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ABSTRACT A variable frequency piezoelectric motor is studied, which can generate rotational motion
under the excitation of variable-mode vibration response units. Two variable-mode vibration response units
fixed in the inclined plane are excited by the square wave and drive the friction disk to achieve the rotation
and translation. Thus, the friction torque on the rotor changes periodically, and the rotor is driven to produce
positive displacement output. By adjusting the mass distribution of the variable-mode piezoelectric wafer
vibration response unit, the natural frequency of the low-frequency motor is adjustable. In order to achieve
the maximum displacement output of the low-frequency motor, the simulation analysis is initially performed
on the stiffness, mode, and vibration shape in line with the motion principle. Then the experiments of
the variable-natural-frequency motion characteristics of the low frequency motor are carried out, and the
maximum rotation speed of the designed piezoelectric motor is improved by the variable-natural-frequency

motion characteristics and reaches 520 mrad/s.

INDEX TERMS Piezoelectric motor, variable-natural-frequency, mass distribution.

I. INTRODUCTION
Piezoelectric motor is a modern type of actuator that uses
piezoelectric drive element as a vibration excitation and
employs the friction effect to actuate the rotor. In the field of
precision actuation, piezoelectric actuators play an important
role in micro electro mechanical systems (MEMS), micro
and nano positioning [1], [2], energy acquisition [3], [4], [5],
aerospace [6], optical scanning [7], [8], [9], biomedical engi-
neering [10], [11], [12], and 3D printing [13] etc.
Piezoelectric motor, as a type of piezoelectric actuator,
taking the advantages of small volume, high torque out-
put, flexible structure, no electromagnetic disturbance, fast
response, and low cost [14], [15], etc. Thus, the researchers
are attracted by the piezoelectric motor studies. Mukhopad-
hyay et al. [16] proposed a piezoelectric ultrasonic motor
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for haptic system applications with an ultrasonic actuator
with a maximum output force of 1.6 N at 50 V and an
optimum output force of 1 Jarénas et al. [17] introduced a
new three-degree-of-freedom piezoelectric ultrasonic motor
with a spherical rotor, its speed is 30 r/min at the opera-
tion frequency of 92 kHz. Borodinas et al. [18] presented
a harmonic single-phase signal-driven piezoelectric motor
which utilizes the radial vibration shape of the symmetrical
coplanar piezo structure and three contact points. It achieved
the rotation movement with a resonant frequency of about
91.3 kHz. Bansevicius et al. [19] developed a design with
two active motion pairs for the piezoelectric cylindrical actu-
ator. The speed is 4.05 x 10™* r/min under the working
frequency of 93.6 kHz. Zhang et al. [20] studied a two-degree-
of-freedom rotation motor, which adopts two layers of four
orthogonal piezoelectric wafers. The rotation speed about
X axis is 263.26 mrad/s and the rotation speed about Y axis
is 268.48 mrad/s. Wang et al. [21] explored the centrally
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symmetric flexible hinge mechanism for the rotary piezo-
electric actuator. The rotor is driven by the piezoelectric
stack in the center of the two rings structure. The rotation
speed of the rotary actuator is 55 mrad/s under the driving
frequency of 600 Hz. Wang et al. [22] designed a rotary
compact-structure positioner. Two piezoelectric stacks are
used to drive the four feet, which rotate the center rotor. The
speed of the positioner is 151.4 mrad/s under the frequency
of 700 Hz.

Most of the currently available piezoelectric motors oper-
ate in the high-frequency range. However, operation at
high frequencies affects the stability of the motion and
also accelerates the abrasion of the contacting surfaces.
Liang et al. [23] proposed a rotary piezoelectric motor with
two orthogonal piezoelectric stacks based on friction and
harmonic actuation method, which drives the rotor rota-
tion by friction with the excitation frequency of 5 Hz.
Xing and Qin [24] proposed a novel magnetic field mod-
ulated piezoelectric motor. The drive system combines a
piezoelectric drive with magnetic modulation to convert the
reciprocating oscillation of the stator into stepping operation
of the rotor. The drive frequency is 3 Hz and the desirable
speed output is 1.74 mrad/s. Wang et al. [25] proposed a low
frequency motor actuated by a sinusoidal signal. It consists
of a status part and a rotor part. The status part has an asym-
metrical design, which produces torsional vibration while
actuated by a single-phase sinusoidal signal. The working
frequency used is 50 Hz and the maximum angular velocity
is 450.29 mrad/s. Zhang et al. [26] presented a dual-degree-
of-freedom pointing mechanism adopting a bending-bending
hybrid piezoelectric actuator. The mechanism is based on
the principle of inertial drive, and the rotational motion
around two rotation axes is realized by an actuator. The
maximum rotation speeds of the rotor around the two axes
are 153 mrad/s and 154 mrad/s, respectively.

