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Abstract: A novel impact two-degree-of-freedom (2-DOF) motor based on the decomposed screw-type
motion of a piezoelectric actuator (PA) has been proposed. The fabricated prototype motor has a
maximum diameter of 15 mm and a length of 100 mm which can produce a maximum torsional angle
of about 1000 prad and a maximum longitudinal displacement of about 1.03 pm under a saw-shaped
driving voltage with 720 V;,, (peak-to-peak driving voltage). When the axial prepressure generated
by the spring is about 1N and the radial prepressure generated by the snap ring is about 14 N,
the fabricated motor realizes rotary motion with the driving frequency from 200 Hz to 4 kHz. When
the axial prepressure generated by the spring is about 11.7 N and the radial prepressure generated by
the snap ring is about 21.1 N, the fabricated motor realizes linear motion with the driving frequency
from 2 kHz to 11 kHz. In the experiments, the prototype motor can achieve 9.9 x 10° urad/s rotary
velocity at 2 kHz and it can achieve 2.4 mm/s linear velocity at 11 kHz under the driving voltage of
720 Vpp.

Keywords: piezoelectric; rotary-linear motion; screw-type motion; helical interdigitated electrode

1. Introduction

The impact piezoelectric motor is known as the stick-slip motor or inertia driving mechanism [1].
The piezoelectric actuator (PA) works as a stator which is excited by a saw-shaped driving voltage
to produce periodic asymmetric motion [2,3]. According to the unequal value of driving force and
friction force between the contact surfaces of the stator and shaft, the shaft will realize single-direction
stepping motion [4]. The impact motor often has a simple structure compared to the inchworm motor
and it is often easy to be controlled compared to the ultrasonic motor. The impact piezoelectric motor
has higher positioning accuracy and smaller structure compared to the traditional electromagnetic
motors, thus it has been widely used in scanning probe microscopes, micromanipulators, microrobots,
precision positioning occasions, and so on [5,6].

The multi-degree-of-freedom (multi-DOF) motor has more flexible motion compared to the
single-DOF motor [7-9]. Nowadays, many structures which can realize rotary and linear motion and
screw-type motion have been studied. The screw-type motion is a special coupled motion of rotary
motion and linear motion. The motor which consists of two or more actuators can realize rotary and
linear motion [10,11]. This kind of motor can realize independent rotary and linear motion, and the
two motions usually cannot move at the same time [12,13]. The ultrasonic motor which uses the two
specific vibration modes can realize a coupled rotary-linear or screw-type motion [14-16]. This kind of
motor often realizes the screw-type movement with screw output shaft [17-20]. The motor which uses
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the special helical structure can realize screw-type motion under voltage drive. This kind of motor
often easily achieves screw-type motion. However, according to its helical structure, the screw-type
motion is often difficult to decompose into single rotary and single linear motion [21-25].

The helical structure can produce screw-type motion. Pan proposed a novel screw-type motion
which is generated by the PA with helical interdigitated electrodes [26]. This kind of PA has the
advantages of small size and simple manufacturing process. Since converting this screw-type motion
or coupled rotary-linear motion of the PA with helical interdigitated electrodes to 2-DOF motions
(independent rotary and linear motion) is not easy, sometimes one direction of the motion is restricted
by the structure design or structure parameter, such as Zhang proposed [27]. This way will restrict the
space and reduce the DOF of the rotary-linear motion.

In this study, a way of changing the screw-type motion into independent rotary and linear motions
is proposed in order to solve the problem of converting the coupled rotary-linear motion which is
produced by a PA with helical interdigitated electrodes to independent 2-DOF motions. By two
different friction interfaces and two adjusting structures of friction force, the coupled rotary-linear
motion of PA can be converted into two independent DOF motions of the output shaft. This method
will provide an idea for decomposing the complex curvilinear motion into some simple motions.
The prototype motor is fabricated and tested. The structure and working principle of decomposed
independent rotary and linear motions are introduced and detailed in Section 2. The fabrication of the
piezoelectric motor is detailed in Section 3. In Section 4, a series of experiments of the prototype motor
are carried out and the discussions of the experimental results are given.

