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Abstract: Under the same driving voltage and frequency, the forward and reverse motion inconsis-
tency of stick-slip piezoelectric actuators would bring difficulty for subsequent control. To solve
this problem, a rotation-structure based piezoelectric actuator with completely symmetric structure
and two driving feet was initially proposed. By testing its output performances under various
driving voltages and frequencies, it was confirmed that, although similar speeds could be achieved
for forward and reverse motions, the maximum displacement and backward displacement in each
step were still quite different. By analyzing the reasons leading to this difference, this actuator was
further improved by using only one driving foot. The experimental results showed that the forward
and reverse motion consistency of the improved actuator had been significantly improved. The
deviation rate was only 1.6%, corresponding to a travel distance of 118.7 µm, obtained under the
driving voltage of 100 V and driving frequency of 10 Hz. The comparison with some previously
reported actuators further confirmed the advancement of this improved actuator.

Keywords: piezoelectric actuator; stick-slip; rotation-structure; forward and reverse motion; mo-
tion consistency

1. Introduction

Precision positioning and driving technology has huge development prospects in
future microscopic research work. In micro–nano manipulation, precision manufacturing,
micro electro mechanical systems, in situ mechanical testing of materials, and many other
high-tech fields, it has already been widely utilized [1–5]. Using the inverse piezoelectric
effect of piezoelectric materials, various piezoelectric actuators have been developed to
meet the requirements of precision positioning. To achieve large-stroke movement, several
stepping piezoelectric driving principles have been proposed, which can be classified
by the working principles of inchworm actuators [6,7], stick-slip actuators [8,9], impact
actuators [10,11], ultrasound actuators [12,13], and so on. Compared with other types of
actuators, stick-slip piezoelectric actuators have the advantages of simple structure and
convenient control; therefore, they have been widely investigated in recent years.

Up to now, various methods have been employed to improve the performances of
stick-slip piezoelectric actuators. For example, to achieve compact structure and easy
controllability, the actuator consisting of just one drive foot and a multilayer PZT bimorph
had been proposed [14]. To suppress the backward motion, resonant/off-resonant hybrid
excitation signals had been adopted [15]. To improve the motion speed, many new driving
mechanisms had been designed [16–19]. In addition, some ingenious control methods
had been used to improve positioning accuracy [20,21]. Apart from the above examples,
many innovative studies have been performed, and all these studies greatly promoted the
development of stick-slip piezoelectric actuators.

Actuators 2021, 10, 189. https://doi.org/10.3390/act10080189 https://www.mdpi.com/journal/actuators

https://www.mdpi.com/journal/actuators
https://www.mdpi.com
https://orcid.org/0000-0002-9104-5196
https://orcid.org/0000-0003-2301-773X
https://orcid.org/0000-0002-3778-4457
https://doi.org/10.3390/act10080189
https://doi.org/10.3390/act10080189
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/act10080189
https://www.mdpi.com/journal/actuators
https://www.mdpi.com/article/10.3390/act10080189?type=check_update&version=1


Actuators 2021, 10, 189 2 of 14

However, for many previously reported stick-slip actuators, one problem exists, i.e., it
is difficult for the output performances of forward motions to be consistent with those of
the opposite direction [22–26]. Under the same driving voltage and driving frequency, the
inconsistency in forward and reverse motions would bring complex control problems. In
order to achieve consistency in forward and reverse motions, different control parameters
have to be employed. Generally, for most previous stick-slip actuators, the asymmetric
structure is one main reason leading to the inconsistency in forward and reverse motions.
In [24], due to the asymmetric structure, the forward motion speed is 0.30 mm/s and
the reverse motion speed is 0.37 mm/s under the driving voltage of 100 V and driving
frequency of 10 Hz, which has quite a large deviation rate of 20.90%. To solve this problem,
some stick-slip piezoelectric actuators used two identical driving mechanisms, which
were assembled symmetrically. In [22], however, after 50 steps of forward motions and
50 steps of reverse motions, the deviation in angular displacements was 376.4 µrad, and
the deviation rate was 10.75%. Owing to the independence of the forward driving module
and the reverse driving module of the actuator, huge assembly error is inevitable, as well
as the manufacturing error. Therefore, it is quite difficult to achieve good consistency in
the two directions.

