials,the preparation and processing technology for 

ultrasonic motors have also seen a new developmental impetus, 

and some long standing technical problems have been 

solved.[20-22] For example, 3D printing technology is employed 

to process irregular piezoelectric polymer composite 

structures to improve vibration efficiency; the insulated and 

lightweight nonmetallic substrate ultrasonic motors can then 

be developed by new materials. At the same time, the rapid 

development of ultrasonic motors has also brought about some 

progress in piezoelectric drive technology.[23-25] Structural size 

of the system can be significantly reduced by the construction 

of a structurally driven functional integrated system, which 

can give full play to the advantages of piezoelectric actuators. 

There are various demands in some fully open space actuators 

and robot joints. Furthermore, with the improvement in the 

preparation technology for multilayer piezoelectric ceramics, 

the low voltage drive technology of ultrasonic motors has 

gradually become a research hotspot.[26,27] Recently, there have 

been breakthroughs in the open-loop control technology of 

ultrasonic motors, which carry great significance for some 

applications in which it is difficult to develop closed-loop 

control, such as cell slice actuators, ear surgical equipment, 

and magnetic compatible tactile interfaces.[28-31] 

In this paper, application of ultrasonic motors in aerospace, 

optical, biomedical, and precision engineering is surveyed. 

Some technological breakthroughs and corresponding 

problems caused by new materials and technologies are then 

discussed. Finally, an outline for potential future work is 

presented.  

 

2 Applications of ultrasonic motors 

2.1 Aerospace engineering 

Compared to electromagnetic motors, ultrasonic motors can 

easily function through day and night temperature differences, 

the effects of solar geomagnetic storms, or environments high 

in radiation, far more so than electromagnetic motors of the 

same size and power density. In addition, the ultrasonic motor 

structure is compact, flexible and reliable, and easy to 

miniaturize, which can reduce the volume of detectors and 

other qualities that are ideal for aircraft. 

In Phase 2, Test 2 of the Defense Advanced Research  

Projects Agency (DARPA)/Air Force Research Laboratory 

(AFRL)/National Aeronautics and Space Administration 

(NASA) Smart Wing program, a device was designed 

consisted of a flexural center and elastomeric outer skin, 

which was actuated by high-power traveling-wave rotary 

ultrasonic motors (Shinsei SPL-801). Its compact structure 

enabled simpler integration into the limited space available in 

a 30% wind tunnel model.[32] Shinsei Corporation 

manufactured a variety of ultrasonic motors for different 

torque/speed applications during the period under 

consideration, as shown in Table 1. 

 
Fig. 1 Ultrasonic motor in MAV: (a) appearance of MAV; (b) 

inside of the MAV (Reprinted with the permission from [34], 

copyright Taylor & Francis). 

 

The Defense Advanced Research Projects Agency 

(DARPA) first proposed the concept of Micro Aerial Vehicles 

(MAV) in 1992. Based on the principle of bionics, flapping 

MAVs are able to achieve the optimal combination of high 

efficiency and flexibility.[33] Hamamoto et al. developed a 

flapping MAV driven by four tiny standing-wave USMs, that 

weighs only 0.13 g. The USM used the first-order longitudinal  

  
Fig. 2 Flapping MAV proposed by Hamamoto et al: (a) transducer 

configuration; (b) stretching vibration modes; (c) bending 

vibration modes; (d) control schematic voltage application 

(Reprinted with the permission from [35], Copyright IEEE 2015). 

Table 1. Shinsei ultrasonic motor specifications. 

Model USR-30 USR-45 USR-60 SPL-801 

Rated torque (in.-lbs) 0.35 1.5 3.3 9.375 

Rated speed (rpm) 250 150 100 210 

Stall torque(in.-lbs) 0.9 2.8 5.5 12.7 

Power output(W) 1.0 2.3 3.9 23.3 

Weight(lbs) 0.07 0.15 0.39 0.54 

Lifetime(h) 1000 1000 1000 100 

Motor dimensions 1.3”dia × 0.50” 2.0”dia × 0.65” 2.6” × 2.6” × 1” 2.6” × 2.6” × 1” 
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vibration and the third-order bending vibration to form an 

elliptical motion at the tip orbit. It was employed as the 

actuator of a MAV despite its lower power capacity compared 

to the requirement for stand-alone hovering,[34,35] as shown in 

Figs. 1 and 2. 

