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ABSTRACT A symmetrical hybrid driving waveform (SHDW) is proposed in this paper, which includes a
symmetrical saw-tooth driving waveform and a sinusoidal friction regulation waveform, and the sinusoidal
friction regulation waveform is applied to the shrinkage period of the symmetrical saw-tooth driving
waveform. In other words, the proposed SHDW can be achieved when the waveform symmetry of the hybrid
driving method is 50%. The SHDW can effectively drive the designed symmetrical linear piezoelectric stick-
slip actuator, and the motion direction is also easily regulated. The excitation principle of the actuator excited
by the SHDW is explained in detail. A prototype is fabricated and the experimental investigations of the
actuator characteristics are carried on. The higher velocity and the larger driving capacity are realized using
by the SHDW relative to the asymmetrical hybrid driving waveform. Testing results show that the prototype
excited by the SHDW can obtain the peak no-load speeds of 0.41 and 0.39 mm/s in the forward and reverse
directions when the saw-tooth driving waveform voltage is 10 V,,;, for 800 Hz and the sinusoidal friction
regulation waveform voltage is 2 V,, for 39 kHz. The step efficiencies can reach 92% and 90%. The driving
capacities can reach 10.52 and 9.85 [(mm/s)g/mW] with the load of 70 g under the locking force of 0.1 N.
The actuator excited by the SHDW will make it ideal for miniature information technology devices.

INDEX TERMS Stick-slip actuator, symmetrical hybrid driving waveform, symmetry, hybrid driving

method.

I. INTRODUCTION
Piezoelectric stick-slip actuators have become viable candi-
dates for miniature information technology devices of camera
focusing mechanisms, cell phones, scanning probe micro-
scopes, zoom lens systems, and blue-ray devices [1]-[3], due
to the compact structure, low production cost, theoretically
unlimited displacement, and the convenient control [4]-[7].
It is well known that the actuators make use of the inertia
of the driven part to drive it in a small step through the
uninterrupted friction contact, and the similar saw-shaped
displacement can be obtained based on inverse piezoelectric
effect [8]-[10]. The appropriate signal is conducive to the
driving characteristics and proper operation of the stick-slip
actuators [11]-[14].

The asymmetrical driving signals are generally used
to drive the piezoelectric stick-slip actuators, aiming at

obtaining the similar saw-shaped displacements. Yang et al.
researched the stepping motion of a piezoelectric device
based on triangular waveforms, and the impulse model is pro-
posed to describe the motion behavior. Although the results
validate the efficacy of the proposed model, not all inputs
of the symmetries can make the actuator work well [15].
Yoshida et al.[16] proposed the smooth impact drive mech-
anism that can be modified the construction of the impact
drive mechanism. The actuator excited by the rectangular
waveform can be driven to generate the similar saw-shaped
displacement and can achieve a high positioning resolution
and a long stroke. Peng et al. [17] proposed a linear piezo-
electric stick-slip actuator for the precision positioning of
dual objects based on a double friction drive principle, which
is excited by the saw-tooth driving waveform. The actua-
tor has the potential to be constructed compactly. However,
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FIGURE 1. Exciting principle of the designed actuator using the SHDW. (a) Waveform schematic in the forward direction.
(b) Operation process in the forward direction. (c) Waveform schematic in the reverse direction. (d) Operation process in

the reverse direction.

the output velocity of the actuator is approximately zero
when the input symmetry of the saw-tooth driving waveform
was from 45% to 55%. Ma et al. [18] developed a resonant-
type inertial impact actuator excited by the rectangular pulse.
The actuator features a simple mechanical and an electri-
cal design, which makes it ideal for miniature information
technology device. It need to be noted that the actuator
cannot move with waveform symmetry near 50% because
no obvious similar saw-shaped displacement was output.
Besides, the study on the cycloidal waveform has also been
reported, which is used to drive the symmetrical stick-slip
actuator [19]-[21]. This waveform merit is that the stick-slip
motion is able of moving small objects against gravity. This
contributes to the realization of the multi-freedom devices
with compact design, and the design itself is easily minia-
turized, which leads to the very stable instruments, espe-
cially for the scanning microscope applications. But these
devices excited by the cycloidal waveform perform the unde-
sirable characteristics than saw-tooth like waveform, both
for the motion threshold and for the consistency of the step
size [22], [23].

