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Inertial piezoelectric actuators are widely applied in precision devices with simple structure and accurate movement. However,
existing inertial piezoelectric actuators still face the challenges of rollback motion and bulky power supply. In this work, an
alternate excitation strategy and a customized small power supply for a bimorph rotary piezoelectric actuator (BRPA) are
proposed to solve the problems. The BRPA prototype is designed with a bipedal symmetrical structure, measuring 35 mm in
height and 32 mm in diameter, which has a maximum rotation velocity of 0.247 rad/s and a resolution of 0.66 prad. Thanks to the
bipedal symmetrical structure, the friction directions between the driving feet and the rotor can be coordinated to suppress the
rollback. The rollback ratio is almost zero when the phase difference of the exciting signal is set as 180°. The customized power
supply is designed and manufactured, whose size is 58 mmx56 mmx»46 mm. It can output signals for the single step mode and
the continuous mode, and they are adopted to excite BRPA to achieve a small stroke with one single step and a large stroke with
continuous step, respectively. Then, an experimental system for optical fiber alignment is developed based on the BRPA and the
customized small power supply, the experiment has verified the practicability of this work in the precision fields, especially in the
miniaturized precision systems.
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1 Introduction

High precision driving technology is urgently needed in
fields such as aerospace, micro-electronics, microfluidic,
micro-optical systems, biomedical, etc. [1-5]. The rapid
development of these fields requires accurate and stable
motion at micrometer/nanometer level, large motion range,
fast response speed, and sufficient load capacity [6]. To a
certain degree, the traditional electromagnetic actuator with
appropriate control strategy may meet the requirements of
micromanipulation and precision position tasks [7]. How-
ever, the accuracy of positioning is significantly influenced
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by the clearance of the transmission system, which restricts
its utilization in the above scenarios.

In recent decades, researchers have made significant ad-
vancements in the field of novel actuators, which have lar-
gely relieved the limitations of traditional actuators. Various
types of actuators have been developed, including electro-
static actuators, electrothermal actuators, and piezoelectric
actuators. Electrostatic actuators are renowned for the energy
efficiency, fast response, and on-chip integration. However,
strict sealing is necessary because of their susceptibility to
environmental factors, such as dust and moisture. Besides,
the pull-in phenomenon of electrostatic actuators leads to
motion instability [8,9]. Electrothermal actuators have the
advantages of large output force and low exciting voltage.
But the response speed is slow because of the thermal
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expansion actuation principle, and their characteristics are
greatly affected by environmental temperature and air flow
[10]. Compared with these novel actuators, piezoelectric
actuators are widely considered as precision actuators due to
their advantages such as high precision, fast response, com-
pact structure and no electromagnetic interference [11-14].
According to the working states, piezoelectric actuators
can be classified into resonant type and non-resonant type.
The resonant type operates near the resonant frequency of the
piezoelectric vibrator and has characteristics such as fast
movement and high output power [15-17]. However, high-
frequency resonant vibration results in heat and wear, leading
to poor accuracy and stability of the resonant type. The non-
resonant type, on the other hand, operates at low frequency
and can achieve relatively high accuracy. As a result, it is
widely used in high-precision driving applications. Accord-
ing to the working principle, the non-resonant type piezo-
electric actuators can be further divided into direct driven
type, inchworm type, and inertial type. The direct driven type
usually has simple excitation schemes and structure. The
travel is tens of micrometers with high displacement re-
solution, since it directly uses a piezoelectric stack as the
driving element [18,19]. In order to expand the travel range,
travel amplification mechanisms are used, and the travel can
reach hundreds of microns. However, the hundreds of mi-
crons travel range cannot meet the requirements of most
applications. The inchworm type uses the “clamping-feed-
ing” mechanism to achieve unlimited travel through con-
tinuous steps [20,21]. However, multiple actuators are
generally required for driving, so that the structure and ex-
citing signals are complex. The inertial type utilizes the
periodic friction between the mover and the actuator to move.
With the accumulation of single step motion, infinite travel
can be achieved [22,23]. Compared with the other actuators,
the inertial type is advantageous with the merits of compact
structure, simple excitation scheme and large travel range.
However, due to the working principle of inertial type
piezoelectric actuators, different friction states are required
in the process of forward and backward. To realize the dif-
ferent friction states between forward and backward, inertial
type piezoelectric actuators are generally designed as
asymmetric structures [24-26] or apply asymmetric exciting
signals [27,28]. If the asymmetric structure is adopted, the
signals will be simple, while the inertial type piezoelectric
actuators can only move in one direction. If asymmetric
exciting signals are applied, a bulky power control system is
required. For example, the piezoelectric controller (E53.
D1S) produced by Harbin Core Tomorrow Science and
Technology Co., Ltd. measures 148 mmx80 mmx27 mm in
size. Similarly, the piezoelectric controller (E-873.10C885)
manufactured by Physik Instrumente (PI Shanghai) Co., Ltd.
is 186 mmx128 mmx20 mm in dimensions. These large si-
zes pose challenges for power integration and both devices
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require a 24 V power supply, necessitating the use of an
additional power adapter. Besides, rollback motion is another
problem of inertial type piezoelectric actuators due to the
stick-slip operating mechanism. Several methods have been
proposed to suppress the rollback motion of inertial type
piezoelectric actuators. Adjusting the friction between the
actuator and the mover is an effective method [29,30].
Generally, the friction force is adjusted by the preload, which
requires a special preload adjustment mechanism and com-
plicates the miniaturization and integration of the system.
The principle of ultrasonic friction reduction can be applied
by superimposing a composite waveform on the sawtooth
wave exciting signal, which effectively reduces the rollback
motion [31,32], but introduces unstable vibrations and in-
creases signal complexity. Parasitic motion can also suppress
the rollback motion. During the backward phase of the
mover, the parasitic motion is used to generate positive
friction to suppress the rollback motion [33]. This strategy is
simple, but a larger mechanical structure is needed to gen-
erate parasitic motion.