USMs have been deployed in US spacecraft. For instance, 

the USMs used in the Micro lander for Mars were jointly 

developed by the Jet Propulsion Laboratory and the 

Massachusetts Institute of Technology.[36] National 

Aeronautics and Space Administration (NASA)’s Goddar 

Space Flight Center in the United States has specially 

developed three ring-type traveling wave USMs, with 

diameters of 1.1, 2.5 and 2.8 in, respectively. These are used 

for a micro-manipulator on the space robot and have shown 

excellent stability and reliability.[37] 

 
Fig. 3 USM on the lunar probe. 

 

China Aerospace Science and Technology Corporation 

designed the Chang'e-3 detector and Chang'e-4 lunar probes. 

These vehicles reached the moon in December 2013 and 

January 2019, respectively. A traveling wave rotary ultrasonic 

motor (NUAA, PDLab) was successfully applied to two lunar 

probes to control the switch of their spectrometers. The motor 

speed reached 40 r/min. The response time to the current was 

1-30 ms, the shutdown response time is 0.1-1 ms, and the 

weight was only 1/10 that of the traditional motor.[38,39] The 

USM from the lunar probe is shown in Fig. 3. 

 

2.2 Precision Engineering 

Ultrasonic motors play an important role in the fields of 

precision engineering, such as cell injection based on nano-

manipulation, micro-scanning and the attitude adjustment of 

satellites based on nano motion, and the fabrication of gratings 

and microelectronic mechanical systems based on micro-

nanomachining.[40-45] It is necessary to have the characteristics 

of compact structure, positioning accuracy, a high response 

speed, and a large travel range. Compared to other forms of 

piezoelectric actuators, ultrasonic motors are one of the ideal 

controllers for realizing precise motion levels with stable long 

strokes. 

Guo et al.[46] designed a 3-DOF actuator by using a 5 mm 

diameter piezoelectric ceramic tube, as shown in Fig. 4(a), 

with XY outputs obtained with a driving torque of 3.6 μN·m 

and motion speed of 21.8 rps. Grybas et al.[47] proposed a 1-

DOF piezoelectric micro-positioning rotary stage, as 

illustrated in Fig. 4(b). The average resolution of the rotary 

stage was determined to be 0.25 µrad and 0.26 µrad in the 

clockwise and anticlockwise directions, respectively. Xu et al. 
[48] proposed a piezoelectric actuator operating in resonance 

(under AC signals) and non-resonance working modes (under 

DC signals), as illustrated in Fig. 4(c). The AC resonance 

working mode used a hybrid of two resonance bending 

vibrations to produce high speeds and large stroke linear 

motion, whereas the DC non-resonance working mode used 

the static horizontal bending movements to achieve linear 

driving with micrometer strokes and nanometer resolution. 

Physik Instrumente (PI) designed PILine® ultrasonic motors 

for the precision motion stage, as shown in Fig. 5(a).[49] These 

ultrasonic motors use the compound vibration mode to 

generate elliptical motion in the coupling element, which can 

drive linear or rotary motion. 

New Scale[50] designed the world’s smallest commercial 

linear motor SQUIGGLE. The motor used two orthogonal 

bending vibrations to couple elliptical motion in the cross 

section, thereby driving the middle screw to rotate, with the 

screw thread transforming the rotary motion into linear motion, 

as shown in Fig. 5(b). The size of the motor SQUIGGLE was 

only 1.8 × 1.8 × 6 mm, and the motor can achieve 5 N and 10 

mm/s linear speed output, which can reach the direct-drive 

precision micro stage, as shown in Fig. 5(c). 

 
Fig. 4 The ultrasonic motors used for the precision motion stage: (a) structure of the prototype motor (reprinted with the permission 

from [46], Copyright 2013 IEEE); (b) structure of the micro-positioning rotary stage (reprinted with the permission from [47], 

copyright 2018 Elsevier); (c) structure of the proposed actuator (Reprinted with the permission from [48], copyright 2017, Elesvier). 
 