In our previous work, a hybrid driving method (HDM)
for the stick-slip actuator has been proposed, which can be
realized by the composite waveform. The composite wave-
form consists of the saw-tooth driving waveform and the
sinusoidal friction regulation waveform which is applied to
the rapid deformation stage of the saw-tooth driving wave-
form, aiming at decreasing the kinetic frictional force in the
rapid deformation stage based on ultrasonic friction reduc-
tion. The investigations indicate that the previously proposed
hybrid driving method (HDM) could effectively restrain the
backward displacement, improving the low voltage charac-
teristics, enhancing the load characteristics of the stick-slip
actuator [24]-[26].

16886

In this paper, the symmetrical hybrid driving wave-
form (SHDW) is proposed. The SHDW not only effectively
drives the symmetrical linear piezoelectric stick-slip actuator,
but also the motion direction is easily regulated, which effec-
tively solves the traditional disadvantage that a symmetrical
driving signal cannot drive the symmetrical linear stick-slip
actuator. Besides, the influence of waveform symmetry based
on the HDM on the output performance of the actuator is also
further researched. This research work helps to provide an
important guide for the practical applications of the stick-slip
actuators excited by the SHDW. This paper is organized as
follows: Section II describes the exciting principle of actuator
excited by the SHDW. Section III shows the fabricated proto-
type in detail. Section IV shows that the experimental system.
Section V states that a series of experiments are carried out to
study the actuator characteristics. Finally, the section VI con-
cludes this paper and indicates the future research work.

Il. EXCITING PRINCIPLE

Fig. 1 shows the exciting principle of the symmetrical lin-
ear stick-slip actuator excited by the SHDW based on the
HDM. The HDM includes the saw-tooth driving waveform
and the sinusoidal friction regulation waveform [24]-[26].
The SHDW shown in Fig. 1(a) is applied to drive the actuator.
A complete driving cycle of the actuator seen in Fig. 1(b)
is explained in detail. Firstly, the piezoelectric stack is in
natural length state and no voltage is applied on it. The
slider and the frictional rod are in static state, such as the
period of + = 0. Secondly, the piezoelectric stack extends,
and the slider can move forward a distance along to the
Y positive direction together with the frictional rod because of
friction force. A driving displacement Ds is obtained in the
expansion period of 0-0.57. Finally, the piezoelectric stack
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FIGURE 2. Photograph of the designed prototype.

returns back to the original position. The slider moves back a
distance along to the Y negative direction together with fric-
tional rod, and the backward displacement Dg is generated
in the shrinkage period of 0.57-T. Above all, in shrinkage
period, the resonant sinusoidal friction regulation waveform
can excite the stator to generate a micro vibration with high
frequency. The smaller friction force between the frictional
rod and slider is obtained relative to the expansion period.
The smaller backward displacement Dg is generated relative
to the driving displacement Ds. Therefore, the larger effec-
tive step displacement ADsg of the stick-slip actuator can be
obtained. The continuous motion can be achieved by using
the periodic symmetrical hybrid driving waveform (SHDW).
Reversible slider motion is possible by applying the reso-
nant sinusoidal friction regulation waveform to expansion
period of symmetrical saw-tooth driving waveform, as shown
in Fig. 1(c) and (d).

