IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received 28 April 2024, accepted 15 May 2024, date of publication 21 May 2024, date of current version 30 May 2024.

Digital Object Identifier 10.1109/ACCESS.2024.3403666

=5 sTANDARDS

A Micro Radial-Torsional Vibration Ultrasonic
Motor Driven by Single-Phase Signal

XIULI ZHENG', LE WANG“23, JUNMING LIU%, AND SI CHEN "4

ICollege of Optoelectronic Manufacturing, Zhejiang Industry and Trade Vocational College, Wenzhou 325003, China
2School of Intelligent Manufacturing and Elevator, Huzhou Vocational and Technical College, Huzhou 313099, China
3School of Mechanical Engineering, Guizhou University, Guiyang 550025, China

4College of Mechanical and Electrical Engineering, Wenzhou University, Wenzhou 325035, China

Corresponding author: Le Wang (20200315 @wzu.edu.cn)
This work was supported in part by Zhejiang Provincial Natural Science Foundation of China under Grant LGG20E050003, in part by the
Special Exploration Project for High-Level Talents of Huzhou Vocational and Technical College under Grant 2023TS06, in part by the

General Scientific Research Projects of Zhejiang Provincial Department of Education under Grant Y202352861, and in part by the Natural
Science Foundation of Jiangsu Higher Education Institutions of China under Grant 22KJB460003.

ABSTRACT Traditional mode conversion ultrasonic motors are typically composed of the superposition of
multiple vibration modes, making them more complex than single-mode ultrasonic motors. This complexity
makes it difficult to miniaturize. A micro radial-torsional vibration mode ultrasonic motor is proposed and
tested in this work. It is excited by a single-phase excitation signal. The proposed motor utilizes the radial
in-plane vibration mode of the stator to convert the torsional vibration mode of the inner ring through the
beams. The torsional vibration of the inner ring causes the rotor to rotate due to the friction force between
the inner ring and the rotor. Based on the designed structure and verified using the finite element method,
a prototype motor with a mass of 2.6 g and overall dimensions of 020 mm in diameter and 15 mm in height
is fabricated and characterized. During the mechanical output performance test, the prototype achieved a
maximum no-load speed of 3300 r/min and a stall torque of 0.2 mN-m at the driving voltage of 100 V,_,,.

INDEX TERMS Ultrasonic motor, piezoelectric actuator, radial-torsional vibration, mode conversion.

I. INTRODUCTION

The continuous development of precision control technology
puts forward higher requirements for the operating charac-
teristics and environmental adaptability of the motor, which
is particularly prominent in space satellite exploration and
high-pressure deep sea [1], [2], [3]. The deficiencies of tradi-
tional electromagnetic motors, such as complex shape, high
energy consumption and easy to be influenced by environ-
mental factors have gradually restricted their application [4].
Therefore, researches on lightweight and high energy den-
sity motors suitable for vacuum space with low temperature
and strong pressure has always been a hot spot. As a new
type of friction drive motor, ultrasonic motor has compact
structure, rapid response and no electromagnetic interference
when working [5], [6], [7]. These merits meet the needs
of stable and reliable operation under complex and harsh
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working conditions, and have become a focus of attention in
recent years.