To address the stick-slip driving rollback issue and the
complex exciting signal waveform, a novel BRPA with
symmetrical piezoelectric driving feet and a customized
small power supply is proposed. By employing the proposed
alternate excitation strategy, the friction force among the
symmetrical driving feet and the output platform can be
coordinated. This coordination ensures that the resultant
friction force remains aligned with the direction of motion
and effectively suppresses rollback movement. The custo-
mized small power supply, measuring a mere
58 mmx56 mmx46 mm, is capable of generating sawtooth
wave signals to excite the rotation of the BRPA. In addition,
both a single-step mode and a continuous mode are designed,
enabling precise and rapid motion control. This work not
only miniaturizes the actuator but also the power supply,
providing a fresh perspective on miniaturizing piezoelectric
actuators.

2 Design of BRPA and power supply

The design flowchart of the proposed BRPA and customized
small power supply is shown in Figure 1. Firstly, the struc-
ture and working principle of the actuator are determined
based on the requirements for high precision and compact
structure. Then, the actuation principle of the actuator is
analyzed. Next, a static model of the piezoelectric driving
foot is established to investigate the relationship between the
displacement of the piezoelectric driving foot, the amplitude
of the exciting signal, and the structural parameters. Subse-
quently, the structural parameters are adjusted based on the
observed influence, and the final structural parameters of the
piezoelectric driving foot are determined through finite ele-



Deng J, et al.  Sci China Tech Sci

- A 2

/

{ | Compact structure I—->| Modes selection |4—| High-precision I
1

N
\

Verify
Stepl: Structure design Inertial-type <
target
N Principle analysis /I
- -
;- v \
SO Working conditions and
resonant frequency
Structural parameter
adjustment
Step II: Component selection
design Finite element analysis
A 4
Displacement | Power supply design
condition ?

\ — :

Step Il
experiment

Output characteristic |—>| Application demonstration

Figure 1 (Color online) The design flowchart of BRPA and power sup-
ply.

ment simulation, including the resonant frequency. Follow-
ing that, based on the operating conditions of the BRPA, the
design specifications for a power supply are determined.
Suitable electronic components are selected, and a custo-
mized small power supply is designed and fabricated. Fi-
nally, a prototype is fabricated and the output characteristics
of the prototype are tested.

2.1 Structure of BRPA

The configuration of the BRPA is shown in Figure 2(a),
including a rotor, a base, a shaft, a bearing, and two sym-
metrically configured driving feet. The bearing is used to
connect the shaft and rotor, so that the rotor can rotate around
the shaft. As the axial force on the bearing is very small, a
precision deep groove ball bearing can be selected. The
symmetrically configured driving feet are fixed on the base
which is connected with the shaft through screw thread. The
distances among the driving feet and the rotor can be ad-
justed by manipulating the screw thread to exert preload on
the rotor. The radial set screw is used to fix the relative
position between the base and the rotor when the preload
force is determined.