Ill. FABRICATION OF PROTOTYPE

Fig. 2 shows that the designed prototype of the symmetrical
linear piezoelectric stick-slip actuator, which consists of a
piezoelectric stack (AE0505D08F, NEC-Tokin Corporation,
Japan), a frictional rod, a slider, a fixed part, a base, a preload
mechanism, two locking bolts, and the load. The frictional rod
is fixed to the piezoelectric stack by expoxy resin adhesive.
The Carbon Fiber Reinforced Plastic (CFRP) is the selected
material for the frictional rod because of the high stiffness and
the low density. The diameter and the length of the frictional
rod are ¢4 mm and 40 mm, respectively. The piezoelectric
stack is fixed on the fixed part through expoxy resin adhesive,
and the section area and the length of piezoelectric stack are
5 mmx5 mm and 10 mm, respectively. The fixed part is
made of the 304 stainless steel, and the fixed part is installed
the base by the two locking bolts. The base is made of the
aluminium alloy AL7075. The locking bolt is made of the
304 stainless steel. In addition, the piezoelectric stack and
the frictional rod can constitute a stator, and the mass of the
stator is 4 g. The schematic diagram of the prototype is shown
in Fig. 7 in detail. The locking force of the stick-slip actuator
is easily changed by adjusting the preload mechanism.
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FIGURE 3. Photograph of the established experimental system.

IV. EXPERIMENTAL SYSTEM

Fig. 3 shows the experimental system of the actuator, which
includes a computer, a power analyzer NORMA4000, Fluke
Co. Ltd, America), a laser sensor (LK-H020, Keyence Co.
Ltd, Japan), a power amplifier (XE500-C, Harbin Core
Tomorrow Science & Technology Co. Ltd, China), a signal
generator (DG4162, Beijing RIGOL Technology Co. Ltd,
China), and a prototype. All of the experiment equipments
are fixed on the vibration-isolated optical table. When the
experimental system works, the signal generator controlled
by the computer can be used to provide a wanted waveform,
and the driving voltage range of the signal generator is from
—10 V to +10 V. The driving voltage can be amplified by
the power amplifier. The enlarged voltage is used to drive the
prototype directly. The prototype can generate a continuous
output motion by the periodic symmetrical hybrid driving
waveform (SHDW). The laser sensor with the resolution
of 20 nm is used to measure motion behavior of the actuator
under different locking forces. It should be noted that the
locking force is the largest load along to the axial direction of
frictional rod that the mechanism can hold, and it is measured
by hanging a load along the axial direction until the slider
is just about to move. The locking force is a function of
the preload force between the frictional rod and slider. The
data are gathered by its built-in software via the computer.
Meanwhile, the input power of the actuator can be tested by
means of the power analyzer.

V. EXPERIMENTS AND RESULTS

The relationship between the driving frequency and output
velocity with the initial slider mass of 30 g under the dif-
ferent locking forces is indicated in Fig. 4. Experimental
results of the frequency characteristics indicate that the out-
put velocity goes up while the frequency increases. When
the symmetrical saw-tooth driving and sinusoidal friction
regulation waveform voltages are 10 V,, at 800 Hz and
2 Vyp at 39 kHz, the output velocities in the forward direc-
tion can reach 0.30 mm/s under the locking force of 0.2 N;
the output velocities are 0.19 mm/s under the locking force
of 0.3 N. Compared with the locking forces of 0.2 N and
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FIGURE 4. Velocity versus to the driving frequency with an initial mass of the slider of 30 g. (a) Forward velocity under the different

locking forces. (b) Reverse velocity under the different locking forces.

@
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FIGURE 5. Velocity versus to the driving voltage with an initial mass of the slider of 30 g. (a) Forward velocity under the different

locking forces. (b) Reverse velocity under the different locking forces.

0.3 N, the higher velocity of 0.41 mm/s is obtained under the
locking force of 0.1 N. The locking force has an influence
on the velocity characteristic, as shown in Fig. 4(a). The
similar velocity characteristic can be realized in the reverse
direction, seen in Fig. 4(b). The designed symmetrical linear
stick-slip actuator is driven by the SHDW, and the motion
direction can be easily regulated in this paper, as shown
in Fig.1 (a) and Fig. 1(c). Besides, the minimum driving
frequencies are 50 Hz, 300 Hz and 350 Hz when the locking
forces are 0.1 N, 0.2 N and 0.3 N, respectively. It can be
concluded that the symmetrical linear piezoelectric stick-
slip actuators can easily achieve a lower frequency actuation
under the small locking force. Here, it need to be pointed out
that the relationship between the driving frequency and output
velocity is not linear; this may be caused by the influence of
preloading gap between the frictional rod and the slider and
the assembly errors of the stator.

