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Abstract. This study proposes a novel dual-stator linear-rotary ultrasonic motor. The piezoelectric 
ceramic excites both out-of-plane and in-plane vibration modes within the stator. These distinct 
vibration modes independently drive the slider (rotor), generating reciprocating linear and 
rotational motions, respectively. Finite element analysis and laser vibrometer-based vibration 
testing validated the motor's operational principle. The close agreement between simulated and 
measured resonant frequencies for both vibration modes, with mere discrepancies of 3 % and 4 %, 
respectively, underscores the accuracy of the stator’s vibrational characteristics. Subsequently, 
two stators are fabricated and assembled to the ultrasonic motor prototype. Experimental results 
demonstrate the motor’s impressive performance, achieving a maximum linear velocity of 
265 mm/s and a peak rotational speed of 1600 rpm. Furthermore, the motor delivers a maximum 
thrust force of 0.18 N and a stalling torque of 1.8 mN·m.  
Keywords: ultrasonic motor, two-DOF motion, piezoelectric actuator, dual stator. 

1. Introduction 

According to the number of degrees of freedom of motion, ultrasonic motors can be divided 
into single-DOF and multiple-DOF motors [1-3]. Single-DOF ultrasonic motors mainly include 
rotary and linear types. They have been successfully used in various fields, such as aerospace 
exploration [4], medical devices [5, 6], camera autofocus mechanisms [7-9] and other applications 
[10,11]. Among these, the most widely used and extensively researched single-DOF ultrasonic 
motors are the traveling wave ultrasonic motor (TWUSM) [12-16] and standing wave ultrasonic 
motors [17,18]. In addition, a linear ultrasonic motor (LUSM) can achieve linear motion by 
utilizing two separate vibration sources with a phase difference on the stator or by superimposing 
two vibrations from a single vibration source [19-23]. Compared to the research on single-DOF 
ultrasonic motors, only a few researches focus on the multi-DOF ultrasonic motors. In the past, 
most multi-DOF ultrasonic motors employed spherical rotors to generate rotational motion in 
various directions [24-29]. However, the urgent demand for extreme thinness and compact 
structure in devices such as smartphones, drones, and endoscopes requires the next generation of 
actuators to not only further reduce their size but also integrate multi-functional drive capabilities. 
Typical applications include: zoom lenses requiring rotational movement to switch lens positions 
or optical paths, endoscopes requiring rotational scanning to expand the field of view, and drone 
gimbals requiring coordinated translation and rotation to achieve multi-axis stabilization. These 
scenarios urgently require the simultaneous generation of effective linear thrust and controllable 
rotational movement within a single miniaturized structure.  

Li et al. proposed a high-thrust screw-type piezoelectric ultrasonic motor capable of achieving 
rotary-linear motion using a three-wavelength excitation mode [30]. However, it cannot achieve 
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independent rotation or linear movement due to the threaded connection. Wang et al. proposed a 
rotary-percussive ultrasonic drill as an effective tool for subsurface penetration in minor planet 
exploration despite its complex structure [31]. Ceponis et al. proposed a novel piezoelectric 
actuator that generates elliptical motion trajectories in an orthogonal plane through a double 
elliptical frame structure and harmonic excitation with a phase difference of 𝜋/2, enabling 
independent control of the linear and rotational motion of a cylindrical slider-rotor [30]. Han et al. 
proposed a compact two-degree-of-freedom impact-type linear-rotary motor based on a single 
piezoelectric ceramic, with spiral fork electrodes designed on its outer surface [32]. Independent 
linear motion is achieved through in-phase drive voltage signals, while independent rotary motion 
is achieved through out-of-phase duty cycle signals. However, it is difficult to achieve completely 
separated linear or rotary motion in the ultrasonic frequency range. Wang et al. designed a linear-
rotary ultrasonic motor based on a bonded-type transducer that combines the longitudinal-bending 
(L-B) and orthogonal-bending (B-B) modes [33]. This design was inspired by the principles of 
biomimicry, specifically the movement of earthworms and was intended for optical focusing. 
Their 2-DOF USM was composed of 16 PZT plates and one metal substrate and the overall 
structure was relatively complex. The above work is limited in its application design due to the 
increased size and complex drive signal design caused by the structure of the piezoelectric motor 
stator. In addition, ultrasonic motors with single signal excitation can usually only complete one 
degree of freedom of motion and do not have the ability to complete both linear and rotational 
motion [34-38]. Therefore, it is necessary to design a linear-rotary ultrasonic motor with a compact 
structure and a simple excitation strategy. 