2. Working Principle

2.1. Piezoelectric Actuator

The PA is composed of a piezoelectric tube which has an even number of helical interdigitated
electrodes on its outside surface. The structure of the PA and the expanded surface of the PA cutting
along the longitudinal direction are shown in Figure 1. The piezoelectric tube has a total length of /1.
The outer radius and inner radius of the piezoelectric tube are r{ and r,, respectively. The effective
length of the electrodes is I, the angle of helical electrodes is &, and the driving voltage applied
to each two adjacent electrodes is 2U. When the direction of a stable driving electric field is the
same as that of poling direction and they are perpendicular to the electrode lines, the contraction
strain and expansion strain will be produced simultaneously. Thus the PA will have screw-type
motion ability. The contraction strain is caused by d3; piezoelectric coefficient which is parallel to the
direction of helical electrodes and the expansion strain is caused by d33 piezoelectric coefficient which
is perpendicular to the direction of the electrode lines.
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Figure 1. Schematic diagram of PA.
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Theoretically, the PA will produce a load-free torsional angle and longitudinal displacement under
the quasi-static driving as following [28,29]:

k1 (d33 — dgl)Elz sin2u«

= 1
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=k (d33 cos? & 4 dx; sin® a) El,, ()
p= 24n 3)
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where k; is compensation factor in torsional direction, k; is compensation factor in longitudinal
direction, E is the average driving electric field intensity, 2U is the driving voltage between two
adjacent electrodes, 7 is the pairs of electrodes.

Thus, the PA will produce a screw-type motion under the control of driving voltage in theory.

2.2. Working Principle of the Impact Rotary—Linear Motor

The simplified piezoelectric motor consists of a spring, a snap ring, a coupler, a PA, and a shaft.
The coupler includes a pair of cone-shaped bushings. The outer surface of the cone-shaped bushing is
mainly used as the contact surface for rotary motion and the inner surface of the coupler is used as
the contact surface for linear motion. The piezoelectric motor realizes rotary motion through the line
contact and realizes the linear motion through the surface contact. The coupler has different functions
in rotary and linear motion. The working principle is shown in Figure 2. With an axial prepressure
applied between the PA and the coupler, a friction force or friction torque will be produced when
there is a trend of relative movement among them. Also, with a radial prepressure applied between
the coupler and the shaft, a friction force or friction torque will be produced when there is a trend
of relative movement among them. According to the different working conditions, the value of the
friction force or friction torque between the coupler and the shaft and friction force or friction torque
between the coupler and PA can be adjusted by choosing different sizes of snap ring and changing
different positions of the spring.
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Figure 2. Working principle of the piezoelectric motor: (a) rotary motion; (b) linear motion.

The piezoelectric motor is driven by a saw-shaped voltage signal. The duty ratio in Figure 2 can
be defined by:
Duty ratio = t1 /T x 100% = [t1/(t1 + t2)] x 100%, (4)

where T is the cycle time, t; is the rising time of the saw-shaped driving voltage, and t; is the falling
time of the saw-shaped driving voltage.

The PA is excited by a saw-shaped driving voltage signal. The working cycle of the piezoelectric
motor can be divided into two steps and three states [30]. The piezoelectric motor can realize



Appl. Sci. 2018, 8, 2492 40f13

independent rotary and linear motions by the appropriate snap ring and appropriate position of
spring through the main two different friction interfaces.