Generally speaking, different electrical signals are applied
to two groups of piezoelectric ceramics in the ultrasonic
motor to excite the corresponding vibration modes of the
stator drive. Then the traveling waves on the stator driving
interface or elliptical trajectories of particles on its surface are
formed through the coupling of these vibration modes, thus
promoting the rotation of rotor. Traditional traveling-wave
rotary ultrasonic motors (TRUMS) [8], [9], [10], [11], [12],
longitudinal torsional composite ultrasonic motors (LTUMS)
[13], [14], V-shaped linear ultrasonic motors [15], [16] and
disk ultrasonic motors are coupled by two vibration modes
and driven by two-phase electrical signals. Although their
output torques are large, the standards of structural design,
piezoelectric ceramic performance and driving controller
are high. In contrast, the control of single-mode motor
driven by single-phase excitation signal is simpler, which
is more suitable for underwater working environment and
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miniaturization of robot. According to the driving princi-
ple, single-mode ultrasonic motors can be roughly divided
into inertial ultrasonic motors [17], [18], [19], standing
wave ultrasonic motors [20], [21] and mode conversion
motors [22], [23]. Modal conversion ultrasonic motors mostly
adopt columnar sandwich structure, and the longitudinal
vibration mode of the stator is converted to torsional vibration
mode by opening inclined slots on the stator. Based on this
method, J. Tsujino et al. proposed a longitudinal-torsional
mode conversion rotary ultrasonic motor [22]. Palmer and
others use this kind of motor as the driving mechanism of
micro robot [23]. The utilize of sandwich structure is helpful
to improve torque, but its application space is limited to
some extent by the strict machining accuracy and large stator
height. For miniature ultrasonic motors, a simple structure
will drastically reduce the difficulty and cost of machining,
and a series of products can be formed, such as the series
of submillimeter miniature ultrasonic motors proposed by
Kikuchi et al. [24], [25], [26], [27]. Therefore, further study
on the compact ultrasonic motor with modal conversion is
still of great practical significance.

This work proposes a radial-torsional vibration modal
ultrasonic motor with a patch structure. Firstly, the structure
of the ultrasonic motor operating in radial-torsional vibration
mode is designed, and its sequential operational processes are
analyzed. Next, finite element methods are utilized to cal-
culate the vibration modes and the corresponding resonance
frequency of the motor. Finally, a prototype motor has been
manufactured and tested. The optimal driving waveform and
the mechanical output performance of the motor are being
discussed.

Il. OPERATING PRINCIPLE OF THE MOTOR

A. STRUCTURE DESIGN

As shown in Figure 1(a), the proposed motor is mainly com-
posed of a clamping, a spring, rotor 1, a substrate, an annular
piezoelectric wafer and a shaft rotor 2. The shaft and rotor
are fixed on the upper and lower driving surfaces of the inner
ring through the spring and nut. The spring contributes to the
adjustment of pre-pressure between the rotor and stator. The
inner ring is connected with the outer ring through connecting
beams tangent to its outer side. One piece of piezoelectric
wafer is pasted on the bottom surface of the outer ring of
the stator to excite the in-plane vibration mode of the sta-
tor. Considering the difficulty and cost of machining in the
design stage of the prototype, the design of fixed position
of the motor with other mechanical structures was cancelled.
Similar micro motors without fixed positions can be seen in
the micro motor series designed by T. Mashimo [24], [25],
[26], [27]. The main dimensions of the stator are given in
Figure 1(b)and Table 1.

B. OPERATING PRINCIPLE
When an excitation signal is applied to the piezoelectric
wafer, it can excite the radial expansion vibration mode of
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FIGURE 1. Construction of the proposed motor structure: (1) components
of the motor; (2) main dimensions of the stator.

TABLE 1. The main dimensions of the stator (unit: MM).

Parameter L1 L2 L3 L4 L5
Value 2.5 4 10 20 0.5

the stator’s outer ring. The connecting beam can transform the
radial expansion vibration mode of the stator’s outer ring into
the torsional vibration mode of the inner ring. This excites
the particles on the inclined driving interface of the inner
ring, generating linear motion in the tangential direction and
driving the rotor’s rotation through friction between the stator
and the rotor. Figure. 2 illustrates the movement process of the
motor during a single working cycle, which consists of four
stages.

153

FIGURE 2. Operating principle of the motor.

Stage I: When the outer ring of the stator contracts radially,
the inner ring twists in a counterclockwise direction. Under
the influence of friction, the rotor accelerates from the initial
position A to position B during t0 ~ t1.

Stage II: During t1 ~ t2, the recovery deformation of the
outer ring leads to the reverse torsion recovery of the inner
ring. The rotor decelerates, but due to sliding friction, it con-
tinues to rotate and changes from position B to position C.
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Stage III: When the outer ring expands rapidly along the
radial direction, the inner ring twists in the opposite direction
from its initial state. The rotor continues to decelerate as it
moves from position C to position D during t2 ~ t3 is due to
the inertial force.

