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Abstract
Stick-slip piezoelectric motors (SSPEMs) are widely regarded as promising candidates for
precision positioning systems due to their compact structures and simple driving modes.
However, challenges inherent to conventional SSPEMs, including backward motion and
instability, seriously limit the output speed of SSPEMs at high driving frequencies. Inspired by
the driving principle of impact inertial PEMs, this paper proposes an impact-enhanced driving
mode that enables SSPEMs with smoother ripple motion and improved driving frequencies
compared to conventional driving modes. The proposed driving mode utilizes the parasitic
motion of the compliant mechanism (CM) and the inertia of the driving foot to generate larger
force to the mover at high driving frequencies, so that the backward motion can be eliminated
and the output performance can be improved at high frequency. To validate the proposed driving
mode, an SSPEM with modified triangular configured CM is carefully designed by analytical
models and finite element simulation. A prototype is then fabricated for validation.
Experimental results show that the backward motion is eliminated when the driving frequency
exceeds 800 Hz. Comparative results further highlight the advantages of the impact-enhanced
driving mode, achieving a maximum driving frequency of 1800 Hz and a peak velocity of
38.19 mm s−1. The proposed impact-enhanced driving mode offers a universal and effective
solution for SSPEMs with parasitic-motion CMs, significantly improving speed, accuracy, and
high-frequency one-step stability.

Keywords: piezoelectric motor, high frequency, smooth motion, stick-slip principle

1. Introduction

Piezoelectric actuators (PEAs) have been widely adopted
in many precision systems such as microsurgery devices
[1], micromanipulators [2], and microinjection devices [3].
Compared with counterparts, PEAs possess merits of high
accuracy, compact structure, fast response, and non-electrical
radiation [4–6]. Recently, many types of PEAs, ranging from

∗
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submillimeter-level stroke PEAs (direct drive type [7] and
amplified type [8]) to piezoelectric motors (PEMs) with theor-
etically unlimited stroke, are proposed to keep improving the
output performance of accuracy, velocity, and load capacity
[9–19].

The basic structure of the PEM consists of a stator and a
mover, which interacts through the driving foot. According to
the drivingmodes, current PEMs can be divided into the reson-
ant typewith speed advantage and the stepping typewith preci-
sion advantage. The resonant type is also known as ultrasonic
motors, which suffer problems of high frictional wearing loss
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and relatively low positioning resolution. The latter can be fur-
ther divided into inchworm PEMs [10–12] and inertial PEMs.
The inchworm PEMs have multiple piezo-actuated driving
feet, which alternately clamp themover/stator by static friction
under a set of control signals. The inertial PEMs commonly
adopt compliant mechanisms (CMs) for motion transmission
and take advantage of the fast response of piezoelectric ceram-
ics to make the driving foot perform a specified subtle move-
ment in one cycle. In this way, the mover can advance through
harmonious coordination of friction and inertia forces.

According to the principle of force coordination, the inertial
PEMs can be classified into impact inertial PEMs (IIPEMs)
[13–15] and stick-slip PEMs (SSPEMs) [16–19]. The IIPEMs
adopt the large inertial force against the friction force to
advance, while the SSPEMs leverage the inertia of the mover
to realize the conversion of dynamic and static friction. The
SSPEM has more compact structures and stable motion than
the IIPEM. It utilizes one driving degree of freedom (DOF)
and one driving foot to generate a slow-forward-and-fast-
backward reciprocating motion. Thus, although the mover
moves forward in the slow-forward phase (stick stage), the
intrinsic reciprocating motion forces the mover backward in
the fast-backward phase (slip stage). This backward motion,
on the one hand, reduces the output speed and single-step sta-
bility of the SSPEMs, and on the other hand, compromises the
motion accuracy per step. Additionally, the step characteristic
becomes elusive when the driving frequency goes high, which
reduces the motion stability of SSPEMs. Typically, the back-
ward ratio is larger than 40% [20, 21].

As concluded in figure 1, the state-of-the-art methods to
suppress or even eliminate the backward motion of SSPEMs
can be classified into four categories according to the min-
imum required number of driving feet and driving DOFs.
Achieving backward motion suppression without introducing
additional driving DOF/foot is challenging, which involves
both control and structural methods. An increase in driving
DOFs implies a control-based approach, while an increase in
the number of driving feet indicates a structural approach.
Increasing both means using multiple independent PEAs to
suppress backward motion. The related works are detailedly
reviewed as follows:

(1) 1 driving DOF and 1 driving foot. Suppressing back-
ward motion without introducing additional DOF is chal-
lenging. For conventional SSPEMs, Xun et al indicate that
the backward motion can be suppressed by decreasing the
dynamic friction, reducing the slip time, or increasing the foot
velocity [22]. Zhu et al adopt a vibration composite driving
signal to reduce the dynamic friction at the slip stage [23].
Cheng et al use structural methods, including asymmetric flex-
ure hinge [24] and inertia block structure [25], to reduce the
support force between the driving foot and themover at the slip
stage. For unconventional SSPEMs, forward friction is intro-
duced as the competitor to the backward friction at the slip
stage due to the system flexibility. Wang et al report this phe-
nomenon by changing the preload gap between the stator and
the mover and explain this method by establishing an analyt-
ical model [26, 27]. Li et al successfully suppress the back-
ward motion by the flexure design of the driving foot [28].