Piezoelectric motors within the low-frequency range have
the advantages of low vibration noise and low wear However,
none of the above motors can adjust the natural frequency of
the motor. The purpose of variable frequency regulation is to
effectively avoid resonance and prevent rapid damage to the
motor by adjusting the natural frequency of the motor, when
the frequency of the working signal is constant. In addition,
the natural frequency of the motor is adjustable to be close to
the working frequency, which increases the vibration of the
wafer, provides greater driving inertia force and improves the
driving ability. For example, a precision positioning work-
bench is a vibration system with external loads. The natural
frequency of the vibration system changes with the different
external load. Thus, it is necessary to adjust the natural fre-
quency of the piezoelectric motor system to avoid resonance
frequency and work in the quasi-resonant range for the opti-
mal driving capability. Therefore, the paper proposes a piezo-
electric low frequency motor and realizes variable modal
performance for the piezoelectric low frequency motor.
A motion mechanism of piezoelectric low-frequency motor
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under the excitation of variable-mode vibration response
unit is presented. The variable-mode vibration response unit
is analyzed and optimized for its structure design. The
frequency response characteristics are simulated and exper-
imentally analyzed to realize variable-frequency adjustment
of the piezoelectric motor and the motion characteris-
tics are improved by the variable-natural-frequency motion
characteristics.

Il. METHOD AND SIMULATION OF VARIABLE-
NATURAL-FREQUENCY VIBRATION

UNIT OF MOTOR

A. METHOD OF VARIABLE-NATURAL-FREQUENCY
VIBRATION UNIT OF MOTOR

As a key driving element of a piezoelectric low fre-
quency motor, the frequency adjustment characteristics of a
variable-mode piezoelectric wafer vibration response unit are
essential to the mechanism of a variable-natural-frequency
low frequency motor. Therefore, a variable-mode piezoelec-
tric wafer vibration response unit is proposed as shown
in Fig. 1, including a piezoelectric wafer, a variable-natural-
frequency substrate, a mass block and a clamping piece. The
variable-natural-frequency substrate, the mass block, and the
substrate in piezoelectric wafer are made by brass with the
Young’s modulus of 99.95 GPa, and the Poisson’s ratio of
0.34. Piezoelectric material is pzt51 with the Poisson’s ratio
of 0.34 and the Young’s modulus of 66 GPa. The overall size
of the vibration response unit is 134 mmx33 mmx7 mm.
The variable frequency substrate takes three circular holes,
which are located at 1-3 positions from the clamping piece to
the wafer. The mass block is bolted to the variable-natural-
frequency substrate, and the frequency adjustment of the
variable-mode piezoelectric wafer vibration response unit is
realized by altering the mass block position with respect to
the clamping piece. When the relative mass block position to
the clamping piece of the variable-mode piezoelectric wafer
vibration response unit is changed, the natural-frequency as
well as the vibration feature of the variable-mode piezo-
electric wafer vibration response unit will be changed.
Therefore, the natural-frequency and vibration mode of the
variable-mode piezoelectric wafer vibration response unit are
analyzed by altering the relative position of the mass block to
the clamping end.

Variable-natural-frequency

Clamping piece substrate Mass block

1 2 3 Piezoelectric wafer

FIGURE 1. Vibration response unit of variable-mode piezoelectric wafer.
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B. FREQUENCY SIMULATION ANALYSIS OF VARIABLE
NATURAL-FREQUENCY VIBRATION UNIT OF MOTOR

As the natural-frequency is influenced by the stiffness, the
simulation focuses on the stiffness of vibration unit. The
stiffness of the variable-mode piezoelectric wafer vibra-
tion response unit can be adjusted by changing the mass
block position of the variable-frequency substrate. Thus,
the variable-mode piezoelectric wafer vibration response
unit is subjected to finite element analysis to solve for the
natural-frequency of the variable-mode piezoelectric wafer
vibration response unit when the mass block is located at
different positions of the substrate. The piezoelectric material
is pzt-5H. The mass block is made of copper. The clamp-
ing block is made of hard aluminum. The handle of the
clamping piece at the left end is fixed in the simulation.
A static force, 1 N is added to the lower face of the substrate,
and the model is meshed to solve the frequency adjust-
ment part of the variable-mode piezoelectric wafer vibration
response unit. The results are shown in Fig. 2. It can be seen
that the maximum deflection of the end of the substrate is
0.949 mm, 1.163 mm, and 1.313 mm for the mass block
at position 1, 2, and 3, respectively. The stiffness at the
three positions can be calculated as k; = 1053.74 N/mm,
ky = 859.85 N/mm, k3 = 761.61 N/mm. It can be seen
that the greater the distance of the mass block from the fixed
position is, the lower its stiffness is.