 

       
 

(c) (b) 
(a) 
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 (a) 

(b) 

(c)  
Fig. 5 The commercial ultrasonic motors used for the precision motion stage: (a) structure of PILine® Ultrasonic motors; (b) structure 

of the SQUIGGLE; (c) structure of the M3-LS-3.4 Linear Stage (Reprinted with the permission from [50], Copyright 2017 Elsevier). 

 

Table 2. The specific parameters of some commercial stages. 

 

 
DOF Mode 

Size 

(mm) 

Travel 

(mm) 

Resolution 

(nm) 

Speed 

(mm/s) 
Output (N) 

B050 

(Nanomotion) 
X 

Longitudinal-

bending 

compound 

Width:50 75 10 N/A 16 

FB150 

(Nanomotion) 
X 

Longitudinal-

bending 

compound 

Width:150 200 10 N/A 30 

M3-LS-3.4-15 

(New Scale) 
XY 

Bending 

compound 

vibration 

32×32×11 15 500 N/A 1 

M3-LS 

(New Scale) 
X 

Bending 

compound 

vibration 

29×20×10 6 500 N/A N/A 

U-651.04 

(PI) 
θ 

Compound 

mode 
N/A >360° 

12 

(μrad) 

540 °/s 

(Max) 
N/A 

U-521 

(PI) 
X 

Compound 

mode 
35×35×10 18 300 200 2 

U-622 

(PI) 
θ 

Compound 

mode 
20×20×10 >360° 

175 

(μrad) 

720°/s 

(Max) 
5mN·m 

U-624 

(PI) 
θ 

Compound 

mode 
30×30×12 >360° 

35 

(μrad) 

720°/s 

(Max) 
10mN·m 

U-651 

(PI) 
θ 

Compound 

mode 
36×36×14 >360° 

4 

(μrad) 

720°/s 

(Max) 
300mN·m 

WLG-30-R 

(Tekceleo) 
θ 

Rotating 

traveling wave 
ф30 N/A 

785 

(μrad) 

1500°/s 

(Max) 
100mN·m 

WLG-30-L-30 

(Tekceleo) 
X 

Compound 

mode 
ф30 N/A 50 300 8 

Nanomotion[51] used an ultrasonic motor coupled with 

bending vibration and longitudinal vibration to drive linear 

stages, as shown in Fig. 6(a). These stages were offered in a 

wide range of widths and travel lengths and can be combined 

in X/Y or X/Y/Z or other multi-axis configurations. The 

repetitive positioning accuracy of the precision stage can reach 

50 nm. One of the typical products of the FB050 linear stage 

is shown in Fig. 6(b). Moreover, the specific parameters of 

some commercial stages are listed in Table 2. 

 

2.3 Biomedical Engineering 

The advantages of ultrasonic motors, such as high torque at 

low speed, high power density, short response time, no 

electromagnetic interference, and preferable performance in a 
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terms of magnetic fields, make them suitable for use in the 

biomedical field.[52,53] Magnetic resonance (MR) compatible 

devices work using a static magnetic field. Therefore, these 

devices should not produce electromagnetic interference while 

operating in the static magnetic fields. Moreover, conventional 

electromagnetic motors cannot be used. Nowadays, various 

MRI (fMRI) compatible devices are driven by ultrasonic 

motors because they do not in any way disturb the imaging 

process. [54-56] 

        

 

(a) (b) 

 
Fig. 6 Nanomotion's commercial ultrasonic motors for the 

precision stage: (a) USM of the precision stage; (b) FB050 Linear 

Stage. 

 

Shokrollahi et al.[57] used ultrasonic motors in an MRI 

device to significantly reduce geometric distortion, as shown 

in Fig. 7. Liu et al. [58] applied a cable transmission system 

actuated by ultrasonic motors to a robotic system and 

developed a robotic prototype manufactured with nylon to 

meet the MRI compatibility requirements. 

 
Fig. 7 Ultrasonic motors in an MRI device. 

 

Many surgical devices have high requirements for 

precision and response speeds. Ultrasonic motors have been 

gradually applied to surgical devices due to their high 

precision and quick response speeds,[59-65] as shown in Fig. 8. 