Fig. 5 gives the relationship between the driving volt-
age and output velocity with an initial mass of the slider
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of 30 g. The driving frequency of symmetrical saw-tooth
driving waveform is 800 Hz and the voltage of the sinusoidal
friction regulation waveform is 2 V., for 39 kHz. The output
velocity of actuator excited by the SHDW increases linearly
with driving voltage. The forward velocity under the locking
force of 0.1 N reaches 0.41 mm/s when the voltage is 10 Vp;
the velocity can reach 1.25 mm/s under the voltage of 20 V, ,,
as shown in Fig. 5(a). Meanwhile, the reverse velocity reaches
0.39 mm/s under the voltage of 10 V_,. The velocity can
reach 1.26 mm/s under the voltage of 20 V., as shown
in Fig. 5(b). The actuator excited by the SHDW has the
better voltage characteristics. Although the output velocity
approximately follows the linear increasing tendency with
the increasing driving voltage, it is not an ideal straight line.
This may be caused by a different actual contact position
between the frictional rod and the slider. Besides, the min-
imum operation voltage of the actuator is 4 Vp, under the
locking force of 0.1 N. Under the locking force of 0.2 N and
0.3 N, the minimum operation voltages are 6 Vp_, and 7 V.
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FIGURE 6. Displacement versus to the operation time with an initial mass of the slider of 30 g. (a) Forward displacement under the
different locking forces. (b) Reverse displacement under the different locking forces.

The actuator excited by the SHDW can be easily driven at
the low voltage and a stable operation can be easily obtained
under the different locking forces. The actuator can obtain
the better driving characteristics at low driving voltage, and
the SHDW can make the actuator obtain the large voltage
operation scope. Besides, the heat generation is significantly
reduced because the dielectric losses are effectively sup-
pressed operating at low voltage [27], [28].

It should be noted that the optimal voltage ratio between the
sinusoidal friction regulation waveform and the symmetrical
saw-tooth driving waveform is 0.2. Besides, the ideal driving
characteristics of the actuator can be achieved at a resonant
frequency of 39 kHz [26]. Based on this, the driving voltage
and the driving frequency of symmetrical saw-tooth driving
waveform are 10 V,,_, and 800 Hz, and the driving voltage
and the driving frequency of the sinusoidal friction regulation
waveform are 2 V., and 39 kHz, which are selected for the
following experiments.

Fig. 6 indicates the relationship between the operation time
and the displacements under the different locking forces. The
actuator excited by the SHDW can obtain a stable operation.
Although the displacement curve appears an increased linear
line, not is an ideal linear. A larger fluctuation of displacement
is generated under a large locking force. This may be caused
by the influence of the larger kinetic friction force between
the frictional rod and the slider, and the elastic deformation
of the frictional rod should also be considered.

An effective step displacement ADsg is introduced, and the
effective step displacement ADyg is expressed as follows:

ADs = Ds — Dg (D

where Dg is the driving displacement, Dp is the backward dis-
placement, ADs is the effective step displacements. Accord-
ing to (1), the step efficiency 7 is shown as follows:

_ ADsg
= D

0 x 100% )
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FIGURE 7. Working schematic of the vertical load experimental system.

TABLE 1. Tested results in the forward direction.

Locking force Forward motion

F(N) Ds (um) Dg (um)  ADs(um) 5 (100%)
0.1 0.51 0.04 0.47 0.92
0.2 0.47 0.11 0.36 0.77
0.3 0.49 0.25 0.24 0.49

TABLE 2. Tested results in the reverse direction.
Locking force Reverse motion

F(N) Ds(um)  Dyum)  ADsGum) 7 (100%)
0.1 0.50 0.05 0.45 0.90
0.2 0.48 0.13 0.35 0.72
0.3 0.48 0.22 0.26 0.54

Based on (1) and (2), a driving displacement and back-
ward displacement are listed in Table 1 and 2. The effective
step displacement of the actuator in the forward direction
reaches 0.47 pum, and the maximum step efficiency is 92%,
as shown in Fig. 6(a) and Table 1. On the contrary, the effec-
tive step displacements of the actuator can reach 0.45 pm, and
the maximum step efficiency is 90%, as shown in Fig. 6(b)
and Table 2. The designed actuator excited by the symmetri-
cal hybrid driving waveform (SHDW) can easily obtain the
large step efficiency in both directions.
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FIGURE 8. Velocity versus to the vertical load. (a) Forward velocity under the different locking forces. (b) Reverse velocity under the

different locking forces.