A dual-stator 2-DOF linear-rotary ultrasonic motor is presented in this work. Unlike previous 
ultrasonic motors, the motor requires only a single-phase electrical signal to achieve linear-rotary 
motion.  

At first, the structure of the proposed motor is designed. Then, the operating principles of the 
motor are described. Finite element methods are used to calculate the vibration modes and the 
corresponding resonant frequency of the stator. Then, the prototype motor is fabricated and the 
vibration modes of the stator are tested using a laser Doppler scanning vibrometer system. 
Additionally, the output characteristics of the linear-rotary ultrasonic motor are tested and 
analyzed in detail. Finally, several conclusions are drawn. 

2. Configuration and operating principle 

2.1. Construction design 

As shown in Fig. 1, the dual-stator 2-DOF linear-rotary ultrasonic motor consists of two stators 
bonded with a piece of PZT ceramics, a slotted brass tube, two pre-tightening clamps and a 
bracket. The selected PZT ceramics are annular piezoelectric ceramics without zonal polarization. 
The stator 1 and stator 2 which have the same structural dimensions are fixed on the symmetrical 
sides of the bracket, respectively. The size of the two stators is Φ25 mm × 1.5 mm. The slotted 
brass tube, which serves as both the motor’s rotor and the slider, passes through the centers of 
stators 1 and 2 in sequence as shown in Fig. 2(a). The double stator design plays two roles. Firstly, 
it simplifies the slider (rotor) installation by eliminating the inclusion of the bearings or other 
fixing mechanisms. Secondly, it not only enhances motor output performance but also enables the 
reciprocating linear motion of the slider (rotor). 

The slotted brass tube is a thin hollow cylinder with a slit design and its outer diameter is 
slightly larger than the diameter of the stator. The slit width of the slit brass tube is 0.5 mm. The 
dimensions of the brass tube are Φ10 mm × 200 mm. The thickness of the brass tube is 0.2 mm. 
Two pre-tightening clamps are installed at both ends of the brass tube to adjust the size of the 
brass tube slit, thereby achieving the adjustment of the preload between the stators and the brass 
tube. Fig. 2(b) illustrates that the preload between stator and brass tube can be adjusted by varying 
the size of the brass tube slit. Afterwards, the slotted brass tube is inserted directly into the center 
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of the stators and the applied force is removed to create a preload on the stator and slotted brass 
tube. Therefore, the preload is mainly adjusted by the opening size of the slotted brass tube. Lastly, 
the bracket which works as an experimental support structure is made by the 3D printing (K1, 
CREALITY, China) method wherein the polylactide (PLA) is used as the printing material. The 
overall dimensions of the bracket are approximately 63 mm × 25 mm ×40 mm. 

 
Fig. 1. Structure of the linear-rotary ultrasonic motor 

 
a) 

 
b) 

Fig. 2. a) Overall size parameters of the motor; b) the preload boundary condition 

The structural details of the stator are shown in Fig. 3(a). The stator consists of one substrate, 
four lifting lugs, four driving feet and one piece of PZT ceramic. The outer diameter, inner 
diameter and thickness of the ring are 25 mm, 15 mm and 1.2 mm, respectively. The edge of the 
driving feet has been rounded to reduce the impact of the slit on the motor velocity. The inner ring 
surface of the four driving feet is 10 mm, which is used to drive the brass tube for linear and rotary 
motion. One piece of PZT ceramic is bonded to the surface of the ring and its polarization direction 
is shown in Fig. 3(b). The PZT ceramic is annular piezoelectric ceramic without zonal 
polarization. 