Accordingly, in this paper, a piezoelectric actuator with a rotation-structure is proposed
to solve the problem of inconsistency in forward and reverse motions. This paper is
divided into the following sections. Section 1 introduces the research background and the
significance of this work. Section 2 introduces the structure and motion principle of the
proposed actuator. The theoretical calculation is given in Section 3. Section 4 presents the
experiments and discussion of the designed actuator, and, in this section, another improved
actuator is proposed to obtain better consistency in forward and reverse motions. The
improved structure and original structure form a comparison to demonstrate the high
consistency of the improved prototype. Finally, the conclusion is given in Section 5.

2. Structure and Motion Processes of the Designed Actuator
2.1. Structure of the Designed Actuator

Figure 1 shows the model of the proposed piezoelectric actuator. It consists of a stator,
a slider, a base, a fill block, and a pre-tightening platform. The pre-tightening platform and
the fill block are directly installed on the base; the slider and the stator are installed on the
pre-tensioning platform and the fill block, respectively. The fill block ensures that the stator
and the slider are on the same height. The pre-tightening platform is used to adjust the
contact between the slider and the stator by adjusting the knob.
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Figure 1. (a) Model of the proposed actuator, and (b) structure of the stator.

The stator is the key component that drives the slider to move, and its detailed
structure is shown in Figure 1b. It mainly consists of a biped flexible hinge mechanism
(X-shaped), a fixed plate, two piezoelectric stacks (PES 1 and PES 2, AE0505D16F, TOKIN,
Japan), wedge blocks, a bearing, and a vertical shaft. The two ends of the vertical shaft
are interference-fitted to the fill block and the inner race of the bearing, respectively; the
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bipedal flexible hinge mechanism is interference-fitted to the outer race of the bearing.
Therefore, the biped flexible hinge mechanism can rotate freely around the bearing. The
fixing plate is fixed on the fill block. PES 1 and PES 2 are pre-tightened between the biped
flexible hinge mechanism and the fixed plate by wedge blocks.

This section may be divided by subheadings. It provides a concise and precise
description of the experimental results, their interpretation, as well as the experimental
conclusions that can be drawn.

2.2. Motion Principle

After assembly, the two driving feet of the stator will contact the slider at the same
time. When a sawtooth driving voltage, as illustrated in Figure 2, is applied to the PES 1,
the left driving foot will drive the slider to move along the positive x-axis. When the same
sawtooth driving voltage is applied to the PES 2, the right driving foot will drive the slider
to move along the negative x-axis.
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Figure 2. The sawtooth driving voltage for the PES.

Corresponding to the sawtooth driving voltage shown in Figure 2, the forward and
reverse motion processes of the actuator are illustrated in Figure 3a–f, respectively. Taking
the forward motion (i.e., the motion along the positive x-axis) as an example, it mainly
includes the following three steps.
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Figure 3. Motion principle of the actuator. Figure 3a–c illustrate the motion processes along the positive x-axis (forward
motion), and Figure 3d–f illustrate the motion processes along the negative x-axis (reverse motion).
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Step 1: At time t0, the driving voltage is zero, and the actuator is in its initial status, as
shown in Figure 3a.

Step 2: From time t0 to t1, the driving voltage is gradually increased, and the PES
1 will gradually extend and push the left driving foot to rotate around the bearing. The
left driving foot drives the slider to move a small distance ∆s along the positive x-axis, as
illustrated in Figure 3b.

Step 3: From time t1 to t2, the driving voltage drops to zero rapidly. The PES 1 and the
biped flexible hinge mechanism respond to the signal quickly and retract to their original
status promptly. As shown in Figure 3c, owing to the inertia of the slider, it will almost
remain in position.

After one cycle, the slider moves ∆s along the positive x-axis. Repeating this process,
the slider will achieve a large forward motion step by step. With regard to the reverse
motion, its process is similar to that illustrated in Figure 3d–f.

3. Theoretical Calculation

According to the structure and motion principle shown in Section 2, the X-shaped
flexible hinge mechanism is the key component of the actuator. Therefore, theoretical
analysis of this mechanism is performed, and Figure 4 shows the theoretical model and
structural parameters.
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Figure 4. (a) Deformation schematic of the X-shaped flexible hinge mechanism, and (b) local enlarged
view of the part I in Figure 4a.