(a)

(®)

FIGURE 9. Driving capacity versus to the vertical load. (a) Forward driving capacity under the different locking forces. (b) Reverse driving

capacity under the different locking forces.

During real actuator applications, the external vertical load
of this type of actuator is an important factor, which obviously
affects actuator performance. The vertical load experimental
system of the actuator was used to measure the vertical load
characteristics, which includes two screws, a T-joint plate,
a square plate, two springs, two nuts and a wire. The photo-
graph of the experimental system is shown in Fig. 2, and the
detailed working schematic is shown in Fig. 7. Specifically,
the T-joint plate and the square plate are fixed up by means
of the thread matching of the screws and nuts, and the springs
are inserted between the screws and the nuts. The wire is used
to tow the vertical weight along to the Z positive direction.
The vertical load of the actuator can be effectively changed
by means of the wire tow the different weight. To investigate
the influence of the external vertical load on the output per-
formance of the actuator, the experimental test of the actuator
is conducted at a given voltage of the symmetrical saw-tooth
driving waveform of 10 V., for 800 Hz and the resonant
sinusoidal friction regulation waveform of 2 V,,_, for 39 kHz.

The standard weight is used to measure the vertical load
of the actuator. The relationship between the vertical load
and the output velocity under the different locking forces is
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shown in Fig. 8. The initial slider mass is 30 g without the
external vertical load. During this experiment, the various
weights were loaded on the slider along to Z negative direc-
tion by means of the wire, as shown in Fig. 7. The results
indicate that the output velocity of the actuator decreases with
the increased vertical load. The maximum vertical loads in
the forward direction can reach 90 g, 135 g and 150 g under
the locking forces of 0.1 N, 0.2 N and 0.3 N, respectively,
seen in Fig. 8(a). Meanwhile, the maximum vertical loads in
the reverse direction reach 85 g, 130 g and 145 g, respectively,
seen in Fig. 8(b). In addition, an important parameter of mass
ratio A of the actuator is defined by as follows:
Mmax

A= Ms (3)
where M.x is the maximum vertical load under the dif-
ferent locking force, which can be obtained from the
Fig. 8(a) and (b). My is the mass of the stator, which includes
the frictional rod and the slider, and the net mass of the
stator is 4 g. According to (3), the maximum mass ratios of
the actuator in the forward and reverse directions are about
37:1 and 36:1.
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FIGURE 10. Velocity versus to the symmetry with an initial mass of the slider of 30 g. (a) Forward velocity under locking force of 0.1 N.

(b) Reverse velocity under a locking force of 0.1 N.

This type of actuator is generally used to drive vertical load
in the scanning probe microscopes, zoom lens systems, and
camera lens modules. Basically, a tradeoff of velocity and
vertical load should be considered depending on the different
applications. Besides, a driving capacity is generally expected
to be high for fitting into the mentioned miniature information
devices. The driving capacity K [26], is introduced as follows:

M xv
2 “
where M is the mass of the vertical load, v is the velocity
under the different vertical load, P is the input power excited
by the SHDW. The input power P of the actuator is 2.02 mW,
which is measured by the power analyzer. The relationship
between the vertical load and driving capacity of the actuator
excited by the SHDW is shown in Fig. 9(a) and (b). The
driving capacity increases with an increasing vertical load,
and then it drops after the optimum vertical load. The large
driving capacity is obtained under a locking force of 0.1 N.
The driving capacities in the forward and reverse directions
are 10.52 [(mm/s)g/mW] and 9.85 [(mm/s)g/mW] at the ver-
tical load of 70 g.
The waveform symmetry (duty ratio) is also one of the
key input parameters of the stick-slip actuator. The waveform
symmetry in this paper is defined as follows:

K =

1
S =2 x100% 5)
5]

where S is the symmetry based on the HDM, 0 ~ 1 is the time
of the driving voltage going up, 0 ~ ¢, is the time of a driving
cycle. It need to be noted that the definition of symmetry is
suitable for traditional saw-tooth method. The influence of
waveform symmetry on the actuator characteristics is also
further studied in this paper. The experiments of the velocity
characteristics and load characteristics are carried out under
a locking force of 0.1 N, which is chosen because the better
performances and the more stable operation of the system
are obtained, such as the generation of the higher velocity,
smoother motion, and the larger driving capacity.

VOLUME 5, 2017

Fig. 10 indicates the relationship between the waveform
symmetry and output velocity under the traditional saw-
tooth driving method and the hybrid driving method (HDM)
with an initial slider mass of 30 g. The parameters of the
traditional saw-tooth driving method are the same as saw-
tooth driving waveform of the HDM. The driving voltage and
frequency are 10 V., and 800 Hz, respectively. For the tra-
ditional saw-tooth driving method, the actuator cannot work
stably between the symmetry of 50%-80% and 20%-50%,
because no obvious similar saw-shape displacement is output,
especially for the symmetry of 50%. The larger velocity is
obtained when the symmetries are 95% and 5%, and the
velocities are 0.21 mm/s and 0.20 mm/s. The symmetry
of traditional saw-tooth method in between 80%-95% and
5%-20% can only be used in the practical applications. On the
contrary, the actuators excited by the HDM can obtain the
higher velocity easier when the symmetries are 95% and
5%, the velocities are 0.24 mm/s and 0.23 mm/s, and the
velocity has a linear increasing tendency in both between
95%-50% and 5%-50%. Here, it needs to be pointed out
that the highest velocity can be realized by means of the
symmetrical hybrid driving waveform (SHDW) relative to
asymmetrical hybrid driving waveform, such as in between
95%-55% and 5%-45%, and the designed actuator excited by
the SHDW can reach 0.41 mm/s and 0.39 mm/s in forward
and reverse directions, respectively. The effective symmetry
of the driving waveform based on the HDM is obviously
widened relative to traditional saw-tooth driving method,
especially for the SHDW proposed in this paper.

Fig. 11 shows the relationship between the vertical load and
output velocity under the different input waveform symme-
tries, such as the symmetries of 90%, 70%, 50% (also known
as the SHDW), 30%, and 10% in both directions. The results
indicate that the output velocity decreases with the increas-
ing vertical load. It can be seen that the actuator performs
the ideal vertical load characteristics. The output velocity
of the actuator excited by the waveform symmetries with
50%, 70%, and 90% is the almost similar when the vertical

16891



IEEE Access

H. Li et al.: SHDW for a Linear Piezoelectric Stick-Slip Actuator

(@)

(b)

FIGURE 11. Velocity versus to the vertical load. (a) Forward velocity with the symmetries of 50%, 70% and 90%. (b) Reverse velocity

with the symmetries of 10%, 30% and 50%.

(@)

(b)

FIGURE 12. Driving capacity versus to the vertical load. (a) Forward driving capacity with the symmetries of 50%, 70% and 90%. (b)

Reverse driving capacity with the symmetries of 10%, 30% and 50%.

load is 110 g. Before the vertical load of 110 g, the higher
velocity is obtained when the symmetry is 50% under same
vertical load. After the vertical load of 110 g, the higher
velocity is obtained under 90%, and the maximum vertical
load reaches 180 g, seen in Fig. 11(a). The asymmetrical
hybrid driving waveform under 90% can achieve the better
vertical load capacity when the voltage of the symmetrical
saw-tooth driving waveform is 10 Vp_, for 800 Hz and the
sinusoidal friction regulation waveform is 2 Vp,_, for 39 kHz.
The actuator in the reverse direction can achieved the sim-
ilar load characteristics, as shown in Fig. 11(b). The larger
stiffness is obtained under the symmetries of 90% and 10%.
In addition, there is almost the same variation tendency of
the vertical load characteristics in the forward and reverse
directions.