For the rotary motion [see Figure 2a]:

In state 1, adjusting the spring to the suitable position and choosing the appropriate snap ring,
the motor is at the starting position with the angle of 0y and it is at the starting position with a
displacement of xy when the driving voltage is beginning to apply. In state 2, with the slow increase of
the driving voltage, the PA produces a screw-type motion, in other words, the PA is extended in axial
direction and twisted in circumferential direction simultaneously. The friction torque between the
coupler and PA, also the friction torque between the coupler and shaft, are appropriate for the coupler
and shaft to move along with the PA in circumferential direction. The friction force between the coupler
and PA, also the friction force between the coupler and shaft, are appropriate for the coupler and shaft
to move along with the PA in axial direction. So the shaft and the PA realize the same torsional angle of
01 and the same longitudinal displacement of x; at the time of #;. In state 3, with the sudden decrease
of the driving voltage, the PA moves back to its initial position quickly. The coupler cannot catch the
PA by the dynamic friction torque between the coupler and PA, so a small slip angle of 8, is generated
by the coupler at the time of ¢,. At the same time, the friction torque between the coupler and the shaft
is enough for the shaft to follow the motion of coupler in circumferential direction, so the coupler and
shaft can be regarded as a whole at this condition. Thus, a slip angle of 6, is generated by the shaft at
the time of t,. Finally, the shaft has the net rotary angle of 8; — 65 in one cycle, because the coupler
can move back to its initial axial position under the effect of the restoring force which is produced by
spring in axial direction. Moreover, the friction force between coupler and shaft is appropriate for the
shaft to move along with the coupler, so the shaft will move together with the coupler to the initial
position in axial direction.

After one driving cycle, the piezoelectric motor has a net rotary angle of 6; — 6, and a net linear
displacement of zero. So the screw-type motion of PA can be changed into the rotary motion of
shaft, and the coupler is working as a rotor at this condition. By repeating the driving voltages, the
piezoelectric motor will realize continuous rotary motion. By changing the duty ratio, the piezoelectric
motor will have different directions of movement.

For the linear motion [see Figure 2b]:

The state 1 and 2 of linear motion are similar to the corresponding states in the above rotary motion.
The difference is the values of the friction forces or friction torques between the two friction interfaces.
The shaft and the PA have the same torsional angle of 61 and the same longitudinal displacement of x;
at the time of 1. In state 3, with the sudden decrease of the driving voltage, the PA moves back to its
initial position quickly. The friction torque between the coupler and PA is large enough for the coupler
to catch the PA in circumferential direction. Meanwhile, the friction torque between the coupler and
shaft is large enough for the shaft to catch the coupler, thus the shaft will rotate back together with
the PA to its initial position in circumferential direction. The coupler moves back quickly to its initial
axial position under the effect of the restoring force which is produced by the spring in axial direction.
However, the shaft cannot catch the coupler through the dynamic friction force between the coupler
and shaft in axial direction. Thus, a slip displacement of x; is generated by the shaft at the time of ¢,.
After one driving cycle, the piezoelectric motor has the net linear displacement of x; — x; and a net
rotary angle of zero. So the screw-type motion of PA can be changed into the linear motion of shaft. In
the linear motion, the coupler is working as a stator and the coupler can be regarded as a part of the
PA. By repeating the driving voltages, the piezoelectric motor will realize continuous linear motion.
By changing the duty ratio, the piezoelectric motor will have different directions of movement.

According to the different working principles, by choosing the appropriate snap ring and adjusting
the suitable position of the spring, the motor will realize independent rotary and linear motions.
With the increase of driving frequency, the slip angle or slip displacement will gradually decrease and
the motion of the motor will become smoother.
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3. Fabrication of the Prototype Motor

The overall structure diagram of the piezoelectric motor and the fabricated piezoelectric motor
are shown in Figure 3. The prototype motor consists of a PA, a pedestal, a coupler, a snap ring, a spring,
a special bolt, a shaft, and a pair of bearings. The PA is made from the lead zirconate titanate (PZT)-type
piezoelectric tube (YT-5L, Baoding Yitian Ultrasonic Technology co., LTD, Baoding, China) The key
material parameters of the PA are shown in Table 1.

Table 1. Material parameters of the PA.