The configuration of the driving foot and the polarization
direction of piezoelectric ceramics are shown in Figure 2(b).
The driving foot is formed by bonding two piezoelectric
ceramics on a metallic substrate. When the exciting signal is
applied, the piezoelectric ceramic on one side of the driving
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Figure 2 (Color online) The structure of BRPA and the configuration of
driving foot. (a) The structure of BRPA; (b) the configuration of driving
foot; (c) the prototype of BRPA.

foot extends while the other side shortens, and the driving
foot can bend towards the shortened side. By changing the
polarity of the exciting signal, the bending direction of the
piezoelectric driving foot can be reversed.

2.2 Principle analysis of BRPA

The force provided by a single driving foot is analyzed first.
The forces on the rotor, as shown in Figure 3(a), primarily
include the positive pressure N, the sum of the support force
of the bearing and the gravity of the rotor N,, the sum of the
load moment and the bearing friction moment 7, and the
driving force of the driving foot F. The exciting signal of the
single driving foot is shown in Figure 3(b). According to the
force state of the rotor, the motion of the rotor is divided into
three stages.

Original state At time 7,, the voltage of the signal applied
to the driving foot is 0. The driving foot keeps still, so the
driving force F is 0. At this time, the rotor is only affected by
the force in the vertical direction.

Stick state From time ¢, to #,, the voltage rises from 0 to
U,ax slowly. The driving foot bends slowly to generate a
driving force F' perpendicular to the radial direction. At this
time, if the rotor sticks to the driving foot and moves to-
gether, the expected inertia moment M, is less than the
maximum friction moment M, ... The relationship of the
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Figure 3 The operation principle of BRPA with a single driving foot. (a)
The force of BRPA; (b) the signal applied to the driving foot.

rotor force along circumferential direction is as follows:

m=I%E (1)
Ff,s,max =uN, (2)
ME < Mf,s,rmx = Ff,s,max' = Tgs (3)

where J is the rotational inertia of the rotor, ¥(¢) is the linear
acceleration at the end of driving foot, / is the distance from
contact point to rotor center, F; ., is the maximum static
friction, u, is the static friction coefficient.

Slip state From time ¢, to ¢., the voltage decreases from
U.,..x 10 0 rapidly, and the driving foot moves and returns to
the initial position immediately. If the rotor sticks to the
driving foot and moves together, the expected inertia mo-
ment M, is larger than the moment provided by the driving
force, so the rotor slips relative to the driving foot. The re-
lationship of the rotor force along circumferential direction is
as follows:

Fra=wN, (4)
M.>Myy=Fry =T, )

where [, is the dynamic friction, 4, is the dynamic friction
coefficient.

According to the analysis of the two states, the condition
for relative slip between the driving foot and the rotor is

NI T,

7 > B~ ©)

During a motion cycle, BRPA with a single driving foot
experiences a stick state and a slip state and produces a step
angular displacement. The rotor can be continuously ac-
tuated by repeating more periods of the exciting signal.

As analyzed above, when there is only one driving foot, the
rotor will roll back as the driving foot recovers. Since the
maximum static friction force is greater than the dynamic
friction force, when multiple driving feet coordinate their
movements in a certain way, the total frictional force can
always be kept forward, thereby suppressing rollback. The
more driving feet there are, the more complex the structure of
the actuator and the more exciting signals are required.
Moreover, due to processing errors, it is difficult to ensure
consistency among multiple driving feet. Two driving feet
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are the minimum number of driving feet to ensure this co-
ordinated movement. Therefore, a structure with two driving
feet is selected and it is beneficial for simplifying the
structure and reducing power requirements.

In order to illustrate the schematic diagrams clearly, the
spatial relationship among the driving feet and the rotor is
changed from a three-dimensional space to a two-dimen-
sional plane, as shown in Figure 4(a). Furthermore, the upper
and lower driving feet are named legs I and II, respectively.
The signals applied to the driving feet and the motion process
of the actuator are shown in Figure 4(b) and (c), respectively.
According to the different motion states of the two driving
feet, the motion of the actuator within one cycle can be di-
vided into four steps as follows.

Step 1 From ¢, to ¢#,, the voltage of the signals applied to
legs I and II increases slowly. The legs I and II bend coun-
terclockwise slowly, so that there is sticking motion between
legs I and II and rotor. Rotor rotates counterclockwise with
the legs I and II.

Step 2 From ¢, to ¢,, the voltage of the signal applied to leg
I decreases fast and that to leg II increases slowly. The leg I
bends clockwise fast and the leg II bends counterclockwise
slowly, so that there is slipping motion between leg I and
rotor and sticking motion between leg II and rotor. Therefore,
rotor rotates counterclockwise with the leg II.