2.2. Operating principle 

The ultrasonic motor belongs to a standing wave motor while its working principle is similar 
to that of an inertial motor, so the sawtooth wave signal is chosen as the motor excitation signal 
[39-41]. The linear motion of the motor is achieved by utilizing the principle of inertia 
displacement and capitalizing on the differences between static and kinetic friction forces at the 
contact surface between the stator and the slider [42]. Fig. 4 (b) illustrates the operating principle 
of the motor's linear motion during one cycle under the excitation of a sawtooth signal (Fig. 4(b)). 
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a) 

 
b) 

Fig. 3. The stator’s structure: a) the structure of the stator; b) polarization direction of the PZT ceramic 

This process can be divided into the following four steps: 
Step 1 (0→T/4): The driving feet vibrate in an out-of-plane bending mode to push the slider 

and accelerate it forward. The slider starts to slide in the 𝑌 direction. 
Step 2 (T/4→T/2): Next, the driving feet return to their original position and the slider begins 

to decelerate while it still slides in the 𝑌 direction. 
Step 3 (T/2→3T/4): The driving feet vibrate in the opposite direction, causing the slider to 

slide forward until it stops due to the inertial force. 
Step 4 (3T/4→T): The driving feet return to their original position along the 𝑌 direction and 

the slider accelerates once again.  

 
a) 

 
b) 

Fig. 4. a) The sawtooth signal; b) operating principle of the linear motion 

Upon the next excitation signal being applied, a similar motion as that in step 1 would occur. 
That is the driving feet bend longitudinally to push the slider and accelerate it forward. Such a 
reciprocating cycle drives the slider to move continuously in a straight line. Similarly, the forward 
and reverse linear motion of the rotor can be achieved by applying excitation signals to the two 
stators at different times. 

The rotary motion of the motor is achieved by driving the in-plane bending mode of the driving 
feet. The working principle of this motor is similar to that of a piezoelectric inertia motor. 
Although the stator is a symmetrical structure, the slotted structure of the rotor causes the rotor to 
be an elliptical tube, resulting in asymmetry in the structure between the drive feet and the rotor, 
which can only achieve unidirectional rotation [43, 44]. Fig. 5 illustrates the operating principle 
of rotary motion by depicting four steps within one cycle. 

Step 1 (0→T/4): When the driving feet vibrate in a clockwise direction, the rotor is accelerated 
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and rotated to a new position (𝑎ଵ) from its original position (𝑎଴) due to the friction between the 
stator and the rotor at the contact interface. 

Step 2 (T/4→T/2): The driving feet return to the original position counterclockwise, generating 
reverse sliding friction on the rotor. As a result, the rotor starts to decelerate clockwise but still 
slips and rotates to position (𝑎ଶ) due to the inertial force. 

Step 3 (T/2→3T/4): The driving feet continue to bend in the counterclockwise direction and 
the rotor continues to decelerate and rotate to position (𝑎ଷ). This is because the inertia achieved 
from Step 1 cannot be eliminated by the opposing friction in such a short time. 

Step 4 (3T/4→T): The driving feet begin to return to their initial position, creating a friction 
force in the positive direction at the contact interface between the stator and rotor. The rotor is 
driven by friction and will accelerate and rotate clockwise to its new position. 

In general, when a continuous single-phase drive signal is applied to the motor, the motor can 
achieve continuous rotation by utilizing the in-plane bending mode. 

 
Fig. 5. Operating principle of the rotary motion 

3. Finite element modeling and simulation 

The proposed linear-rotary ultrasonic motor is simulated and analyzed using finite element 
software (ANSYS Workbench 2021) to determine the required vibration modes and validate the 
operating principles with 2 degrees of freedom (2-DOF). Phosphor bronze is used as the substrate 
material, while PZT-8 is used for the PZT ceramic ring. The material parameters for each are 
provided in Table 1. During the simulations, the electrodes and glue layers of the stator are ignored 
because they are too thin to be meshed [45]. 

The desired vibration modes of the stator are obtained through modal analysis. Fig. 6(a) shows 
the mesh model of the stator. In the finite element model, the free boundary conditions are used 
for the ultrasonic motor. The mesh division is adaptive using the hexahedral mesh method. The 
finite element model has 10577 nodes and 1568 elements. Fig. 6(b) and (c) show the longitudinal 
bending mode and radial bending mode of the stator driving feet respectively. The corresponding 
resonant frequencies are 48.36 kHz and 41.32 kHz respectively. Then, the harmonic response 
analyses are conducted to examine the motion characteristics of the driving feet at the two 
mentioned resonant frequencies. To be specific, this work selects point A (see Fig. 7(a)) as the 
feature point and applies a 50 Vp-p sinusoidal excitation signal with frequencies of 48.36 kHz and 
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41.32 kHz respectively. Lastly, as shown in Fig. 7(b), the simulation results were extracted to 
obtain the amplitudes at point A for the two vibration frequencies. The maximum amplitude of 
point A along the 𝑌 direction is approximately 39 μm under the longitudinal bending mode of the 
driving foot while the maximum amplitude of point A along the 𝑋 direction is approximately 
55 μm under the radial bending mode. The vibration amplitude of the stator ring is an order of 
magnitude smaller than the amplitude of the driving feet, which can be obtained in the results of 
modal analysis and harmonious response analysis. The operating principles for the 2-DOF motions 
of the linear-rotary motor were successfully verified using Finite Element Method (FEM). 