For instance, a high-precision ultrasonic motor stage has been 

employed for a surgical ear device.[66,67] The minimum 

incremental displacement of the ultrasonic is 0.3 μm. The 

maximum velocity and travel range of the USM stage are 250 

mm/s and 19 mm, respectively. Mazurchuk et al. used the 

threaded rod type linear ultrasonic motor to make a flow 

controller with high precision,[68] as shown in Fig. 8(b). The 

threaded rod type linear ultrasonic motor has a significant 

advantage in terms of nuclear magnetic resonance imaging 

(fmri) in the magnetic field strength of 4.7 T magnetic field 

environment experiments. 

     

 

(a) (b) 
CCD Camera Syringe 

USM 

Catheter Screw 

 
Fig. 8 Ultrasonic motors in surgical devices: (a) device for OME 

proposed by Tan (Reprinted with the permission from [67], 

Copyright 2015 American society of Mechanical Engineers); (b) 

ultrasonic motor-based infusion system proposed by Mazurchuk 

(Reprinted with the permission from [68], Copyright 2007 

Elsevier). 

 

2.4 Optical Engineering 

Ultrasonic motors have great application potential in the 

photoelectric field,[69,70] as shown in Fig. 9. For example, laser-

to-fiber and fiber-to-fiber alignment is a major problem in 

optical packaging, and must usually be solved by employing a 

high-precision structure and positioning system. Ultrasonic 

motors are highly suitable for solving these kinds of problems 

due to their advantages over conventional electromagnetic 

motors, including fast response, high precision, high power to 

weight ratios, no magnetic interference, and smaller package 

size.  

    
 

(a) (b) 

 
Fig. 9 (a) The prototype alignment package proposed by Park et 

al. (reprinted with the permission from [69], Copyright 2010 Sage 

Publications); (b) the Gyro stabilized platform proposed by Pan 

et al. (Reprinted with the Permission from [70], Copyright 2017 

Elsevier). 

   

Optical coherence tomography has very broad application 

prospects in the biomedical field. However, it is very difficult 

to manufacture micro-motors, which makes the 

miniaturization of probes a major challenge. Ultrasonic 

motors are suitable for endoscope micro-probes due to their 

advantageous of miniaturization,[71-74] as shown in Fig. 10(a). 

Chang et al.[75] developed a squiggle ultrasonic motor 

consisting of four piezoelectric plates bonded to a threaded 

metal tube with a matching threaded screw shaft, as shown in 

Fig. 10(b). In their tests, the rotary speed was set to two  
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(a) (b) (c) 

 
Fig. 10 (a) The stator of the ultrasonic motor proposed by Guo (reprinted with the Permission from [72], Copyright 2014 IEEE); 

(b)squiggle ultrasonic motor in OCT proposed by Chang (reprinted with the Permission from [75], Copyright 2011 Optical Society 

of America); (c) a miniaturized hollow ultrasonic motor used in an OCT proposed by Chen (reprinted with the Permission from [76], 

Copyright 2011 Optical Society of America). 

 

    

 

(a) (b) 

 
Fig. 11 (a) Pipe inspection robot with a camera, as proposed by 

Masahiko et al. (Reprinted with the Permission from [82], 

Copyright 2009 IEEE); (b) the nut-type linear ultrasonic motor 

proposed by Zhou et al. (Reprinted with the Permission from [83], 

Copyright 2009 IEEE). 

 

cycles/s and the voltage to approximately 25 V. Chen et al.[76] 

proposed an endoscopic probe for the OCT equipped with a 

miniaturized hollow ultrasonic motor capable of rotating the 

objective lens and providing an internal channel for the fiber 

to pass through, thus enabling 360 degrees of unobstructed 

circumferential scanning, as shown in Fig. 10(c). This type of 

probe has an outer diameter of 1.5 mm, which is extremely 

small for motorized probes with an unobstructed view in distal 

scanning endoscopic OCTs. Under a 7 Vrms driving voltage 

and a 3 mA current, the speed of this motor with a torque of 4 

μN·m is 2000 rpm. Moreover, a low scanning speed of 2 fps 

is achievable at 1.6 Vrms. 