Material Parameters Value Unit
Piezoelectric tube: PZT (YT-5L,  Piezoelectric coefficient (dsz) —195 pC x N1
Baoding Yitian Ultrasonic Piezoelectric coefficient (ds3) 450 pC x N1
Technology co., LTD) Density 7600 kg x m~3

The length of the piezoelectric tube is 15 mm, the outer radius is 3 mm, and the inner radius is
2.5 mm. The effective length of the surface helical interdigitated electrodes of the PA is 9 mm, the angle
of electrodes is 30°, and the intensity of the polarizing electric field is 2 kV/mm. The PA can produce
screw-type motion under saw-shaped driving voltage. One end of the PA is glued to the pedestal by
epoxy resin. The inner surface of the coupler is in contact with the shaft, the cone-shaped end of the
coupler is tangent to the inner surface of the PA, and the outer cylindrical surface of the coupler is fixed
by the snap ring. The coupler is made up of a pair of bushings with alumina ceramic. The snap ring
can be changed to different dimensions so that the radial prepressure between the coupler and shaft
can be adjusted according to different motions. By adjusting the position of the special bolt, the length
of the spring will be changed, thus the axial prepressure between the coupler and PA can be changed.
The two different kinds of prepressure will provide different friction force or friction torque between
the contact surfaces of the contact objects when there is a trend of relative movement among them.
A pair of bearings is used to support and guide the motions of the shaft. The shaft has a diameter of
2 mm with a length of 100 mm and it is made by zirconia ceramic. The fabricated prototype motor has
a maximum diameter of 15 mm with a length of 100 mm.

Pedestal  Piezoelectric Bushings Special — Bearing
actuator / bolt

Bearing Coupler  Snapring Spring Shaft

(a) | (b)

Figure 3. The structure of the piezoelectric motor: (a) schematic diagram of the piezoelectric motor;
(b) photograph of the fabricated prototype motor.

4. Experimental Tests and Discussions

4.1. Dynamic Performance of the PA

The finite element method (FEM) is used to extract the torsional and longitudinal vibration modes
of the PA with free boundary condition, and the results are shown in Figure 4. The torsional and
longitudinal vibration modes occur at 53.99 kHz and 89.86 kHz, respectively.
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Figure 4. FEM analysis results of PA.

The dynamic response is measured by LCR-8105G analyzer (Good will Instrument Company
Ltd., Taiwan), which is shown in Figure 5. The torsional and longitudinal vibration modes occur at
54.34 kHz and 89.07 kHz, respectively. The experimental results are close to the simulation results.
The experimental results of the dynamic performance indicate that the prototype PA has the screw-type
motion ability.
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Figure 5. Dynamic response of the PA.

4.2. Prototype Motor

The principle of the experimental test is shown in Figure 6. The outer surface of the pedestal
is fixed by a machine clap. The original voltage signal is generated by arbitrary function generator.
The driving signal is an amplified saw-shaped driving voltage signal which is amplified by the
original signal through the power amplifier. A displacement sensor (optoNCDT2300, Micro-epsilon,
Ortenburg, Germany) is used to test the longitudinal displacement of the shaft. The Laser Doppler
Vibrometer system (Sunny Optical Technology (Group) Co., LTD, Yuyao, China) can test the tangential
displacement of the shaft, thus the torsional angle of the shaft can be calculated. The digital oscilloscope
(RIGOL DS 1052D, Beijing, China) is used to observe the driving signal.

The rotary and linear motions of the shaft are tested simultaneously to determine the motion
state of the prototype motor. By adjusting the position of the special bolt and choosing the appropriate
snap ring, the prototype motor will realize independent rotary motion and linear motion, respectively.
The rotary and linear motion with no load are tested first, and then the load capacity is tested.
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Figure 6. Schematic diagram of experimental testing system of prototype motor.

4.2.1. Rotary Motion of the Prototype Motor with No Load

When adjusting the axial prepressure generated by spring to about 1 N and adjusting the radial
prepressure generated by snap ring to about 14 N, the prototype motor realizes rotary motion under
the saw-shaped driving voltage. Meanwhile, the measured friction torque between the PA and coupler
is about 0.0003 N-m and the measured friction force between the coupler and shaft tested is about
4.2 N in axial direction.