Stage IV: When the outer ring and inner ring are restored
to their original positions in t3 ~ t0, the rotor is accelerated
again under the action of friction.

By repeating the four successive steps described above,
the stator can drive the rotor through friction to sus-
tain a counterclockwise rotation. Nevertheless, due to the
asymmetrical design of the connecting beam in the stator
structure, the proposed motor only allows for unidirectional
rotation.

Il. FINITE ELEMENT MODELING AND

SIMULATION OF STATOR

As shown in Figure 3(a), a finite element model (FEM) of
the stator was built by the finite element software ANSYS.
The polarization direction of the piezoelectric ceramic plate is
defined in the established base vector coordinate system, and
a 10 V,_, AC electric signal is applied to it. The model has a
free boundary mechanical boundary condition, and its main
material parameters are listed in Table 2. The mesh accuracy
of the finite element model of the motor stator is set to normal.
It is automatically divided into 3699 titanium alloy matrix
elements and 1302 PZT-8 piezoelectric ceramic elements
by the software based on the physical field. In the process
of solving, the damping loss coefficients of titanium alloy
and PZT-8 piezoelectric ceramics are set to 0.005 and 0.01,
respectively [28]. The first-order radial expansion vibration
mode (see Figure 3(b)) of the stator is obtained through modal
calculation. In this working mode, the stator’s corresponding
characteristic frequency is 89.518 kHz. At this time, the outer
ring periodically expands radially, and the inner ring rotates
accordingly. This vibration mode proves the feasibility of the
motor’s working principle.

89518 Hz

(a) (b)

FIGURE 3. Finite element simulation of motor stator:
(a) three-dimensional model; (b) operating mode of stator.

The dynamic characteristics of the ultrasonic motor stator
directly impact the motor’s output performance. Therefore,
it is essential to conduct further analysis of the dynamic
characteristics of particles on the driving surface of the stator.
A unit particle P is selected, and its position on the driving sur-
face of the stator is marked in Figure 4(a). The corresponding
movement displacement of point P under 10 V,_, excitation
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TABLE 2. Major material characteristic parameters of stator model.

Materials PZT-8 Titanium
alloy
Density
(kg/m3) 7650 450
Pmsspn s 031 034
ratio
12.06 535 5.15 0 0 0
Elastic 535 12.06 5.15 0 0 0
515 5.15 1045 0 0 0
modulus 33 0 0 110
2 .
(x1010N/m?*) l 203 ()J
3.46
[ 0 0 -5.2]
Piezoelectric 0 0 52
0 0 15.1
constant 0 0 o _
2
(€ 0 12.7 0
12.7 0 0

z Component
» Component
x Component

Displacement (um)

L L L
0 1/4T 12T 3/4T i

(b)

FIGURE 4. Calculation of motion displacement of driving point P on the
driving plane: (a) position of point P; (b) displacements of point P in
different directions during a working period.

(a)

voltage can be obtained through harmonic response analysis
and calculation, as shown in Figure 4(b). By analyzing the
displacement amplitude parameters, it can be observed that
the displacement of point P in the Y-axis direction is signifi-
cantly greater than that in the X-axis and Z-axis directions.
Associated with the position of point P, it is evident that
the displacement of particles on the driving surface in this
mode mainly occurs in the tangent direction of this point. The
displacement in the Z-axis direction is nearly zero, indicating
that the structure’s vibration mode is primarily radial in the
plane at an excitation frequency of 89.518 kHz.

Moreover, analyzing the trajectory of point P helps to
enhance understanding of the motor’s operation. The trajec-
tory depicted in Figure 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 necessary requirements.