Table 1. Major material characteristic parameters of stator model 
Materials PZT-8 Phosphor bronze 

Density (kg/m3) 7650 8800 
Poisson’s ratio 0.31 0.3 

Elastic modulus (×1010 N/m2) ⎣⎢⎢
⎢⎢⎡12.06 5.35 5.15 0 0 0 5.35 12.06 5.15 0 0 0 5.15  5.15 10.45 0 0 0   3.13 0 0 3.13 0 3.46⎦⎥⎥

⎥⎥⎤ 117 

Piezoelectric constant (C/m2) ⎣⎢⎢
⎢⎢⎡ 0 0 െ5.20 0 െ5.20 0 15.10 0 00 12.7 012.7 0 0 ⎦⎥⎥

⎥⎥⎤ – 

 

 
a) 

 
b) 

 
c) 

Fig. 6. Simulation results of the stator: a) meshed model of the stator;  
b) out-of-plane vibration mode; c) in- plane vibration mode 

 
a) 

 
b) 

Fig. 7. The amplitude of point A under different vibration modes in one cycle: a) the amplitude at point A 
under the out-of-plane vibration mode; b) the amplitude at point A under the in-plane vibration mode 

Moreover, analyzing the trajectory of point P helps to enhance understanding of the motor's 
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operation. The trajectory depicted in Fig. 5 appears as an inclined straight line, which conforms 
to the friction driving principle of ultrasonic motor. The finite element analysis confirms that the 
motor stator’s working mode can effectively drive the rotor to rotate through friction, meeting the 
requirements. 

4. Experiment and summaries 

As shown in Fig. 8, the prototype of the proposed linear-rotary ultrasonic motor has been 
fabricated and assembled according to the structural design. Two stators (Φ 25 mm × 1.5 mm) are 
symmetrically attached to both sides of the 3D-printed bracket. The weight of a single stator is 3 g 
and the total weight of two stators is 6 g. 

 
Fig. 8. Prototype of the linear-rotary ultrasonic motor 

In order to measure the vibration characteristics of the stator, a laser Doppler scanning 
vibrometer system (PSV-W-500, Polytec GmbH, Waldbronn, Germany) is used to measure the 
frequency response characteristics of the stator (see Fig. 9(a)). The testing system mainly consists 
of a power amplifier, a laser head, a computer and a control system. Fig. 9(b) shows the test 
method used to measure the vibration characteristics of the driving feet. The testing results (see 
Fig. 10) illustrate that the resonant frequencies of the out-of-plane vibration and the in-plane 
vibration of the driving feet are 49.97 kHz and 43.03 kHz respectively. These values are slightly 
different from the simulation results, with errors of 3 % and 4 %, respectively (see Fig. 11). 
Differences between simulation frequencies and test results can be attributed to variations in 
material properties, boundary conditions between actual prototypes and finite element models as 
well as the omission of electrodes and glue layers in simulation models [46].  

 
a) 

 
b) 

Fig. 9. The test setup for the vibration characteristics: a) test system;  
b) laser vibration measurement position, stator position and laser head 

Fig. 10 shows the vibration shape of the stator under the corresponding working vibration 
mode when the motor is in linear motion. The four driving feet exhibit simultaneous positive 
bending or simultaneous negative bending under the out-of-plane vibration mode, which is 
consistent with the simulation results. As shown in Fig. 10, the vibration shape of the driving foot 
is consistent with the simulation result. The left side of the driving foot is higher than the right 
side and the laser vibrometer is tilted at a certain angle instead of facing the surface of the driving 
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foot. This demonstrates the in-plane vibration of the driving feet. Therefore, the stator designed in 
the simulation environment is preliminarily verified through vibration tests. 