Step 3 From ¢, to ¢, similar to step 1, the voltage of the
signals applied to legs I and II increases slowly, so rotor
rotates counterclockwise with the legs I and II.

Step 4 From ¢, to ¢,, similar to step 2, the voltage of the
signals applied to leg I increases slowly while that to leg II
decreases fast, so rotor rotates counterclockwise with the leg 1.

The rotor rotates without rollback when the exciting sig-
nals are applied continuously. The direction of rotation can
be reversed by changing the asymmetry of the exciting sig-
nals. The process details can be seen in the Video S1 in
Supporting Information.

2.3 Static model of driving foot

The displacement of the rotor is approximately equal to the
static displacement at the end of the piezoelectric driving feet
under static friction conditions. Therefore, the magnitude of
the static displacement will affect the single step displace-
ment of the BRPA. A static model for the piezoelectric
driving foot is established to investigate the relationship
between structural parameters, exciting signal amplitude,
and the displacement of the piezoelectric driving foot. It can
be used to determine the final structural parameters of the
piezoelectric driving foot.

The structure of the piezoelectric driving foot is shown in
Figure 5. The length of the piezoelectric driving foot can be
divided into two sections, namely the bending section /; and
the unbending section /,, respectively. The output displace-
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Figure 4 (Color online) The operation principle of BRPA. (a) Schematic
diagram for transforming the three-dimensional spatial relationship into
two-dimensional plane; (b) the signals applied to the driving feet; (c) the
motion process of the BRPA in one cycle.

Figure 5 (Color online) Schematic of the piezoelectric driving foot
bending.

ment of the piezoelectric driving foot x is the sum of the
displacement of the bending section caused by the piezo-
electric ceramics and the displacement amplified by the
unbending section. Thus, the following relationship can be
obtained:

X =0+ [,sina, (7
where J is the displacement of the bending section, a is the
angle of bending section.

Referring to the constitutive equations of symmetrical
triple layer piezoelectric benders [34], the bending dis-
placement equation of the piezoelectric driving foot can be
derived:

12sps L 6spisEIR 6s{ds((t, 1)

ol Dw Dw D
s|= Flo®
12S 17{1le1112 4S l’fsﬁlf 6S {{ldﬂ(tm"" fp)llz Vv
Dw Dw D
D =2s/{(31,t,+ 61,12 +41)) +s it ), 9)

where 5|7 and ¢,, are the compliance and thickness of the
metallic substrate, respectively; slf, d5;, and £, are the com-

pliance in a constant electric field, the transverse piezo-
electric coefficient and thickness of the piezoelectric
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ceramics, respectively; w is the width of the metallic sub-
strate and piezoelectric ceramics; M, F, and V are the ex-
ternal moment, the external tip force, and the applied electric
voltage, respectively.

Due to the small bending angle of the driving foot, it can be
considered that sina ~ a, the following relationship can be
derived:

12sis Bl 6slisEIR 6sids (L, t,)]

. {l 1] Dw Dw D
=l :
12spsfl2 AspsfElp 6sfids(t, t)IE ||
Dw Dw D

(10)
When the driving foot is not affected by external moment
and external tip force, the displacement of the driving foot
can be obtained:
sttt )LL)V
N 2Bt 61,1 2 A TS E Y

(In

From eq. (11), the sensitive parameters of the displacement
can be obtained. There is a linear relationship between the
displacement and the voltage. Moreover, the output dis-
placement increases with the length, and decreases with the
thicknesses of the metallic substrate and the piezoelectric
ceramics. The width hardly affects the displacement. As a
result, these relationships can be used as the basis for de-
termining the structural parameters.

2.4 Simulation of driving foot

The static model can provide a reference to determine the
size of the piezoelectric driving foot, but there are simplifi-
cations and approximations in the process of establishing the
static model. A finite element analysis model is established
to verify the static model and optimize the structural di-
mensions. The material of the piezoelectric ceramics is se-
lected as PZT-5. The metallic substrate is made of duralumin
alloy (2A12). The parameters of the above materials are
presented in Table 1 and the material constants of PZT-5 can
be found in egs. (12)—(14), where [c], [e], and [g] are the
stiffness matrix, the piezoelectric matrix, and the dielectric
matrix, respectively.