Based on the above analysis, the key components and
dimensions of the motor have been optimized. Firstly, the
number of beams connecting the inner and outer rings is
optimized. The performance of the motor is determined by
the magnitude of the total displacement of the stator. The
relationship between the total stator displacement and the
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FIGURE 5. Trajectory of driving point P in the XOY plane.

number of beams can be obtained from the harmonic response
analysis as shown in Figure 6. From the harmonic response
analysis results, it can be seen that the total displacement
is maximum when the number of beams is 4. Therefore,
the number of connected beams is set to 4. Then the outer
diameter of the inner ring was also optimized. The range of
changing the outer diameter size of the inner ring is set to
4 mm to 6 mm, and the step size is set to 0.5 mm, and then the
harmonic response analysis is carried out, and the structure of
the analysis is shown in Figure 7. From the analysis results,
it can be seen that the total displacement decreases as the
outer diameter size increases, so the outer diameter size is
set to 4mm.
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FIGURE 6. The relationship between the total displacement and the
number of connecting beams under the same mode.

IV. EXPERIMENT AND RESULT ANALYSIS

Based on the motor structure design and an analysis of its
working principle, a prototype of an ultrasonic motor is
fabricated and assembled. The prototype has a total mass
of approximately 2.6 grams and the overall size is 20 mm
in diameter and 15 mm in height as shown in Figure 8.
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FIGURE 7. The relationship between the total displacement and the outer
diameter of the inner ring.

Use epoxy resin to adhere functional piezoelectric ceramic
sheets (PZT-8, Sinocera Piezotronics. Inc, China) to the sur-
face of the stator. Except for the stainless-steel spring, all
other parts of the motor are made of titanium alloy, and
the stator matrix is created using a wire-cutting process.
The prototype is used as the experimental subject, and the
mechanical vibration characteristics of the motor are tested
subsequently.

FIGURE 8. Prototype of the proposed motor.

A three-dimensional Doppler laser vibrometer (PSV-
500-3D, Polytec GmbH, Waldbronn, Germany) is employed
to analyze the vibration characteristics of the stator surface of
the motor. Figure 9 shows the amplitude-frequency response
curve of the stator, which was generated by applying a driving
voltage of 10 Vp_;, to the stator ceramics. The characteris-
tic frequency of the first-order radial vibration mode of the
stator is 89.687 kHz, which is largely consistent with the
theoretical value. However, there is a slight discrepancy of
89.518 kHz (< 0.2%). The reasons for the difference are
related to the clamping of the stator during experimental
testing, while the boundary conditions in finite element sim-
ulation are free states. In addition, Neglecting the adhesive
layer between the stator and PZT in finite element analysis
is also one of the reasons for the difference in resonant
frequency. The local vibration mode of the stator is then tested
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FIGURE 9. Frequency sweeping test results.

ata vibration frequency of 89.687 kHz, as shown in Figure 10.
The modal shapes of the stator’s outer ring (Figure 10(a)),
the inner ring (Figure 10(b)), and the connecting beams
(Figure 10(c)) correspond to those obtained from the finite
element method simulation. This further validates the ratio-
nality of the motor’s structural design and the accuracy of the
simulation calculations.

FIGURE 10. Test results of stator mode shapes. (a) Vibration shape of the
outer ring. (b) Vibration shape of the inner ring. (c) Vibration shape of the
beams.

The electrical characteristics of the stator are another
important index for evaluation. An impedance analyzer
(PSV80A, Beijing Liangang Times Technology Co., Ltd.) is
used for testing. The test frequency ranges from 85 kHz to
95 kHz, and the built-in voltage of the impedance analyzer
is set to 0.5 Vp_p, eliminating the need to apply additional
electrical signals to the stator. In the admittance diagram
shown in Figure 11(a), the admittance circle is nearly a
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complete circle. This pattern indicates that the piezoelectric
device is an undamaged acoustic structure. The resonance
frequency of the stator is 8§9.924 kHz, as indicated in the
impedance-frequency characteristic curve of the stator in
Figure 11(b). This value closely aligns with both the simu-
lation calculation and the results of the mechanical vibration
test, with only a slight difference. The main reasons for this
deviation are the motor’s clamping mode and the system test
error. Meanwhile, the quality parameter QM of 387.438 can
be obtained through impedance analysis.