The ultrasonic motor also plays an essential role in the 

cameras.[77-80] Masahiko et al.[81,82] applied a spherical 

ultrasonic motor to the camera actuator of a pipeline 

inspection robot, as shown in Fig. 11(a). This design ensured 

that the pipe inspection detection robot could be inserted into 

a 50 mm inner diameter pipe. Zhou et al.[83] used a nut-type 

ultrasonic motor for the auto-focus module of a cellular phone, 

as presented in Fig. 11 (b), where the stator is shown as a nut 

shaped metal tube with a threaded inner surface and eight 

ceramic plates on the outer surface. The axial movement speed 

of the motor was 0.5-1 mm/s, the driving force was about 50 

mN, and the response time was less than 10 ms. 

 

3 Research progress on ultrasonic motor 

3.1 Research frontier of processing and preparation 

technology 

With the aim of meeting various application requirements, 

ultrasonic motors are evolving toward light weight, 

miniaturization, precision, and high efficiency.[84,85] Ultrasonic 

motors with new configurations and materials are also being 

proposed. Moreover, the development of precision machining, 

micro processing, and other cutting-edge manufacturing 

technologies provides much convenience. 

   
Fig. 12 Image of the transverse interdigitated electrodes used for device actuation. 
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In 2018, Prakruthi Hareesh et al.[86] presented a millimeter-

scale traveling wave ultrasonic rotary motor fabricated from 

bulk lead zirconate titanate (PZT), which is shown in Fig. 12. 

The motors were capable of bidirectional rotary motion with 

controllable speeds. Based on the micro powder blasting of 

homogeneous PZT sheets made by the use of single-sided 

transverse interdigitated electrodes, the motor stators adopted 

a simple manufacturing technology to drive in bending mode, 

the most prominent of which was the application of a normal 

load to increase the frictional coupling between the stator and 

rotor, without creating excessive drag between the rotor and 

other stationary components. 

    

 

(a) (b) 

 
Fig. 13 (a)Rotational motion of millimeter TWUM proposed by 

Rudy et al. (Reprinted with the Permission from [87], Copyright 

2012 IEEE); (b) high-performance rotational motion of 

millimeter TWUM proposed by Rudy et al. (Reprinted with the 

Permission from [88], Copyright 2015 IEEE). 

 

By using a thin film lead zirconate titanate (PZT) and 

MEMS processing technology, Rudy et al.[87] put forward a 

rotational motion of millimeter traveling wave ultrasonic 

motor (TWUM) with a bidirectional control, as shown in Fig. 

13(a). The direction of rotation could be shifted by switching 

the phase offset. The change in direction at 10 V of actuation 

(2000 rpm) was measured to occur within a space of 30 ms. 

Then, the enhanced motor performance leveraged the imprint 

characteristics shown by the PZT thin films, which improved 

the speeds and caused the starting voltages to fall below 4 V. 

In the meantime, a 2 mm diameter motor of up to 1730 r/min 

was demonstrated,[88] and is shown in Fig. 13(b). Micro 

processing techniques represented tremendous potential in 

fabricating micro USMs, although they also have 

shortcomings in terms of their relatively complex fabrication 

process, limited available materials, and limited machining 

dimensions. Thus, their application in high-power motors is 

restricted. 

Powerful and lightweight actuators are attractive for use in 

mechanical systems. Metal materials can enable USMs to 

possess high power and thrust and simultaneously afford them 

large weight. Therefore, applying materials with low densities 

and robust mechanical properties is a preferable means of 

meeting this challenge. Functional polymers with excellent 

workability and wear characteristics are attractive candidate 

materials as vibrating bodies for reducing the weight of USMs.  

Wu first conducted a feasibility study to explore the possibility 

of polymers for USM and then developed a PPS/alumina/PZT 

triple-layered vibrator as a core component of a USM, as 

shown in Fig. 14(a). The maximum output torque and power 

of the triple-layered motor was 15.2 mN·m and 39.3 mW, 

respectively. These totaled 5 and 13 times of the pure polymer-

based motor owing to the enhanced force factor and 

electromechanical coupling factor.[89,90] The study indicates 

that polymer-based traveling wave ultrasonic motors can 

achieve light weight and worked Under the corrosive 

environment of metal.[91-93] Additionally, Cao et al.[94] designed 

a PPS-based bimodal USM that can achieve a maximum no-

load speed of 207 r/min and maximum torque of 2 mN·m 

under 350 Vp-p. Their output power values are lower due to 

the low electromechanical coupling factors of polymer-based 

vibrators, although the vibration velocity of polymer-based 

motors is comparable to that of metal-based motors. Li et al.[95] 

proposed a traveling wave USM with a metal/polymer-matrix 

material compound stator. The motor can achieve maximum 

efficiency of about 5.5% with a tooth thickness of 4 mm, a 

preload of 100 N and a torque of 0.3 N·m, as shown in Fig. 