When the driving voltage is 720 V., with a duty ratio of 0%, and the driving frequency is 200 Hz,
500 Hz, and 1 kHz, the output rotary angles and linear displacement of the prototype motor in the two
directions are shown in Figure 7. Assuming this driving voltage can produce the negative movement
of the motor at this driving voltage, when the duty ratio of the driving voltage is 100%, the motor will
realize positive movement. According to Equations (1)—(3), when the compensation factor is ideal and
is equal to 1, the calculated maximum rotary angle of the PA is 1280 prad and the maximum linear
distance is 1.98 pm.

From the results shown in Figure 7, the piezoelectric motor can realize continuous rotary motion.
The tested maximum rotary angle of the PA is about 1000 prad and the maximum linear distance is
about 1.03 pm. Due to the imperfect processing technology of the piezoelectric tube, manufacturing
error, and installation accuracy, the compensation factor k; is 0.8 and the compensation factor k; is
0.5. With the increase of driving frequency, the slip angle becomes smaller and smaller, and the rotary
motion becomes more and more smooth.

When the driving frequency continues to increase and other conditions remain unchanged,
the prototype motor will keep rotary motion until the driving frequency reaches 4 kHz. By changing
the duty ratio, the motor can rotate in reverse direction. The two directions of the average rotary
velocity of the prototype motor are tested when the driving frequency ranges from 200 Hz to 4 kHz,
and the results are shown in Figure 8. The results show that the prototype motor can realize rotary
motion from 200 Hz to 4 kHz, and the prototype motor can achieve the maximum rotary velocity of
about 9.9 x 10° prad/s at 2 kHz under the driving voltage of 720 Vp, with a duty ratio of 0%.
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Figure 7. The output motions of the prototype motor under different driving frequencies: (a) 200 Hz;
(b) 500 Hz; (c) 1 kHz.
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Figure 8. The rotary velocities of the prototype motor under different driving frequencies.
4.2.2. Linear Motion of the Prototype Motor with No Load

When adjusting the axial prepressure generated by spring to about 11.7 N and adjusting the radial
prepressure generated by snap ring to about 21.1 N, the piezoelectric motor realizes linear motion
under the saw-shaped driving voltage. Meanwhile, the measured friction torque between the PA and
coupler is about 0.0035 N-m and the measured friction force between coupler and shaft is about 6.3 N
in axial direction.

When the driving voltage is 720 V., with a duty ratio of 100%, and the driving frequency is
2 kHz, 4 kHz, and 6 kHz, the output rotary angle and linear displacement of the prototype motor in
the two directions are shown in Figure 9. As the motor can realize negative movement when the duty
ratio of the driving voltage is 0%, the motor will realize positive movement when the duty ratio of
the driving voltage is 100%. The tested maximum rotary angle of the PA is about 1012 prad and the
maximum linear distance is about 1.01 um; the maximum angle and distance are similar to the results
in the rotary motion. With the increase of driving frequency, the slip displacement becomes smaller
and smaller, and the linear motion becomes more and more smooth.
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Figure 9. The output motions of the prototype motor under different driving frequencies: (a) 2 kHz;
(b) 4 kHz; (c) 6 kHz.

When driving frequency continues to increase and other conditions remain unchanged,
the prototype motor will keep positive linear motion until the driving frequency reaches 11 kHz.
By changing the duty ratio, the motor can move in reverse direction. The two directions of the average
linear velocity of the prototype motor are tested when the driving frequency ranges from 2 kHz to
11 kHz, and the results are shown in Figure 10. The results show that the prototype motor can realize
linear motion from 2 kHz to 11 kHz, and the prototype motor can achieve the maximum linear velocity
of about 2.4 mm/s at 11 kHz under the driving voltage of 720 V., with a duty ratio of 100%.
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Figure 10. The linear velocities of the prototype motor under different driving frequencies.
4.2.3. Load Capacity