In Figure 4, points C and D represent the contact points of the driving feet and the
slider. Point O represents the position of the bearing, which is a fixed point. Points A
and B are the displacement input points from these two PESs. The lengths of lines OC
and OD are defined as L1, and the lengths of lines OA and OB are defined as L2. The
input displacement from PES 2 at point A is expressed as δ, and the corresponding output
displacement at point D is expressed as s. θ represents the rotation angle of the X-shaped
flexible hinge mechanism.

According to the similarity of triangles, the parameters s, L1, L2, and δ have the
following relationship:

s =
L1

L2
δ (1)

As δ is far less than L2, the angle θ can be approximatively expressed as

θ =
δ

L2
(2)
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As the angle θ is very small, the angle α can be obtained from the geometric relationship
illustrated in Figure 4b as

α =
π

12
− θ

2
≈ π

12
(3)

According to the above formulae, the projection displacements of the output displace-
ment s along the x- and y-axes, i.e., ∆x and ∆y, can be calculated as

∆x = s · cos α =
L1

L2
δ · cos

π

12
(4)

∆y = s · sin α =
L1

L2
δ · sin

π

12
(5)

The projection displacement ∆y will make the slider and the tip of driving foot contact
more tightly, and the projection displacement ∆x will make the tip of the driving foot stick
the slider to realize movement.

The magnification ratio λ of the X-shaped flexible hinge mechanism is obtained as

λ =
s
δ

(6)

The main structure parameters of the X-shaped flexible hinge mechanism are listed
in Table 1.

Table 1. The main structure parameters of the X-shaped flexible hinge mechanism.

Parameter Value Unit

L1 20.42 mm
L2 18.42 mm

By the parameters L1 and L2, the magnification ratio λ is calculated to be 1.10. By
experimental measurement under the driving voltage and frequency of 100 V and 10 Hz, the
parameters s and δ are 12.23 µm and 14.35 µm, respectively; accordingly, the magnification
ratio λ is calculated to be 1.17. The deviation rate between them is only about 6.36%, which
verifies the effectiveness of the theoretical calculation.

4. Experiments and Analysis
4.1. Experimental System

To test the output performances of the proposed actuator and, as well, verify the
consistency in forward and reverse motions, an actuator prototype was manufactured
and an experimental system was established, as shown in Figure 5. The biped flexible
mechanism was fabricated by 7075 aluminum alloy to ensure good mechanical properties.
During experiments, the sawtooth driving voltage was generated by the signal generator
(DG4062, RIGOL Technologies, China), amplified by the voltage amplifier (E01.A3, Harbin
Core Tomorrow Science & Technology Co., Ltd., Harbin, China), and finally applied to
the PES. The displacement of the slider was measured by the laser sensor (ILD2300-2,
Micro-Epsilon, Free State of Bavaria, Germany) with a resolution of 0.03 µm at 20 kHz
and absolute error at less than ±0.6 µm, and the collected data was further analyzed by
the computer.
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4.2. Output Performances under Various Driving Voltages and Frequencies

The driving voltage and frequency are two main parameters that affect output per-
formances. So, their effects were tested first. Here, the motion along the positive x-axis
is defined as the forward motion, and the motion along the negative x-axis is the reverse
motion. Figure 6a presents the forward and reverse output displacements changing with
time obtained under the fixed driving frequency of 10 Hz and various driving voltages
(60–140 V), and Figure 6b shows the forward and reverse output displacements changing
with time obtained under the fixed driving voltage of 100 V and various driving frequencies
(1–10 Hz). It is clearly seen that, in each step, after reaching the one-stepping maximum
displacement, there is a small backward displacement. These two displacements corre-
spond to the “stick” and “slip” processes, respectively, and the one-stepping effective
displacement is their difference value. In Figure 6a, under the driving voltage of 100 V
and frequency of 10 Hz, the one-stepping effective displacement for forward direction is
3.43 µm, and it is 3.44 µm for the reverse motion. The difference is very small, which means
it has good consistency.
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Figure 6. (a) Forward and reverse output displacements obtained under the fixed driving frequency
of 10 Hz and various driving voltages, and (b) forward and reverse output displacements obtained
under the fixed driving voltage of 100 V and various driving frequencies.

Although the one-stepping effective displacement of forward and reverse motions
has good consistency, the differences in one-stepping maximum displacement and the
backward displacement are large. For example, under the driving voltage of 140 V and
frequency of 10 Hz, the one-stepping maximum displacement is 7.43 µm and the back-
ward displacement is 2.09 µm for the forward motion; however, for the reverse motion,
they are 10.49 µm and 5.22 µm, respectively. As shown in Figure 6b, when fixing the
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driving voltage and changing the driving frequency, the differences in one-stepping maxi-
mum displacement and the backward displacement for forward and reverse motions are
more remarkable.