The input powers of the actuator excited by the waveform
symmetries of 50%, 70%, and 90% and the symmetries of
50%, 30%, and 10% are measured by the power analyzer. The
input power under the symmetries of 50%, 70%, and 90%
are 2.02 mW, 1.85 mW, and 2.01 mW, as shown in Table 3.

16892

TABLE 3. Input power in the forward direction.

Waveform symmetry 90% 70% 50%
Input power (mW) 2.01 1.85 2.03

TABLE 4. Input power in the reverse direction.

Waveform symmetry 10% 30% 50%
Input power 2.02 1.84 2.03

The input power under 10%, 30%, and 50% are 2.01 mW,
1.84 mW, and 2.02 mW, as shown in Table 4.

According to the results of the Fig. 11, the driv-
ing capacity is calculated based on (4). The relationship
between vertical load and driving capacity is shown as
Fig. 12. The driving capacities reach 7.92 [(mm/s)g/mW] and
6.77 [(mm/s)g/mW] under the symmetries of 70% and 90%.
The driving capacities under symmetries of 30% and 10%
are 8.42 [(mm/s)g/mW] and 7.11 [(mm/s)g/mW]. Compared
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with asymmetrical hybrid driving waveform, such as the
symmetries of 90%, 70%, 30%, and 10%, the larger diving
capacity of the actuator excited by the SHDW, such as the
symmetry of 50%, can be easily realized before a vertical
load of 110 g. The optimum vertical load in both directions is
about 70 g. When the vertical load exceeds 150g, the smaller
diving capacity excited by the SHDW will be obtained rela-
tive to the asymmetrical hybrid driving waveform. Compre-
hensive consideration of driving characteristics of actuator,
the SHDW in this paper achieves better performance under
certain conditions, such as the higher velocity, the larger
driving capacity. In fact, it is surprising because the proposed
SHDW has very blunt turning point for shrinkage period that
follows and are not supposed to produce the larger inertial
force for the sliding. The reason of the high velocity and large
driving capacity is concluded as follows: On the one hand,
the distortion of PZT displacement waveform with symmetry
of 50% is not so serious as that at symmetries of 10%, 30%,
70% and 90%, which is owing to the creeping and hysteresis
property of piezoelectric materials [23]. On the other hand,
the locking force may have a vital influence on the driving
characteristics of symmetrical driving system.

VI. CONCLUSIONS

This paper mainly presents the experimental characteristics
of the symmetrical hybrid driving waveform (SHDW). The
waveform schematic of the SHDW and the operation process
were discussed in detail. The SHDW can drive a symmetrical
stick-slip actuator, and the motion direction can be regulated
relative to traditional symmetrical driving signals, such as
the triangular waveform, the symmetrical rectangular pulse,
the symmetrical saw-tooth driving waveform, and so on. The
merit of the proposed SHDW is concluded as follows:

Firstly, the actuator excited by the SHDW can per-
form the higher output velocity, smoother motion, and
larger driving capacity under a locking force of 0.1 N.
The actuator in both directions achieves the peak no-load
speeds of 0.41 mm/s and 0.39 mm/s. The minimum oper-
ation voltage is 4 V. The forward and reverse step
efficiencies reach 92% and 90%, and the vertical loads
reach 150 g and 145 g. The driving capacities can reach
10.52 [(mm/s)g/mW] and 9.85 [(mm/s)g/mW] at the vertical
load of 70 g.

Secondly, the research on the waveform symmetry indi-
cates that the effective waveform symmetry based on the
HDM is widened relative to traditional saw-tooth driving
method.

Finally, the actuator excited by the SHDW, such as the sym-
metry of 50%, realizes a higher velocity and larger driving
capacity relative to the asymmetrical hybrid driving wave-
form, such as the symmetries of 10%, 30%, 70%, and 90%.
This paper may have some reference significance for the
design and optimization of the symmetrical driving signals.

In addition, the hysteresis and the creeping property of the
piezoelectric materials will be considered for establishing the
stick-slip theory model of the actuator in future work.
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