The high working voltage of the actuator will pose a
challenge to the design of the customized small power sup-
ply, and 50 V is selected as the working voltage of the ac-
tuator. The typical displacement range for the driving foot of
a stick-slip actuator is 5 to 10 um, as presented in previous
work. Therefore, the output displacement of the driving foot
is designed to 8 um when a 50 V voltage exciting signal is
applied. According to the simulation results, the dimensions
of the piezoelectric driving foot are adjusted to meet the
requirements of displacement and strength. The optimized
dimensions are listed in Table 2. The simulation results are
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Table 1 Material characteristics of driving foot

Parameter Values
The Poisson’s ratio of 2A12 0.33
The Young’s modulus of 2A12 72 GPa
The density of 2A12 2810 kg/m3
The density of PZT-5 7450 kg/m’

Table 2 Main dimensions of driving foot

Symbol Description Values (mm)
N Length of the piezoelectric ceramics 16
w, Wide of the piezoelectric ceramics 5
t, Thickness of the piezoelectric ceramics 0.2
I3 Length of the unbending segment 2
w,, Width of the metal substrate 5
t Thickness of the metal substrate 1.2

shown in Figures 6 and 7, respectively.

1272 802 847 0 0 0
802 1247 847 0 0 0
847 847 1174 0 0 0
- 12
=" 0 0 234 0 o (12)
0 0 0 0 230
0 0 0 0 0 23
x 10" N/m’,
0 0 -662
0 0 -662
o 0 2324, >
1= o o utom (13)
0 17.03 0
1703 0 0
1704 0 0
[el=| 0 1704 0 [x10"F/m. (14)
0 0 1433

When the static deflection of the piezoelectric driving foot
is analyzed, the piezoelectric ceramics are bonded to the
metallic substrate, and the bottom of the driving feet is fixed.
By applying a voltage of 50 V to the piezoelectric ceramics,
the static displacement and stress distribution of the piezo-
electric driving feet are obtained, as shown in Figure 6. The
maximum displacement is 8.27 um. The maximum stress
occurs at the connection of the cantilever beam and the base,
which is 11.2 MPa, below the yield strength of 200 MPa.

The actuator operates at non-resonant frequency, so modal
simulation is also carried out. As shown in Figure 7, the first
three order resonance frequencies are 3390, 4516 and
20425 Hz, respectively. In order to ensure that the actuator
operates in a stepping manner, the frequency of the exciting
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1.30e6

Figure 6 (Color online) Static mechanics simulation results of the pie-

zoelectric driving foot (the voltage of 50 V is applied). (a) Displacement;

(b) stress.

Figure 7 (Color online) Corresponding vibration mode of the first three
orders resonance frequency.

signals should be much lower than the first order resonance
frequency.

2.5 Design of power supply

Sawtooth signal is required as BRPA goes through a stick
stage and a slip stage in one cycle. At present, the power supply
is mostly the combination of signal generators and power
amplifiers, which results in large volume and high cost, re-
stricting the application in miniaturized precision systems. In
order to take advantage of the compact structure of BRPA, a
customized small power supply is proposed and designed.
The system diagram of the customized small power supply
is shown in Figure 8(a). The power supply is mainly com-
posed of DC-DC converter, controller and amplifier, which is
powered by a 5V lithium battery. The XL6008 chip is used
for the DC-DC converter, which can withstand a wide input
voltage range of 3.6 to 32V, and has a maximum output
voltage of up to 60 V. The DC-DC converter converts the 5 V
voltage of the lithium battery into +45 V to power the am-
plifier. The controller adopts the STM32F103RCT6 chip,
which has two independent DAC conversion channels and
two DMA channels, and can control the two output channels.
The controller is used to generate small amplitude sawtooth
wave signals, and the amplitude, phase, and frequency of the
signals can be controlled through the function keys on the
power control panel. The OPA454 operational amplifier chip
is selected for the amplifier, which can withstand a maximum
voltage of 100 V.. The amplifier amplifies the small am-
plitude signals output by the controller and applies it to the
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Figure 8 (Color online) The structure and operation modes of the cus-
tomized small power supply. (a) The system block diagram; (b) the circuit
board; (c) the prototype; (d) the single step mode; (e) the continuous mode.

BRPA. Finally, the prototype of the customized small power
supply is manufactured, and the circuit board and prototype
are shown in Figure 8(b) and (c), respectively. The size of the
power supply is 58 mmx56 mmx46 mm.