In order to further analyze the response characteristics
of the variable-mode piezoelectric wafer vibration response
unit by changing the relative position of the mass block,
the natural frequency of the variable frequency substrate is
studied by [27]

wn = (3EI /mI*)'/? 1)

where m is the mass of the mass block, E is the elastic
modulus, / is the moment of inertia, and [ is the distance
from the mass block to the fixed end. It can be seen that
the stiffness and mass distance are the key parameters of the
natural frequency of the substrate under the condition of the
same mass. From (1), the stiffness of the variable frequency
substrate is related to the distance of the mass block from the
fixed end. The greater the distance is, the lower its stiffness is
and the lower the natural frequency of the variable frequency
substrate is.

lIl. METHOD AND MOTION PRINCIPLE ANALYSIS OF
LOW VARIABLE-NATURAL-FREQUENCY MOTOR

A. METHOD OF LOW VARIABLE-

NATURAL-FREQUENCY MOTOR

The 3D model of the piezoelectric low frequency motor is
designed in Fig. 3. The basic components of the piezoelectric
low frequency motor are a rotor, a friction disk, two variable-
natural-frequency vibration units, four Z beams, a base, a con-
necting sleeve, a center shaft, and a positioning bolt. The
base, the Z beam, the center shaft, the rotor, the friction disk,
the connecting sleeve and the clamping piece are made by
hard aluminum with the Young’s modulus of 71 GPa, and the
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FIGURE 2. Stiffness analysis of variable natural-frequency substrate.
(a) Position 1. (b) Position 2. (c) Position 3.

Friction disk

7 J cting ove
Z beam Connecting sleeve

(-

Positioning bolt

Base Variable-natural-frequency vibration unit

FIGURE 3. Structure of piezoelectric variable-natural-frequency motor.

Poisson’s ratio of 0.33. The overall size of the motor without
the vibration response units is ¢ 100 mmx 108 mm. The driv-
ing element is the variable-natural-frequency vibration unit,
whose angle about the bottom surface can be adjusted by
the clamping piece. There are two variable natural-frequency
vibration units, which are fixed at the lower end of the con-
necting sleeve. The base is fixed on the anti-vibration table,
and the Z beam is used to connect the base with the friction
disk. The friction disk and the rotor have holes in the center.
The rotor is connected to the center shaft by a bearing, and its
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lower surface has a clearance with the friction disk. The center
shaft can be adjusted along the shaft axis with the clearance of
the rotor and friction disk, and fixed to the base with the posi-
tioning bolt. The pre-pressure between the rotor and friction
disk is adjusted by the thread between the base and the center
shaft. The low frequency motor adopts the alternating force
from the variable-natural-frequency vibration unit, to rotate
the rotor by the friction force periodically.

B. MOTION PRINCIPLE OF LOW VARIABLE-
NATURAL-FREQUENCY MOTOR

Due to the rapid change of the square wave excitation signal,
the mass block can generate greater inertial force for the faster
driving speed. Therefore, the study adopts the square wave
as the excitation signal. Piezoelectric low-frequency motor
adopts a square wave excitation signal. The motion principle
of the low-frequency motor is explained with two opposite
variable-mode piezoelectric wafer vibration response units.
According to the same excitation signal for the variable-
natural-frequency piezoelectric wafer response units, the
driving process in Fig. 4 of the piezoelectric motor can be
divided into the following steps. Fig. 4a shows the excitation
signal, and Fig. 4b shows the motor state without the excita-
tion signal input.

(1) The excitation signal is turned on. For the voltage of Us,
the motor status is shown in Fig. 4c. The piezoelectric wafer
is tilted downwards, and the motor is in the holding stage.
The positions of the rotor and friction plate are marked by
red and yellow lines. At the moment £y, the external excita-
tion increases from Ug to Uy. The variable-natural-frequency
vibration unit generates the oblique upward inertial force
in Fig. 4d, which is decomposed to the vertical force F; and
the counterclockwise tangential force Fy,. The vertical force
F, stretches the Z beam, causing an increase in the pres-
sure between the friction disk and the rotor. The tangential
force Fy causes the friction disk to rotate counterclockwise.
The rotor rotates 61 together with the friction disk under the
action of frictional torque.

(2) From ¢ to t1, the voltage is Uy, and the motor state is
shown in Fig. 4e. The piezoelectric wafer is tilted upwards,
and the motor is in the holding stage.