14(b). 

           

 

(a) (b) 

 

Fig. 14 (a) Traveling wave USM with PPS/alumina/PZT triple-layered stator, as proposed by Wu (Reprinted with the Permission 

from [90], Copyright 2018 Elsevier); (b) traveling wave USM with a metal/polymer-matrix material compound stator, as proposed 

by Li (Reprinted with the Permission from [95], Copyright 2020 Elsevier). 
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In addition to their good physical properties, which make 

them available to USM, easy processing is also a property of 

polymers to be taken into account. It is feasible to improve the 

production efficiencies of USMs because their polymer 

vibrating bodies can be directly fabricated by molding 

methods instead of machining ones. Furthermore, the motors 

can also be made by means of 3D printing, given the lower 

melting point compared to metal. This can contribute to 

improvements in the efficiency and processing of motors with 

complex structures. Therefore, the motor can be better 

optimized to also improve the output characteristics, rather 

than being limited by its shape.  

 
Fig. 15 Linear-type piezoelectric ultrasonic actuator for 

application in a Smart Fuze Safety System (SFSS). 

 

3.2 Integration of structure and function 

As an important branch of the piezoelectric drive field, the 

rapid development of ultrasonic motor technology also 

provides new possibilities for piezoelectric drives. USMs offer 

many advantages, for example, in a simple construction, a 

direct drive, and a brakeless and bearingless mechanism.[96-98] 

These advantages contribute to the miniaturization of the 

structure. Among them, the integration of structure and 

function is an important development for piezoelectric drive 

technology. 

Tang Y et al.[99] presented a novel linear-type piezoelectric 

ultrasonic actuator for application in a Smart Fuze Safety 

System (SFSS), which is shown in Fig. 15. Both the slider and 

stator have a through hole that is used as the ignition channel 

of the Fuze Safety System. The initial positions of the through 

holes on the slider and the stator are staggered, which 

represents the “safety” state for the Fuze. When the through 

holes of the slider and stator are aligned, the Fuze is arming. 

Jin et al.[100] used the longitudinal vibration of two beams 

connected to the ring to excite the three-order plane traveling 

wave, which can combine with an actuator to drive the track 

movement. Two actuators make up the tracked-vehicle, as 

shown in Fig. 16(a). Wang et al.[101,102] used a sandwich-type 

transducer to excite fourth-order in-plane traveling waves in 

the same direction of the ring at both ends using the 

longitudinal and bending vibrations of a beam, as shown in Fig. 

16(b).  

Ye Z et al.[104] presented a ring (joint)-beam (arm) element 

based on a piezoelectric actuator, which has a two-degree-of-

freedom three-arm prototype joint mechanism and is 

illustrated in Fig. 17(a). Chen D et al.[105] presented a single-

mode piezoelectric actuator composed of three piezoelectric 

actuators articulated by two joints, as illustrated in Fig. 17(b). 

The size of the finger is approximately 1.5 times that of a 

human middle finger, and the weight is 0.11 kg. 

 

3.3 Low-voltage drive and open-loop control technology 

for ultrasonic motors 

The application of low-voltage driving ultrasonic motor 

technology mostly relies on multilayer piezoelectric ceramics 

or MEMS processing technology. Using the Barth-type 

structure proposed in 1973, the American Thorlabs company 

took advantage of combing with multilayer piezoelectric 

ceramic technology to achieve success in the industrial-scale 

production of low-voltage driven ultrasonic motors using this 

structure naming it the Elliptec motor, as shown in Fig. 18. The 

Elliptec motor rotates forward and backward by changing the 

excitation frequency and using different modes of resonant 

housing. Due to its consistent and reliable performance, it has 

been widely applied in optical precision rotary positioning 

platforms. In particular, the entire motor requires a drive 

voltage of as low as 5 V and is capable of being integrated into 

a small sized circuit board. 