By analyzing the structure, fabrication, assembly, and experimental processes, the
differences in one-stepping maximum displacement and the backward displacement for
forward and reverse motions could be a result of the assembly process. Although the
actuator is designed with a completely symmetrical structure, it is difficult for the contact
points between the slider and driving feet, as well as the contact status between the PESs
and the flexible mechanisms, to be adjusted to be exactly the same. Therefore, the difference
in forward and reverse motions appears. Figure 7a,b show the effects of driving voltage and
frequency on the forward and reverse speeds. In a more direct way, it can be further proved
that there is some consistency in forward and reverse movements in the macroscopic
motion of the actuator by this figure. Furthermore, the consistency is better when the
driving voltage and frequency are relatively low; however, the consistency is poor when
the driving frequency is high. The main reason for this phenomenon is the increased
vibration at high driving frequencies.
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Figure 7. (a) Forward and reverse speeds obtained under the fixed driving frequency of 10 Hz
and various driving voltages, and (b) forward and reverse speeds obtained under the fixed driving
voltage of 100 V and various driving frequencies.

According to the above results and analysis, to further improve the consistency, an
improved actuator is proposed in Section 4.3.

4.3. The Actuator with One Driving Foot

For the above actuator with two driving feet, it is difficult to keep the contact status
between the slider and the two driving feet exactly the same; thus, the possibility of the
inconsistency of forward and reverse motions increases. To solve the problem caused by
bipedal machining and assembly errors, a flexible hinge mechanism with one driving foot
is designed to replace the flexible hinge mechanism with two driving feet, and, accordingly,
an improved actuator is developed, as shown in Figure 8a. Figure 8b illustrates the
deformation diagram of the stator. This actuator has no difference with the former actuator
except the number of driving feet. As only one driving foot exists, only the contact status
between the PESs and the flexible mechanism needs to be adjusted to make the output force
on both sides nearly the same. Compared to the former actuator, the adjusting processes
are more convenient.
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Figure 8. (a) Model of the improved actuator with one driving foot, and (b) deformation diagram of
the stator.

4.3.1. Output Performances under Different Voltages and Frequencies

The output performances under different voltages were tested under the fixed driving
frequency of 10 Hz. Pre-experiments indicate that, when the driving voltage is less than
60 V, this actuator could not work stably. Therefore, Figure 9a presents the forward and
reverse cumulative displacements of 40 steps corresponding to the driving voltages of
60, 80, 100, 120, and 140 V, and Figure 9b shows the motion speed changing with the
driving voltage. Table 2 lists the detailed forward and reverse displacements of 40 steps
obtained under various driving voltages, and the deviations between forward and reverse
displacements are also analyzed. From Figure 9 and Table 2, it could be clearly seen that
the improved actuator has high consistency in forward and reverse motions under various
driving voltages.
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Figure 9. (a) The forward and reverse cumulative displacements of the improved actuator in 40 steps
obtained under the fixed driving frequency of 10 Hz and various driving voltages, and (b) the
corresponding speed changing with the driving voltage.

Table 2. The detailed forward and reverse displacements of 40 steps obtained under various driving
voltages, as well as the deviation analysis.

Voltage (V)
Forward

Displacement
(µm)

Reverse
Displacement

(µm)
Deviation (µm) Deviation Rate (%)

60 54.11 53.52 0.59 1.1
80 66.88 66.74 0.14 0.21

100 98.35 97.97 0.38 0.39
120 129.28 126.93 2.35 1.8
140 153.99 152.95 1.04 0.68
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For quantitative analysis and comparison, another parameter, i.e., the deviation rate e
is defined, which is calculated by the following equation

e =
∣∣∣∣2(dF − dR)

dF + dR

∣∣∣∣× 100% (7)

where dF is the forward displacement and dR is the reverse displacement.
All the deviation rates are less than 2% when increasing the driving voltage from 60 V

to 100 V with an interval of 20 V. This slight deviation may be due to the different frictions
in these two directions, caused by the assembly and manufacturing errors of the prototype.