(3) At the moment #1, the external excitation changes from
U, to Uj, and the variable-natural-frequency vibration units
instantly generates an oblique downward inertial force. This
inertial force can be decomposed into a vertical downward
component force F’; and a tangential force F’,, in a clock-
wise direction along the circumference. F’, causes the Z
beam to contract downward, reducing the positive pressure
between the friction disk and the rotor, while F”, causes the
friction disk to rotate clockwise. The rotor rotates 8, together
with the friction disk under the action of frictional torque.

(4) From #; to 1, the voltage is U, and the motor returns
to the state shown in Fig. 4c. One cycle of movement of the
motor is achieved. The total displacement of the rotor in a
period is 6 = 61-6>.
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FIGURE 4. Motion principle of piezoelectric variable-natural-frequency
motor. (a) Excitation signal. (b) Motor structure. (c) Initial state. (d) ¢,.
(@) tg~t;. (M .

C. SIMULATION ANALYSIS OF LOW VARIABLE-
NATURAL-FREQUENCY MOTOR

Before the experimental testing on the piezoelectric motor,
the vibration mode simulation analysis is carried out for the
mass block at position 3, which is beneficial for initially
selecting the suitable vibration mode and driving frequency
ranges. The boundary condition is the fixed bottom surface of
the base. The connection relationship among the motor parts
is bonded, and 1 mm is chosen for meshing. The vibration
mode simulation results are shown in Fig. 5. The first six
modes and natural frequencies of the piezoelectric motor
are simulated and analyzed. The natural frequencies are
19.251 Hz, 19.499 Hz, 68.978 Hz, 79.789 Hz, 8§9.356 Hz, and
93.613 Hz, respectively. It can be seen that the first six natural
frequencies are all in a lower range. A reasonable vibration
mode is essential for the motor, which can improve the driving
performance. For the first and second order modes, it can
be seen that only the vibration unit is in the motion state,
while there are rarely the rotation and up-down vibration of
the friction plate. Moreover, the vibration of the second order
of the vibration unit is asymmetric, which contradicts the
motion principle. Thus, the first and second order modes are
not chosen. For the fourth and fifth order modes, it can be seen
that the friction disk generates large translational amplitude
in the horizontal plane, while there is rarely the rotation of
the friction disk. As the fourth and fifth orders also contradict
the motion principle, they are not chosen. For the third order
vibration mode, the rotation of the friction disk and the linear
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FIGURE 5. Vibration modes of variable-natural-frequency motor for the
mass block at position 3. (a)-(f) first-sixth order modes.

motion along the vertical direction are larger compared with
the ones of the sixth order mode. Therefore, the third order
mode is chosen on the basis of the motion principle.

According to the modal analysis on the variable-natural-
frequency motor at position 3, the modal analysis is further
conducted on position 1, 2, and 3. The third-order mode
shapes and natural frequencies are shown in Fig. 6. The nat-
ural frequencies are 72.808, 70.734, and 68.978 Hz. respec-
tively. As the mass block moves from position 1 to position 3,
the natural frequency of the variable-natural-frequency motor
gradually decreases. It indicates the feasibility of variable
natural frequency of the piezoelectric motor by changing the
mass block position.

IV. EXPERIMENTAL TESTING AND ANALYSIS OF LOW
VARIABLE-NATURAL-FREQUENCY MOTOR
A. EXPERIMENT CONFIGURATION
According to the principle analysis and simulation of the
low variable-natural-frequency motor, the experimental sys-
tem of the variable-natural-frequency motor is established
in Fig. 7, in order to test the driving performance of the
motor. The experimental system includes a function gen-
erator, DG4062, Rigol Technology Inc., a power amplifier,
RH41-D, Harbin Rongzhi Naxin Technology Co. Ltd., a laser
micrometer, LK-H020, Keyence, a vice, a variable-natural-
frequency motor prototype, and a data acquisition computer.
The frequency sweep experiment of the variable-mode
piezoelectric wafer vibration response unit and the variable-
natural-frequency motor without the rotor is carried out in
the range of 0-400Hz. The resonant frequency regions of
the variable-mode piezoelectric wafer vibration response unit
and the variable-natural-frequency motor are identified at
different positions of the mass block, which explore the effect
of the mass block position on the natural frequency of the
variable-mode piezoelectric wafer vibration response unit
and the motor. Moreover, a driving performance analysis of
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FIGURE 6. Simulation analysis of the third-order mode shapes for
different mass positions. (a) Position 1. (b) Position 2. (c) Position 3.