 

         
 

(a) (b) 

 
Fig. 16 (a) Tracked-vehicle structure proposed by Jin et al. (Reprinted with the Permission from [100], Copyright 2012@The Authors) 

(b) sandwich-type traveling wave piezoelectric tacked mobile system proposed by Wang et al. (Reprinted with the Permission from 

[101,102], Copyright 2016 Elsevier and 2018 Elsevier, respectively). 
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(a) (b) 

 
Fig. 17 (a) Ring (joint)-beam (arm) element proposed by Ye et al. (Reprinted with the Permission from [103], Copyright 2019 IOP 

Publishing Ltd); (b) piezoelectric actuated robotic finger at two joints proposed by Chen et al. (Reprinted with the Permission from 

[105], Copyright AIP Publishing). 

 

Based on the Barth-type structure, various design schemes 

of rotating and linear ultrasonic motors were proposed, as 

shown in Fig. 19.[106,107] Sherrit et al. applied EBM technology 

to design flexure horns (Ti-6Al-4V), as shown in Fig. 19(a). 

Unlike the Elliptec motor, this type of motor is capable of 

linear and rotational motion by exercising control over the 

horns at different positions. For example, as shown in Fig. 

19(b), activating the pair of horns on the right drives the slider 

to the left, whereas activating the pair on the left shifts the 

slider to the right. As can be seen in Fig. 19(c), to drive the 

rotor clockwise, it is necessary to excite the horns in the top 

plate by driving each in resonance. Conversely, to drive the 

rotor counterclockwise, it is necessary to excite the horns in 

the bottom plate by driving each horn in resonance. 

Alternatively, the multilayer piezoelectric ceramics of the 

inactive plates can be driven with a DC voltage to reduce 

friction between the inactive plate and the rotor. Fig. 19(d) 

shows a type of motor with three orthogonal axes of rotation. 

In terms of design, they are applicable to such small sized 

systems as motors fitted in electronic cameras or small sized 

flight instruments. Alternatively, they could be applied to drive 

large structures such as the wheels of a rover or the joints of 

an instrument deployment device. 

 
Fig. 18 Elliptec piezoelectric motor from the Thorlab company. 

   

        

 

(a) (b) 

(c) (d) 

 
Fig. 19 Various types of motors proposed by Sherrit et al: (a) the 

flexure horns (Reprinted with the Permission from [106], 

Copyright 2010 IEEE); (b)The linear ultrasonic motor (Reprinted 

with the Permission from [107], Copyright 2011 Society of 

Photo-Optical Instrumentation Engineers (SPIE); (c) the rotating 

ultrasonic motor (Reprinted with the Permission from [108], 

Copyright 2015 Society of Photo-Optical Instrumentation 

Engineers (SPIE); (d) three axes of rotation ultrasonic motor 

(Reprinted with the Permission from [108], Copyright 2015 

Society of Photo-Optical Instrumentation Engineers (SPIE). 

 

In addition to the Barth-type structure, Yoseph Bar-

Cohen[108] suggested a traveling wave-typed rotating ultrasonic 

motor driven by 12 multilayer piezoelectric ceramics and 

ultrasonic horns with flexures, as shown in Fig. 20(a). The 

vibration mode adopted by the motor could shift from the 

circular polarization of the single-layer piezoelectric ceramic 

to point excitation, thus leading to a significant reduction in 

the driving voltage. Furthermore, they also proposed a four-

horn rotary ultrasonic motor driven by eight multilayer 

piezoelectric ceramics, as shown in Fig. 20(b). Zhao Y et al.[109] 

proposed an oblate-type ultrasonic standing wave micro-

motor with multilayer piezoelectric ceramic and chamfered 

driving tips, as illustrated in Fig. 21. This motor is capable of 
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reaching a rotary speed of around 2000 r/min at a voltage 

amplitude of 20 Vp-p. The ratio of the maximum displacement 

of the speed feeding direction to the preload direction is 

approximately 4:1, which indicates a high speed and poor 

ability to load. 

       

 

(a) (b) 

 
Fig. 20 (a) Traveling wave rotation; (b) four horn rotation 

ultrasonic motor proposed by Yosephet Reprinted with the 

Permission from [107], Copyright 2011 Society of Photo-Optical 

Instrumentation Engineers (SPIE) and (Reprinted with the 

Permission from [108], Copyright 2015 Society of Photo-Optical 

Instrumentation Engineers (SPIE)). 