 
Fig. 10. The vibration characteristics  

of the driving foot 
 

 
Fig. 11. Comparison of the resonant frequencies 

under the motor’s out-of-plane bending and in-plane 
bending mode by simulation and experiment 

The experiment platform, as shown in Fig. 12, is then established to test the mechanical output 
performance of the prototype. The platform mainly consists of a signal generator, two power 
amplifiers, a ruler used for measuring linear velocity and a laser velocimeter used for measuring 
rotary velocity. In order to determine the optimal driving frequency for this prototype, the 
excitation voltage is set to 200 Vp-p and the input signal is a sawtooth wave. 

 
Fig. 12. Output characteristic test platform 

To experimentally verify the mechanical performance of the two-degree-of-freedom ultrasonic 
motor, a test platform was established to validate the motor’s rotational and linear motion 
performance. The rotary motion test platform is shown in Fig. 13(a). A thin fluorescent marker is 
attached to the end of the shaft, and the rotational speed is measured by aligning the laser generated 
by the laser tachometer (DM6230) with the fluorescent marker. Additionally, to study the motor's 
load-bearing capacity, a rope pulley system was established for rotational drive, and external load 
tests were conducted by varying the weight. The linear motion test platform is shown in Fig. 13(b). 
The camera is used to record the linear motion of the motor, and the linear velocity is calculated 
indirectly using a ruler. In addition, the output force of the motor is measured using a force gauge 
(FUMA, FG-2). 

As depicted in Fig. 14(a) and Fig. 15(a), the relationships between velocity and frequency as 
well as the rotating velocity and frequency of the prototype motor are illustrated. The motor has a 
maximum linear velocity of 235 mm/s at the resonant frequency of 49.80 kHz and a maximum 
rotational velocity of 1200 r/min at the resonant frequency of 42.85 kHz under a voltage of  
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200 Vp-p. The frequency bandwidth for the linear motion of the motor is approximately 1.0 kHz 
while the frequency bandwidth for the rotary motion of the motor is approximately 1.3 kHz. This 
indicates that linear motion is more sensitive to changes in frequency. 

 
a) 

 
b) 

Fig. 13. Experimental setup for motor’s rotary and linear motion measurement:  
a) rotary motion testing platform; b) linear motion testing platform 

 
a) 

 
b) 

Fig. 14. Output characteristics of the linear motion: a) linear motion frequency sensitivity;  
b) the forward and backward linear motion velocity versus the exciting voltage 

The relationship between the output performance of the prototype and the voltage is plotted in 
Fig. 14(b) and Fig. 15(b). With a step size of 50 Vp-p, the output characteristics of the prototype 
were measured in the range from 50 Vp-p to 300 Vp-p. The high driving voltage of the motor can 
cause severe heating of the motor stator, which can easily cause damage to the motor. Therefore, 
the maximum driving voltage is set to 300 Vp-p. It is obvious that the linear velocity and rotary 
velocity are directly proportional to the voltage, although the magnitude of the linear velocity 
decreases slightly with an increase in voltage. The maximum forward linear velocity is 265 mm/s 
while the maximum backward linear velocity is 255 mm/s. Besides, the rotational velocity is 
1600 r/min under a voltage of 300 Vp-p. 

The thrust-voltage curve was tested at a frequency of 49.8 kHz and the experimental results 
are shown in Fig. 16(a). It can be found that the maximum thrust is 0.18 N when the voltage is 
300 Vp-p. The torque-velocity characteristic of the motor is measured at a driving frequency of 
42.85 kHz and a driving voltage of 200 Vp-p. The relationship between the output performances of 
the prototype is plotted in Fig. 16(b). From Fig. 15 (b), it can be observed that the no-load 
rotational velocity is 1200 r/min and the stalling torque is 1.8 mN·m. Additionally, the maximum 
output power is approximately 0.04 W. 
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a) 

 
b) 

Fig. 15. Output characteristics of the rotary motion: a) rotary motion frequency sensitivity;  
b) the rotary motion velocity versus the exciting voltage. 

 
a) 

 
b) 

Fig. 16. a) Thrust-voltage characteristic of the motor; b) Torque-velocity characteristic of the motor 