Load capacity is an important characteristic of actuators. The load capacity of rotary motion and
linear motion are tested individually.
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The nylon wire is used to tow the mass and is connected to the rotary shaft. When the driving
voltage is fixed at 720 V., with the driving frequency of 2 kHz under the duty ratio of 0%, the average
rotary velocities of the motor will be tested under different loads. The load testing system and the
results of average rotary velocities under different torques are shown in Figure 11.
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Figure 11. Load capacity of rotary motion: (a) testing system; (b) average rotary velocity under different
external loads at 2 kHz.

The nylon wire is used to tow the mass and is connected to the center of the shaft. When the
driving voltage is fixed at 720 V},., with the driving frequency of 11 kHz under the duty ratio of 100%,
the average linear velocities of the motor will be tested under different loads. The load-testing system
and results of average linear velocities are shown in Figure 12.
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Figure 12. Load capacity of linear motion: (a) testing system; (b) average linear velocity under different
external loads at 11 kHz.
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The results in Figures 11 and 12 show that the maximum output torque and output force of the
prototype are 4 uNm and 0.45 N, respectively.

In Table 2, some proposed motors which can realize rotary and linear motions are compared with
the prototype motor in terms of the working principle, the main size when removing the output shaft,
the peak-to-peak driving voltage, the maximum rotary velocity, the output torque, the maximum linear
velocity, and the output force. Table 2 shows that the prototype motor has higher velocity compared
to the inchworm actuator which is proposed by Sun [13] and the load capacity is stronger than the
ultrasonic actuator which is proposed by Mashimo [14]. The speed of motion of the prototype motor is
similar to the impact motor which is proposed by Zhang [12]. The prototype motor has more compact
structure compared to the proposed motors in references [12,13], and the control of the prototype
motor is simple compared to the proposed motor in reference [14].
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Table 2. Performance comparisons with previous actuator.

Author Zhang [12] Sun [13] Mashimo [14] This Study

Principle Impact Inchworm Ultrasonic Impact
40 x 55 (rotation part)

Main size (mm) 25 x 25 (translation part) 88 x 88 x 72 35x%x35x%x35 15 x 15 x 40
Driving voltage (V) N/A 140.0 118.8 720.0
Maximum rotary velocity (urad/s) 2.0 x 10° 34,270 24 x 107 9.9 x 10°
Output torque (uNm) 1.22 x 10* 7.35 x 10* 2.5 4.0
Maximum linear velocity (mm/s) 7.32 1.45 80.0 24
Output force (N) 2.09 11.8 2.6 x 1073 0.45

5. Conclusions

A novel rotary-linear impact piezoelectric motor based on a PA with helical interdigitated
electrodes has been fabricated and tested. By two different friction interfaces and two adjusting
systems, the piezoelectric motor can realize independent linear and rotary motion under suitable
conditions. The prototype motor can realize positive and negative rotary motion from 200 Hz to 4 kHz
under the driving voltage of 720 V., and it can reach about 9.9 x 10° prad/s at 2 kHz with no load.
The prototype motor can realize positive and negative linear motion from 2 kHz to 11 kHz under the
driving voltage of 720 V},p and it can achieve about 2.4 mm/s at 11 kHz with no load.

The prototype motor can obtain a maximum rotary angle of about 1000 prad and a maximum
linear displacement of about 1.03 pm at a driving voltage of 720 V., so the motor can be used in
precision positioning. This study provides a way of expending the DOF of motor, which will not
only meet the complex manipulation but also benefit the miniaturization of structure. Although the
screw-type motion can be decomposed to single rotary and linear motion by this adjustable structure,
it is difficult to adjust the appropriate values of friction torques and friction forces in the experiments.
The spring not only decides the friction force between the coupler and PA, but it also provides the
restoring force in the axial direction. It is more convenient and feasible to separate the rotary and linear
motion by the different driving voltages, and it will be in future research work.
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