Based on the parasitic motion principle, Yang et al design an
arc-shaped flexure hinge to generate the forward friction [29].
(2) 1 driving DOF and 2 driving feet. Based on the Stribeck
effect, Tian et al use a passive foot to clamp the mover at
the slip stage. Although they use two driving DOFs, one is
enough to implement this principle [30]. (3) 2 driving DOFs
and 1 driving foot. When one extra DOF is introduced in
driving the driving feet, the monotonous reciprocating traject-
ory of the driving foot can be replaced by a closed curve tra-
jectory, such as the rectangular [31] and elliptical trajectories
[32]. Therefore, the return error can be eliminated in prin-
ciple. (4) 2 driving DOFs and 2 driving feet. Two active
driving feet mean they can work in tandem to conduct com-
plex locomotion to suppress the backward motion. One cur-
rent solution uses two same conventional SSPEMs but applies
phase-shifted driving signals [33–36]. Inspired by the walking
motion of the human legs, Li et al utilize two L-shaped flex-
ure mechanisms with different phases to suppress backward
motion [37]. In [38], the design principle of using two driving
feet to generate elliptical motion in an alternating pattern is
proposed to achieve continuous linear motion of the actuator.
Another solution utilizes an inchworm/stick-slip compound
method, which adopts an extra active clamping mechanism to
clamp the mover at the slip stage [39, 40].

Certain of the aforementioned studies have success-
fully suppressed and even eliminated the backward motion.
However, these methods either increase driving/structural
DOFs [30–36, 39, 40], tend to cause unstable burst motion
(although the burst motion can increase step size) [26–29],
or are not competitive on speed (⩽ 8.6 mm s−1) [22–25].
The increased DOF will inevitably lead to complex mechan-
ical structures. The inherent stick-slip driving pattern and the
burst motion both bring motion instability in one single step.
Hence, simultaneously achieving high-speed stick-slip motion
and eliminating the backward motion, while maintaining the
simple structure and motion smoothness of SSPEMs remains
unsolved.

Inspired by the driving principle of IIPEMs, this paper pro-
poses an impact-enhanced driving mode to suppress the back-
ward motion of SSPEM without increasing the driving DOFs
and feet, and enables high-speed smooth motion. Both an iner-
tial driving foot and a CM with parasitic motion contribute
to conducting the impact-enhanced motion. The triangular-
configured CM (TCCM) is proposed by [16] and has been
used in our previous work [1], which can generate parasitic
motion with simple structure. Therefore a modified TCCM
is designed, modeled, and simulated to validate the proposed
driving mode in this paper. In comparison with existing works
in [29, 30, 39–41], the developed motor has competitive out-
put performance in smooth motion with better velocity, output
force, and locking force. The main contributions of this paper
can be organized as follows:

• Proposing an impact-enhanced driving mode suitable for
SSPEMs with a parasitic motion CM and an inertial driving
foot. By adopting this driving mode, SSPEMs can achieve
a higher operating frequency than traditional driving mode,
as well as smoother and faster motion.
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Figure 1. Classification of the advanced methods for backward motion suppression according to the number of driving feet and DOFs.

• Developing an SSPEM with a modified TCCM that can
implement impact-enhanced driving mode. Analytical mod-
els including the stiffness model and dynamic model are
established for design requirements and validated by sim-
ulations and experiments.

• Achieving backward motion elimination, velocity increase,
and motion smoothness simultaneously at high frequen-
cies based on the proposed SSPEM driven by the impact-
enhanced driving mode.

The remainder is organized as follows. Section 2 introduces
the system configuration and working principle. In section 3,
the analytical models of the TCCM, including stiffness and
dynamics, are established. The stiffness model is established
to determine an appropriate stiffness relationship between dif-
ferent flexure hinges and piezo stacks for driving the pro-
posed SSPEM, while the dynamic model provides the sys-
tem’s first-order natural frequency to accommodate various
design requirements. Then, finite element simulations are con-
ducted in section 4 to validate the analytical models of the
modified TCCM, and the feasibility of the proposed impact-
enhanced driving mode. In section 5, a prototype is fabricated
and its output performance based on the impact-enhanced driv-
ing mode is tested under different driving voltages, driving
frequencies, and loads in comparison with the conventional
driving mode. Last, section 6 compares our work with other
advanced methods for suppressing backward motion. and con-
cludes the article.