To more clearly present the characteristics of forward and backward motions in one
step, Figure 10 illustrates the accumulative displacement of the actuator in 10 steps. In this
figure, the forward and backward motions of each step are almost the same, which further
demonstrates that the improved actuator has high forward and backward consistency in
each step and can achieve very stable stepping motion. For example, under the driving
voltage of 140 V and driving frequency of 10 Hz, the one-stepping maximum displacement
is 6.62 µm and the backward displacement is 3.05 µm for the forward motion. For the
reverse motion, they are 6.50 µm and 2.96 µm, respectively. Comparing Figures 10 and 6a,
is proof that, when using only one driving foot, the consistency in forward and reverse
motions was significantly improved, presenting a very similar one-stepping maximum
displacement and backward displacement. The detailed one-stepping maximum displace-
ment and the backward displacement of the actuators are listed in Table 3, which clearly
shows the difference between the two actuators.
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Figure 10. The accumulative displacements of the improved actuator in 10 steps obtained under the
fixed driving frequency of 10 Hz and various driving voltages.

Table 3. The one-stepping maximum displacement and the backward displacement of the actua-
tors with one driving foot and two driving feet under different driving voltages and frequencies
(unit: µm).

Actuator with Two Driving Feet Actuator with One Driving Foot

Voltage or
Frequency

One-Stepping
Maximum

Displacement

Backward
Displacement

One-Stepping
Maximum

Displacement

Backward
Displacement

Forward Reverse Forward Reverse Forward Reverse Forward Reverse

60 V 3.82 2.09 5.22 2.85 3.31 1.96 3.26 1.91
100 V 5.66 2.23 7.65 4.21 4.72 2.28 4.68 2.24
140 V 7.43 2.09 10.49 5.22 6.62 3.05 6.50 2.96
1 Hz 5.90 1.96 10.66 6.82 5.02 2.05 5.17 2.16
4 Hz 5.53 2.36 11.07 7.48 4.96 2.36 5.01 2.42
8 Hz 5.62 2.37 11.52 8.54 5.16 2.65 5.15 2.73
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In addition, the forward and reverse motion consistency of the improved actuator
was further characterized under the fixed driving voltage of 100 V and various driving
frequencies. Firstly, the relatively low frequencies, varying from 1 to 10 Hz, are selected,
and the measured displacement–time curves are presented in Figure 11a. Figure 11b shows
the corresponding speed–frequency curves. It is seen that the improved actuator is able to
maintain high consistency in forward and reverse motions under relatively low driving
frequencies. Table 4 lists the detailed forward and reverse accumulative displacements in
5 s, as well as the deviations and deviation rates. The deviation rates are around 2%, which
further proves that the actuator keeps high forward and reverse motion consistency under
the frequency range of 1 to 10 Hz.
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Figure 11. (a) The forward and reverse cumulative displacements of the improved actuator in 5 s,
obtained under the fixed driving voltage of 100 V and various driving frequencies (1 to 10 Hz), and
(b) the corresponding speed changing with the driving frequency.

Table 4. The detailed forward and reverse accumulative displacements in 5 s obtained under various
driving frequencies (1 to 10 Hz), as well as the deviation analysis.

Frequency (Hz)
Forward

Displacement
(µm)

Reverse
Displacement

(µm)
Deviation (µm) Deviation Rate

(%)

1 13.23 12.98 0.25 1.9
2 28.06 27.56 0.5 1.8
4 52.25 51.86 0.39 0.75
6 71.15 70.94 0.21 0.3
8 106.9 104.5 2.4 2.3
10 118.7 116.8 1.9 1.6

The above results are obtained under relatively low driving frequencies, and the
improved actuator shows good consistency in forward and reverse motions. Then, the
forward and reverse motion consistency under relatively high driving frequencies—up
to 100 Hz—was further characterized under the fixed driving voltage of 100 V. When
the driving frequency was over 100 Hz, the individual step in forward and backward
motions could not be clearly distinguished, so output performances under a higher driving
frequency were not measured. Figure 12a presents the output displacements in 500 ms,
corresponding to the driving frequency range of 10 to 100 Hz, and Figure 12b shows the
corresponding motion speed changing with the driving frequency. Table 5 lists the detailed
forward and reverse accumulative displacements in 500 ms, as well as the deviations and
deviation rates. From Figure 12 and Table 5, it can be confirmed that the improved actuator
still has high forward and reverse motion consistency under relatively high frequencies.
In addition, when the frequency is below 100 Hz, the deviation rate fluctuates in a very
small range, but when the driving frequency is 100 Hz, the deviation is apparently higher
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than those obtained under other frequencies. This could be due to the following reasons:
(1) under high frequency, the contact between the slider and the tip of the driving foot may
not be stable due to high vibration; (2) the deviation in each step is accumulated, and, for
the same time, the high frequency leads to a larger deviation and further results in a higher
deviation rate.
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Figure 12. (a) The forward and reverse cumulative displacements of the improved actuator in 500 ms,
obtained under the fixed driving voltage of 100 V and various driving frequencies (10 to 100 Hz),
and (b) the corresponding speed changing with the driving frequency.