16000 |-

= 12000

8000 |-

Phase (°)

4000 |-

Frequency (kHz)
(a) (b)

FIGURE 11. Admittance and impedance characteristics of stator
frequency: (a) The stator admittance circle diagram; (b) The stator
impedance characteristic of the stator.

To accurately control the motor, it is necessary to analyze
the relationship between the rotational speed and frequency
of the prototype using experimental methods. Here, the motor
speed testing device shown in Figure 12 is set up. The laser
velocimeter (DT6234C, Shenzhen Yusheng Electronic Tech-
nology Co.) is utilized for measuring the motor’s speed. The
method of the test is shown in Figure 12. The input voltage
is a 100 Vp_, square wave signal, and the preload pressure
is adjusted to 0.3 N. Figure 13 illustrates the experimental
results of prototype rotary speeds at various frequencies.
From Figure 14, the rotation speed of the prototype initially
increases and then decreases as the frequency rises. The max-
imum rotation speed shows at 89.8 kHz, which is considered
the optimal driving frequency. The rotation speed of the motor
has been tested in relation to the voltage at different preload
and the results are shown in Figure 14. From the results it can
be seen that the rotation speed of the motor is positively cor-
related with the increase in voltage. As the preload increases,
the speed of the motor decreases in a negative correlation.
Therefore, the preload force was set to 0.3 N in order to obtain
a higher speed.

On the other hand, the waveform of the electrical signal
will also affect the output performance of the motor. The
sine wave signal, square wave signal, and sawtooth wave
signal are selected and applied to the prototype to study their
influence on the motor’s output performance. The preload
between the stator and rotor of the motor prototype is set
to 0.3 N, and the driving frequency is set to 89.8 kHz.
Figure 15 illustrates the relationship between motor speed
and voltage driven by three different waveform signals. It is
evident that regardless of the signal being applied, the speed
of the prototype motor exhibits a linear growth trend with
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FIGURE 12. Layout of motor rotating speed test device.
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FIGURE 13. Rotary speed of the prototype versus driving frequency.
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FIGURE 14. The relationship between speed and voltage under different
preload.

increasing voltage. This phenomenon demonstrates that all
three signals can effectively drive the motor. Moreover, the
motor driven by a square wave signal achieves a higher speed
at the same excitation voltage compared to the other two
types. It reaches a maximum value of 5000 r/min at 160 V,_,.
In light of this, the square wave signal is more suitable for this
type of motor drive.

To deeply explore the causes of this phenomenon,
the vibration velocity waveforms are analyzed in detail.
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FIGURE 15. Rotational speed versus voltage for motors with different
drive signals.

A three-dimensional Doppler laser vibrometer was utilized
to test the vibration velocity waveforms of a unit particle on
the interface of the motor’s inner ring, which was actuated by
different input signals. The test results are respectively shown
in Figures 16(a) ~ (c). As shown in Figures 16 (a) to (c),
the observed vibration velocity waveforms of particles along
the x-axis and y-axis correspond to different driving signals,
all of which are sine wave shapes. The amplitudes shown in
Figure 16(a) and Figure 16(b) are close to that in Figure 16(c)
because the driving frequency is close to the resonance
frequency of radial vibration in the plane [20], [29], [30].
However, the vibration velocity waveforms in the z-axis
direction are different. According to the relationship between
velocity and displacement, it can be concluded that the dis-
placement waveform in the z-axis direction. The amplitude
of the displacement in the z-axis direction is much smaller
than the displacements in the other two directions in both
the finite element analysis and the vibration measurement
experiments (see Figure 4 and Figure 16), which is almost an
order of magnitude smaller. The experimental results prove
that under different drive signals, the vibration waveforms
in the z-axis direction are different, and it is this differ-
ence that leads to the difference in the performance of the
motors. When the input signal is set as a sawtooth wave,
the vibration velocity waveform of the same particle on the
driving interface along the x-axis and y-axis is a sine wave,
and the vibration velocity waveform along the z-axis is also
a sawtooth wave (see Figure 16(c)). The asymmetric dis-
placement signal in the z-axis direction results in less speed
attenuation of the motor during the deceleration stage, thus
improving the motor’s performance. This phenomenon can
be explained by the driving principle of piezoelectric inertial
motors. This experiment also shows that the performance
of standing wave ultrasonic motors driven by square-wave
signals is better than that of sinusoidal drive signals. How-
ever, the micro-amplitude vibration in the z-axis direction
is not sufficient to affect the operating principle of the
motor, but only contributes to the performance of the motor.
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FIGURE 16. (a) Vibration velocity with a sin wave signal; (b) vibration
velocity with a square wave signal; (b) vibration velocity with a saw-tooth
wave signal.