 

Despite some in-depth studies on the closed loops of 

ultrasonic motors, there remain many problems to be 

addressed in the research of open loop designs. When there is 

inadequate space to place precision sensors or due to the high 

cost of these, the analysis of open-loop stepwise motion is 

considered more significant, for example, cell slice actuators, 

ear surgical devices, and magnetic-compatible haptic 

interfaces make use of this. As for the unit of open-loop 

stepwise motion, the startup-shutdown process under varying 

pulse numbers must be analyzed in detail. Wang et al.[110] 

managed to obtain results when the vibration displacement in 

the Y and Z directions was extended with the increasing pulse 

numbers in finite element analysis software, as evinced by the 

measurement of the stepping distance. The forward and 

reverse displacements under different driving frequencies 

were then compared. However, the analysis of the interaction 

force revealed that the underlying mechanism was ignored. 

Liu et al.[111] conducted similar research to demonstrate the 

positive correlation between the stepping displacement and 

pulse number. As was observed by Chen et al.,[112] the modal 

differences in the shutdown stage were associated with both 

amplitude and velocity at the instant of shutoff. Then, by 

constructing a simulation model, they determined the changes 

in the length of the contact and driving zone, as well as the 

changes in the input current, vibration state, output torque and 

axial pressure, based on which these rules were further 

explored. Finally, the velocity curves and vibration results of 

different impulse number functions were compared, as the 

stepping motion of the impulse number function with the 

second-order transfer function was described. Moreover, the 

pulse number was made optimal for the motor to achieve 3.3 

µrad both clockwise and counterclockwise.  

 

4. Conclusions and outlook 

The ultrasonic motor has become ever more promising with 

technological development, including the materials, 

mechanics, and manufacturing technologies. Ultrasonic 

motors exhibit great advantages in the fields of high-end 

equipment and advanced research. The applications of 

ultrasonic motors in aerospace, precision, biomedical, and 

optical engineering, especially some commercial ultrasonic 

motors, were reviewed in this paper. However, the extent of 

application of ultrasonic motors in relatively common 

industrial fields is far below that of the traditional 

electromagnetic motor. Moreover, the electromagnetic motor 

has also undergone considerable development in recent years, 

presenting both an opportunity and a challenge for the research 

and development of the ultrasonic motor.  
 

Fig. 21 Micro standing wave ultrasonic motor proposed by Zhao Y et al. (Reprinted with the Permission from [109], Copyright AIP 

Publishing ltd. 
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The development of new materials, micro-machining and 

3D printing technology has brought new technological 

breakthroughs for ultrasonic motors, making it possible to 

develop ultra-lightweight and insulating designs. This paper 

provides a critical review of ultrasonic motors built using 

polymer-based, 3D printing, or micro-machining technology. 

Nevertheless, this type of ultrasonic motor design exhibits 

some defects, such as a low electromechanical coupling 

coefficient, complex processing technology, limited available 

size, low power, severe friction, and propensity for wear. 

Piezoelectric drive technology with integrated structure 

and functions can reduce the volume of actuators and enable 

new configurations to be developed. In this paper, some new 

configurations are introduced and potential future application 

trends in the future is summarized. Meanwhile, problems such 

as the difficulty of pre-pressure regulation, the influence of 

external disturbance on the drive system and the complexity 

of the control system are also revealed. 

The rapid development of multilayer piezoelectric 

ceramics and micro-machining technology has great prospect 

for ultrasonic motors to reach large amplitudes with low-

voltage drives. Therefore, the driving voltage could be greatly 

reduced without compromising the performance of the 

ultrasonic motor, contributing to the decrease in the volume of 

the attached driver transformer. This would in turn have an 

important influence on the integration of ultrasonic motors, 

lightening the overall weight and enabling a real sense of no 

electromagnetic interference. In addition, the breakthrough in 

open-loop control technology for ultrasonic motors has 

broadened the application field of this technology and 

improved the displacement accuracy. In this paper, the 

application of micro-machining and multilayer piezoelectric 

ceramics technology to the ultrasonic motor is also reviewed.  
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