The customized small power supply is equipped with two
output channels that can adjust the signal phase to meet the
needs of BRPA. The amplitude, frequency and asymmetry of
the output signals can be adjusted by pressing the keys on the
power supply to realize the speed regulation and reversal of
BRPA. In addition, to achieve both rapid and precise motion,
the power supply is designed with single step mode and
continuous mode. The output signals for these two operating
modes are shown in Figure 8(d) and (e), respectively. In
single step mode, a single sawtooth wave signal is outputted
when the power supply is triggered, and the BRPA responds
by producing stepwise rotational motion to achieve fine
positional adjustments. In continuous mode, a continuous
sawtooth wave signal is outputted, and the BRPA rotates
continuously until the power supply is triggered to stop.

3 Experiment and discussion

3.1 Experimental setup

A prototype of BAPA is manufactured according to the
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parameters in Table 2. As shown in Figure 2(c), the prototype
is 35 mm in height and 32 mm in diameter. In order to in-
vestigate the output characteristics of the proposed BRPA, an
experimental system is established and a series of experi-
ments are carried out. Since the rotation angle is very small,
it can be determined by

0= 1, (15)

where 0 is the rotation angle of the prototype, / is the linear
displacement of the rotor measured by the laser displacement
sensor, 7 is the measuring radius.

The established experimental system is shown in Figure 9.
The signals are generated by the function generator
(DG4162, Beijing RIGOL Technology Co., Ltd, China), and
amplified to the required amplitude by the power amplifier
(E00. A3, Harbin Core Tomorrow Science and Technology
Co., Ltd, China). The displacement is measured by a laser
displacement sensor (LK-HO020, Keyence, Japan), and the
collected data is transmitted to the computer through the
controller for processing. The laser displacement sensor has
a resolution of 3 nm, a sampling frequency of 392 kHz. For
the resolution measurement, a higher-precision capacitive
displacement sensor (D-E20.050, PI, Germany) is used. The
capacitance displacement sensor has a resolution of 1 nm and
a sampling frequency of 1.24 kHz.

To quantify the phenomenon of rollback, we introduce the
concept of “rollback ratio” to describe the degree of rollback.
The formula for the rollback ratio is as follows:

R = Sslback 1003, (16)

where R is the rollback ratio, S,k 18 the rollback of the
rotor, S is the step angle of the rotor.

During the experiment, there are interference signals in the
collected data due to noise and vibration, and the smooth
filtering is used to reduce random interference and improve
the readability of data.

Function generator Computer

—P» Date reading

—P» Signal input

ATIEE Controller

Prototype Laser sensor

Figure 9 (Color online) The experimental setup used to test output
characteristic of the proposed BRPA.
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3.2 Experiment of piezoelectric driving feet

At first, the characteristics of the piezoelectric driving feet
are measured. The output response characteristics of the
piezoelectric driving feet are tested under a rectangular wave
signal, the voltage amplitude and frequency are set as 50 V
and 1 Hz, respectively. The experimental results are pre-
sented in Figure 10(a). The maximum output displacement is
8 um at the voltage of 50 V, which is consistent with the
simulation result. The driving foot responds quickly when
the rectangular wave changes suddenly. The measure re-
sponse time is shown in Figure 10(b), and it is less than
0.2 ms.

In order to prevent the driver feet from resonance to affect
the output performance of BRPA, the first order resonant
frequencies of the driving feet are tested. Sine scanning
signal of 0-5 kHz is applied to the driving feet. The dis-
placement data are collected, and the spectrograms are ob-
tained through fast Fourier transform, which are plotted in
Figure 10(c) and (d). The first resonant frequencies of the
two driving feet are about 3.2 kHz, which show the con-
sistency of the characteristics of the driving feet.

3.3 Experiment of BRPA

Experiments of the BRPA prototype are tested to investigate
the output characteristics, and the experimental results are
presented in Figure 11. The relationship between the output
performance and the voltage is tested by applying sawtooth
signals with frequency of 1 Hz and phase difference of 0° to
the prototype. When the voltage of the signals is below 10 V,
the rotational motion of the prototype becomes unstable.
Therefore, the voltage range of the exciting signals is chosen
to be within 10-50 V. The rotation angle of the prototype is
shown in Figure 11(a), and it can be seen that stable motions
are generated. As shown in Figure 11(b), the net step angle of
the prototype increases with the amplitude of the signal.
When the voltage of the signal is 50 V, the prototype can
produce the maximum net step angle of 0.717 mrad. With the
increase of the voltage, the rollback ratio decreases first and
then increases. When the voltage is 20 V, the rollback ratio is
0. This is because the step angle of the rotor is increased with
the voltage. The larger step angle increases the initial velo-
city of the rotor in the slip state, while the deceleration time
and acceleration are unchanged. Thus, the rollback angle is
reduced with the increase of voltage, which causes the de-
crease of the rollback ratio. However, when the voltage in-
creases from 20 to 50V, the rollback ratio increases to
9.21%. This is because the impact vibrations of the driving
feet are increased with the increase of the voltage, the de-
celeration time is significantly enlarged, which causes an
increase in the rollback ratio.