Therefore, when using a square wave signal or a sawtooth
wave to drive the motor. This law is similar to that of inertial
ultrasonic motors [19], [29], [30], [31].

On account of the experiments above, the optimal driv-
ing frequency of the motor is established as 89.8 kHz.
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Then the pre-pressure between the stator and rotor is adjusted
to 0.3 N, and the driving voltage is set to 100 V,_,. On these
premises the mechanical output performance of the proto-
type is experiment-studied at room temperature. Figure 17
signifies that the maximum no-load speed of the prototype
is 3300 r/min and the stall torque is 0.20 mN - m. As inferred
from the experimental results, when the load of the proto-
type is 0.08 mN - m, the maximum output power can reach
0.019 W. The above basic experiments indicate that the pro-
posed motor has good mechanical output performance, and
combined with the waterproof characteristics of ultrasonic
motors, it is expected to be used for driving micro underwater
robots.

4000
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FIGURE 17. Mechanical characteristic curve of the motor prototype.

The performance of the proposed motor is compared with
several previous single-phase ultrasonic motors and disk
shape ultrasonic motors, as listed in Table 3. Qiu et al.
proposed a disc type piezoelectric motor with a maximum
no-load speed of 5172 rpm. This is a good structural design,
and the thin stator design results in a very low drive volt-
age, reducing the requirement for a drive controller [32].
He et al. proposed two standing wave motors with different
configurations, which require only a single-phase excitation
signal to drive, with speeds of 400 rpm and 1000 rpm,
respectively [21], [33]. Pan introduced an ultrasonic motor
with an asymmetric stator and four drive legs. The motor
has a no-load speed of 176.5 rpm and a maximum torque of
29.4 mN-m [20]. A compact symmetric coplanar piezoelec-
tric motor for high-speed rotary motors up to 5000 rpm was
presented by Pan et al. [34]. Compared with these motors,
the speed of the motor proposed in this paper can reach
their highest level. In addition, the biggest advantage of the
motor in this paper is the expandability of the structure,
which can be derived from a series of motors with the same
structure and different sizes. Moreover, the processing dif-
ficulty and cost are greatly reduced, and laser processing
can be used for processing, which makes the processing
efficiency higher, and this point has been verified in the
latest work.
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TABLE 3. Features of single-phase ultrasonic motors.

Top rotary speed(r/min) Top torque(mN-m)

Qiu et al [32] 5172 0.35
He et al [33] 400 0.3
He et al [21] 1000 0.37
Pan et al [20] 176.5 29.4
Borodinas et 5000 /
al [35]
This work 5000 0.20

V. CONCLUSION

A micro mode conversion ultrasonic motor using radial-
torsional vibration mode was proposed. Based on the FEM
modal analysis, a prototype motor was manufactured and
relevant mechanical and electrical characteristic tests were
carried out to obtain the optimal driving frequency and
waveform. Major mechanical characteristics of the prototype
motor include the maximum speed of 3300 r/min, max-
imum stall torque of 0.20 mN-m, and maximum output
power of around 0.019 W. The advantage of the pro-
posed modal-conversion motor is that its structure is much
simpler than that of traditional modal-conversion motors,
which drastically reduces the processing difficulty and cost,
and it can be derived from a series of products with
different sizes.
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