Function
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Vibration isolation
platform

Prototype

(a) (b)

FIGURE 7. Experimental system. (a) Experiment system configuration.
(b) Prototype.

the motor with the mass block at different positions is per-
formed near the resonant frequency regions, and the optimal
drive frequencies are found for the mass block at different
positions.

B. EXPERIMENT ANALYSIS OF VARIABLE-NATURAL-
FREQUENCY UINT AND MOTOR

As the resonant frequencies of the variable-mode piezoelec-
tric wafer vibration response unit and the variable-natural-
frequency motor have the impact on the output characteristics,
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FIGURE 10. Step displacement of variable-natural-frequency motor under different frequencies. (a) Position 1. (b) Position 2. (c) Position 3.

the sweep experiments are firstly performed to evalu-
ate the variable natural frequencies of the unit and the
motor. The sweep range is 0-400 Hz, and the sweep
voltage is 10 V. From Fig. 8, the natural frequen-
cies of the variable-mode piezoelectric wafer vibration
response unit with the mass block at different positions
are observed in the sweep results. The resonant frequen-
cies of the variable-mode piezoelectric wafer vibration
response unit with the mass block at different positions are
84.2,72.1, 64.5 Hz.

The sweep frequency experiments are also performed for
the variable-natural-frequency piezoelectric motor and the
sweep results are shown in Fig. 9. The resonant frequencies of
the motor with the mass block at different positions are 80.9,
77.7, 74.3 Hz. Since the driving performance of the motor
is lower in the non-resonant frequency range, the following
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experiments about the driving performance are conducted
near the resonant frequency range.

The piezoelectric motor is further analyzed by fixing the
mass block at position 1-3 with the fixed excitation voltage
of 200 V, and a frequency analysis is performed according
to the experiments. It can be seen in Figs. 10 and 11 that the
resonant frequency of the motor is obviously different when
the mass block is fixed at different positions of the single-row-
hole variable-frequency substrate. The resonant frequencies
are 79, 76, 70 Hz at positions 1, 2 and 3, respectively, indi-
cating that the adjusting method of the resonant frequency
of the motor by the mass block position on the single-hole
variable frequency substrate is effective. The rotation speed
of the motor prototype is shown in Fig. 12. The speed can
be adjusted by the different positions of the mass block.
The experimental rotation speed of the variable-frequency
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FIGURE 11. Angular displacement of variable-natural-frequency motor under different frequencies. (a) Position 1. (b) Position 2. (c) Position 3.
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FIGURE 12. Rotation speed of variable-natural-frequency motor under TABLE 1. Comparison with Other Piezoelectric Motors.
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. . Variable

i i iti i Motor Accurac Operating Maximum Natural
motor prototype is the maximum at position 3, which uracy Frequency  Speed u

is 520 mrad/s. Frequency
The position accuracy and output torque of the motor are 28]  1.3mrad 388Hz  2.26rad/s No
evaluated in the experiment. The mass block is placed at (29]  12mrad 161Hz  3.23rad/s No
position 3 with the frequency of 1 Hz. The displacement [30] 72prad  23.9kHz  25.7rad/s No
under different voltages is shown in Fig. 13. The accuracy [31] 164mrad 150Hz  2.4rad/s No

of the motor is 8.7 urad when the voltage is 15 V. The This work 8.7urad 70 Hz 520 mrad/s Yes
output torque 1.65 Nmm of the motor is evaluated under the
frequency of 70 Hz, and voltage of 150 V.

V. CONCLUSION

In summary, the paper proposes, designs, manufactures and
tests a low-frequency piezoelectric motor that can be used
for precision positioning, precision machining, and preci-
sion measurement. First, the simulations of the piezoelectric
motor structure are conducted to initially verify the fea-
sibility of the presented piezoelectric motor motion and
natural-frequency conversion. Then the structural design
of the piezoelectric motor and a drive principle avail-
able for the piezoelectric motor are investigated. Moreover,
the sweep frequency analysis of variable-natural-frequency
motor is performed to verify the frequency characteris-
tics. Finally, the rotation motion experiments are conducted
to evaluate the performance of the piezoelectric motor.
FIGURE 13. Rotation displacement of variable-natural-frequency motor. The maximum rotation speed of the designed motor is

400 T T :

Displacement (urad)

Time (s)
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520 mrad/s, which indicates the feasibility and validity of
the variable-natural-frequency motor. In the future, we will
improve the structure of the actuator to further enhance
its overall performance and reduce its size. The adjustable
natural-frequency motor has the application potentials and
prospects for the assembly of precision electronic com-
ponents, micro robots, and optical instrument precision
positioning and measurement, etc.
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