The performance of the proposed linear-rotary ultrasonic motor is compared with several 
previous linear-rotary ultrasonic motors, as listed in Table 2. Wang et al proposed a novel two-
degree-of-freedom ultrasonic motor that adopts one longitudinal mode and two orthogonal 
bending modes [34]. The maximum linear velocity and rotational velocity of the motor can reach 
16 mm/s and 3319 r/min respectively. The maximum driving force and torque of the motor reached 
0.06 N and 0.14 m N·m. Han et al. proposed a linear-rotary motor based on a single piezoelectric 
tube actuator [47]. The motor can achieve a maximum linear velocity of 6.3 mm/s and a maximum 
rotational velocity of 11.7 r/min, respectively. Y. Zhang et al. designed a novel two-degree-of-
freedom piezoelectric rotary-linear actuator system [48]. The system can achieve linear and 
rotational motion with resolutions of 26 nm and 0.019°, respectively. At the same time, the system 
can generate a maximum driving force of 2.09 N and a maximum torque of 12.20 mN·m. 
Moreover, Gao et al. designed a stage that can generate motions along and about the 𝑍-axis using 
friction drive [49]. The stage has maximum velocities of 16 mm/s in the 𝑍-direction and 10.5 rpm 
over a stroke of 360° in the 𝜃௭-direction, respectively. Compared to the motors mentioned above, 
the one proposed in this work has the advantages of a simple structure and high output velocity. 
The maximum linear velocity and rotational velocity of the motor can reach 265 mm/s and 
1600 r/min, respectively. At the same time, the motor can reach a maximum driving force of 
0.18 N and a stalling torque of 1.8 mN·m.  

In addition, as a friction-driven motor, wear at the contact interface of ultrasonic motors is 
unavoidable. If the motor runs for an extended period, the contact interface between the stator and 
rotor will wear, leading to a decline in output performance and a shortened service life. The 
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additional wear caused by the inertial stick-slip mechanism further exacerbates this phenomenon. 
While the proposed ultrasonic motor uses phosphor bronze as the stator and rotor material, 
subsequent structural optimizations will expand the coverage area of wear-resistant materials on 
the top of the drive feet and explore new methods for coating the stator surface with 
high-temperature-resistant, wear-resistant films. These measures aim to comprehensively enhance 
the durability of the contact interface and ensure the motor's long-term stable operation. 

Table 2. Features of single-phase ultrasonic motors 

 Voltage 
(Vp-p) 

Top linear velocity 
(mm/s) 

Top rotary velocity 
(r/min) 

Top driving 
force (N) 

Top torque 
(mN·m) 

Wang et al 
[34] 150 57.6 3319 0.06 0.14 

Han et al 
[47] 560 6.3 11.7 0.45 0.80 

Zhang et al 
[48] 150 7.33 – 2.09 12.2 

Gao et al 
[49] 90 16 10.5 – – 

This work 300 265 1600 0.18 1.8 

5. Conclusions 

This paper proposes a novel configuration scheme for a simple, compact, and space-saving 
2-DOF linear-rotary ultrasonic motor driven by a dual-stator system, which demonstrates unique 
advantages in space-constrained linear-rotary tasks. Additionally, this paper introduces a 
single-phase electrical signal drive method for the dual-stator system, enabling linear-rotary 
motion to be achieved . The research work in this paper provides new methods and valuable 
references for innovative configuration design, performance analysis, and improvements to 
piezoelectric linear-rotary actuators. 

The developed prototype motor has dimensions of 200 mm × 40 mm × 63 mm. The resonance 
frequencies of its vibration modes were obtained by testing its vibration characteristics. The 
resonance frequencies are found to be 43.03 kHz and 49.97 kHz. In addition, the performance of 
the prototype motor was also tested. It achieves a maximum linear motion velocity of 265 mm/s, 
a maximum rotary velocity of 1600 r/min, a maximum thrust of 0.18 N and a stalling torque of 
1.8 mN·m. 

Although the designed ultrasonic motor has a specific linear-rotary speed range and load 
capacity, there has been limited research on linear-rotary compound motion. Therefore, future 
work will focus on optimizing the motor’s structure and studying the characteristics of its 
linear-rotary compound motion. Additionally, an accurate dynamic model will be established to 
construct a precise control system to improve the accuracy of positioning and tracking in 
linear-rotary motion. 
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