The relationship between the output performance of the
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Figure 10 (Color online) Motion characteristics of piezoelectric driving
feet. (a) The response characteristics of 50 V rectangular wave applied;
(b) the amplified image of the response characteristics curve; (c), (d) the
spectrograms of leg I and leg II.

prototype and the frequency of the signal is shown in Figure
11(c) and (d). The signals’ amplitude and phase difference
remain at 50 V and 0°, respectively, while the frequency
increases from 1 to 600 Hz. The rotation angle of the pro-
totype is shown in Figure 11(c). It can be seen that when the
frequency is low, the prototype outputs stable motion. When
the frequency is too high, the output curve appears obvious
bending and the motion is unstable. As shown in Figure
11(d), when the frequency is low, the net step angle of the
prototype is almost unchanged. While when the frequency is
too high, the net step angle decreases significantly. It in-
dicates that when the frequency is high, the driving foot and
the rotor cannot maintain synchronous motion in the stick
state, but slip instead. When the frequency is low, the rotation
velocity of the prototype increases as the frequency in-
creases. However, when the frequency is high, the net step
angle decreases, indicating that relative slipping occurs be-
tween the driving feet and the rotor in the stick state. As the
frequency increases, the relative slipping intensifies, causing
a decrease in the rotation velocity of BRPA. The experi-
mentally measured maximum rotation velocity is 247 mrad/s,
occurring at an exciting signal of 50 V and 550 Hz.

To verify the alternate excitation strategy of suppressing
rollback, the exciting signals of the prototype have a certain
phase difference. The frequency and amplitude of the signals
remain 1 Hz and 50 V, respectively. The rotation angle of the
prototype is shown in Figure 11(e), when the phase differ-
ence of signals is 0, the rotation angle has a very obvious
rollback. With the phase difference increasing, the output
curves become smooth. The influence of phase difference on
the rollback ratio and net step angle is shown in Figure 11(¥).
It can be seen that with the increasing of the phase difference,
the rollback ratio of the prototype decreases and the net step
angle increases. When the phase difference is 180°, the
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Figure 11 (Color online) Motion characteristics of BRPA. (a) Rotation angle versus time under different voltages; (b) the influence of voltage on rollback
ratio and net step angle; (c) rotation angle versus time under different frequencies; (d) the influence of frequency on rotary velocity and net step angle; (e)
rotation angle versus time under different phases; (f) the influence of phase on rollback ratio and net step angle.

rollback ratio is 2.34%. In the discussion of Figure 11(b), the
rollback ratio is closely related to the voltage and frequency,
so the displacement smoothness of the prototype will be
affected when the speed is adjusted by frequency. However,
when the signals with phase difference of 180° applied to the
prototype, the rollback can be well suppressed under any
circumstances.

Angular resolution is directly related to the precision of
BRPA, which is tested by applying stepping signal increas-
ing from 0 to 600 mV with an increment of 120 mV. The
rotation angle of the prototype is shown in Figure 12. It can
be seen that the angular resolution of the prototype is 0.66 prad.

Then the characteristics with different torque and load are
tested, respectively. The frequency and amplitude of the
signals remain 2 Hz and 50V, respectively. The torque
characteristic is tested, and the torque is applied by hanging
weights on the fixed pulley mechanism. The results are
shown in Figure 13(a). The rotation velocity of the prototype
decreases rapidly when the load torque is larger than
0.3 N mm. This is because the torque generated by the static
frictions among the driving feet and the rotor is not enough to
ensure them move synchronously. The slip in stick state so
that the rotation velocity decreases. When the torque in-
creases to 1.3 N mm, the rotary velocity is almost 0, that is,

the stall torque of the prototype is 1.3 N mm. The load
characteristic is tested by applying a weight on the top of the
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Figure 12 (Color online) Angular resolution of BRPA and the signal. (a)
The signal applied to driving feet; (b) the response rotary angle.
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Figure 13  (Color online) Carrying load characteristic of BRPA. (a) The
characteristic with different torques; (b) the characteristic with different
loads.
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prototype, as shown in Figure 13(b). The rotary velocity is
almost 0 when the weight is 350 g, and the bearing capacity
of the prototype is 350 g.