Table 5. The detailed forward and reverse accumulative displacements in 500 ms, obtained under
various driving frequencies (20 to 100 Hz), as well as the deviation analysis.

Frequency (Hz)
Forward

Displacement
(µm)

Reverse
Displacement

(µm)
Deviation (µm) Deviation Rate

(%)

20 24.04 23.61 0.43 1.8
30 36.62 35.53 1.09 3.0
40 47.55 47.01 0.54 1.1
50 59.99 58.16 1.83 3.1
60 69.43 68.55 0.88 1.3
70 91.18 90.92 0.26 0.29
80 92.04 91.42 0.62 0.67
90 103.2 101.1 2.1 2.1

100 115.9 111.1 4.8 4.2

4.3.2. Comparison

Table 6 shows the comparison in deviation and deviation rate between some previ-
ously proposed actuators and the actuators developed in this study. Compared to those
actuators reported in [27,28], both the actuators with two driving feet and one driving foot
have quite low deviation rates, even for longer travel distances. Even though the deviation
rates (2.1% and 1.6%) are close to that of the actuator reported in [29], the employed driving
frequency is 10 Hz, and it is only 1 Hz for [29]. It is noted that, even under a higher driving
frequency of 100 Hz, the actuator with one driving foot keeps high forward and reverse
motion consistency with the deviation rate of 4.2%, and the used driving frequencies of
other reported actuators are all 1 Hz. This suggests that the improved actuator is able to
retain good forward and reverse motion consistency in a relatively wide frequency range.



Actuators 2021, 10, 189 12 of 14

Table 6. Comparison in deviation and deviation rate between some previously proposed actuators
and the actuators developed in this study.

Reference Driving Voltage (V)
and Frequency (Hz)

Travel Distance
(µm)

Deviation
(µm)

Deviation Rate
(%)

[27] 100 V, 1 Hz 25 4.5 18
[28] 120 V, 1 Hz 40 6.82 17
[29] 150 V, 1 Hz 108.5 1.5 1.4

This paper
(Actuator with two

driving feet)
100 V, 10 Hz 33.4 0.69 2.1

This paper
(Actuator with one

driving foot)
100 V, 10 Hz 118.7 1.9 1.6

100 V, 100 Hz 115.9 4.8 4.2

Moreover, when comparing the actuator with two driving feet with that with one
driving foot, it is seen that, even for a longer travel distance (118.7 µm), the actuator with
one driving foot shows a lower deviation rate. Therefore, the forward and reverse motion
consistency has been significantly improved by using only one driving foot.

5. Conclusions

In summary, to achieve good forward and reverse motion consistency, a stick-slip
piezoelectric actuator with a completely symmetric structure was designed first, which
employed an X-shaped flexible hinge mechanism to realize the forward and reverse mo-
tions. The working principle of the actuator and structural analysis of the flexible hinge
mechanism was discussed in detail, followed by measuring and evaluating its forward
and reverse motion performances under various driving voltages and frequencies. The
results indicated that, although some consistency in forward and reverse movements was
achieved in macroscopic motion, the differences in one-stepping maximum displacement
and the backward displacement were still remarkable. After analyzing the possible reasons
leading to these differences, an improved actuator with only one driving foot was proposed.
The experimental results indicated that the improved actuator was able to keep very high
consistency in forward and reverse motions, even under relatively high driving frequency.
The deviation rate was only 1.6%, corresponding to a travel distance of 118.7 µm, obtained
under the driving voltage of 100 V and driving frequency of 10 Hz. Comparative analysis
with the actuator with two driving feet and some previously reported actuators demon-
strated that the actuator with one driving foot had improved consistency in forward and
reverse motions, which would be beneficial to its practical application.
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