3.4 Demonstration of optical fiber alignment

To demonstrate the precise movement capability of the
proposed BRPA and the performance of the customized
small power supply, an application experiment of optical
fiber alignment is conducted. The experimental setup is de-
picted in Figure 14(a), and the diameter of the optical fiber is
250 pm, which is divided into two parts. One part is fixed on
the prototype and illuminated by a laser pointer, named as
fiber 1, while the other is fixed on the bracket, named as fiber
2. As shown in Figure 14(c) and (d), when the fiber 1 is
aligned with the head of the fiber 2, the tail of the fiber 2 will
be lighted. In the experiment, the customized small power
supply is used for open-loop control of the prototype, and the
alignment situation is observed through a digital microscope.
At the beginning, when the optical fibers are far away, the
prototype rotates quickly to approach the optical fiber, as
shown in Figure 14(b). When the distance is shortened, the
speed of the prototype decreases. As shown in Figure 14(c),
when the optical fiber appears in the field of vision of the
digital microscope, the operation mode of the customized
small power supply is adjusted from continuous mode to
single step mode. The prototype runs in single step mode
until the optical fiber is aligned, as shown in Figure 14(d).
The experiment successfully verifies that the proposed
BRPA and the customized small power supply can be used to
adjust the rotational DOF of optical fiber in the scene of
optical fiber alignment, and proves the application potential
of the system in the precision fields.

Table 3 presents a comparison between the BRPA and
other inertia type piezoelectric actuators. It can be observed
that the BRPA exhibits a compact structure and requires a
voltage of only 50 V, which helps to reduce the power supply
requirements. Moreover, the BRPA demonstrates a lower
rollback ratio of 2.34%, resulting in smoother displacement
output. Due to the relatively low excitation voltage, a cus-
tomized small power supply for the BRPA can be designed
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Figure 14 (Color online) BRPA is used in optical fiber alignment. (a)
The experimental setup; (b) the optical fiber is divided into two parts,
which are fixed on the prototype and the bracket, respectively, where the
optical fiber fixed on the prototype is named as fiber 1, and the other is
named as fiber 2; (c) when the fiber 1 and the head of fiber 2 are not
aligned, there is no light at the tail of fiber 2; (d) when the fiber 1 and the
head of fiber 2 are aligned, the tail of fiber 2 is lighted.

and powered by an independent lithium battery. In summary,
the proposed BRPA offers a compact structure, low rollback,
and convenient power supply.

4 Conclusion

In this study, a bimorph rotary piezoelectric actuator with a
customized small power supply is proposed. The structure is
designed, the working principle is introduced, and the al-
ternate excitation strategy for suppressing rollback is eval-
uated. The customized small power supply is designed and
manufactured to excite the actuator. It can output signals for
the single step mode and the continuous mode, and they are
adopted to excite the actuator to achieve a small stroke with
one single step and a large stroke with continuous step,

Table 3 Performance comparison with other inertial type piezoelectric actuators

Parameters Deng et al. [1] Cheng et al. [26] Tian et al. [30] This work
Size Medium (230xP32 mm3) Large Medium (118 mmx75 mmx41.5 mm) Small (35x®32 mm3)
Voltage 120V 100V 150V 50V
Bidirectional Yes No Yes Yes
Maximum speed 200.9 mrad/s 5.39 rad/s 4.18 mm/s 247 mrad/s
Maximum load 32 mN 3.62 Nmm 93 kg 1.3 N mm
Resolution 30 prad 14.3 prad 4.16 nm 0.66 prad
Rollback Yes Yes 0.94% 2.34%
Power supply Universal Universal Universal Customized (58 mmx56 mmx46 mm)
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respectively. The characteristics of the actuator are mea-
sured, the maximum rotation velocity and the resolution are
0.247 rad/s and 0.66 prad, the vertical bearing capacity and
stall torque are 350 g and 1.3 N mm, which can meet the
requirements of many precision fields. It is found that the
phase difference of the exciting signals of the two driving
feet has a great influence on the rollback ratio, which is
almost zero when the phase difference of the exciting signal
is 180°. The customized small power supply and the proto-
type are used to build a simple demonstration experiment
system for optical fiber alignment. The experimental results
indicate the practicability of the customized small power
supply and the application potential of this work in the
precision fields. In our future work, we will primarily focus
on further structural optimization of the BRPA, as well as its
motion control and exploration of specific applications.
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