2. System structure and working principle

2.1. System structure

Figure 2 presents presents the computer-aided design model of
the proposed SSPEM system. As shown in figure 2(a), the sys-
tem is fixed on the optical table. Six fixed columns are intro-
duced to fix the two TCCMs and to avoid the possible fric-
tion between the SSPEM and the platform. Furthermore, the
fixed cylinders are installed on a platform for vibration isol-
ation. A Z-axis macro-positioning stage and a Y-axis micro-
positioning stage are introduced to adjust the slider position.
The details of the SSPEM are depicted in figure 2(b), where

Figure 2. Computer-aided design model of the proposed system. (a)
System configuration. (b) Detailed structure of the proposed
stick-slip piezoelectric motor (SSPEM). Abbreviation: L, left; R,
right; TCCM, triangular-configured compliant mechanism.

two identical TCCMs, i.e. left-TCCM and right-TCCM (L-
TCCM and R-TCCM) are mounted symmetrically. For each
TCCM, a piezo stack is preloaded by the preload bolt and
provides motion input to the TCCM. The input is constrained
laterally by a flexure-guided mechanism and transforms to the
coupled motion in the X- and Y-directions with the help of
a flexure-driving mechanism. The parasitic motion in the Y-
direction helps to generate the impact-enhanced motion.

Of note, one TCCM is enough to implement the impact-
enhancedmotion. The extra TCCM is introduced in the system
for comparison tests in section 5 as well as test the consistency
of the bidirectional motion. To avoid the interference of the

3
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Figure 3. Experimental results demonstrate the principle of the
impact-enhanced driving mode. (a) Comparison of the proposed
mode and conventional one. (b) Normal impact force under different
driving voltage. (c) Comparison of normal impact force of two
driving modes at different frequencies. (d) Evolution of the step
characteristics as the driving frequency increases.

non-working TCCM on the slider, its driving point is detached
from the slider by applying a large voltage.

2.2. Principle of the impact-enhanced driving mode

Figure 3 introduces the principle of the impact-enhanced driv-
ingmode. As presented in figures 3(a), under the driving signal
of the 10% asymmetric triangular wave, the proposed motor
conducts conventional stick-slip motion. Under the driving
signal of the 90% asymmetric triangular wave, the driving
foot performs impact-enhanced motion with the help of the
specially designed TCCM. The TCCM can produce parasitic
motion in the Y-direction and has a driving foot with a cer-
tain mass. Driven by the piezo stack, the TCCM stores energy
and then impacts the slider. Due to the inertial effect of the
driving foot, the impact-enhanced motion generates additional
impact force increment to move the slider forward in compar-
ison with the conventional one. Therefore, the driving force
under the impact-enhanced driving mode is much larger than
the conventional mode. Although it is difficult to explicitly
model the incremental impact force, intuitively, the impact
force is positively correlated with both the driving frequency
and the voltage (considering the inertial effect). To prove it,
the normal contact force of the two driving modes is measured
experimentally under different driving voltages/frequencies.
The results are presented in figures 3(b) and (c), which prove
the existence of incremental impact force. Additionally, the
normal impact force increases significantly with the increase
in driving frequency and voltage (from 4 N to 300 N).

When the impact increment is not significant, the motor
would output conventional stick-slip motion in the opposite

direction, even in the impact-enhanced drive mode. As afore-
mentioned, the impact effect remarkably increases with the
driving frequency. Therefore, as the frequency increases, the
competitive relationship between the impact-enhanced motion
and the conventional motion leads to the evolution of step
characteristics. As shown in figure 3(d), four different step
characteristics would appear successively as the driving fre-
quency increases. At 200 Hz, the leading motion is the con-
ventional one and gradually turns to impact-enhanced motion
at 400Hz.With the enhancement of the impact force, the back-
ward error begins to disappear and themotion becomes smooth
when the driving frequency exceeds 800 Hz.

2.3. Working principle

Driven by triangular waves with different asymmetry, the
designed SSPEM could either perform the conventional stick-
slip motion or the impact-enhanced stick-slip motion. As illus-
trated in figure 4, the working principles based on the two
modes are summarized as follows, which mainly include three
steps. To better reflect the slider motion, its displacement is
amplified.

Initial stage: the initial state of any stable working cycle. For
conventional mode, the piezo stack has been actuated. The
slider is separated from the driving foot and has a certain back-
ward speed. For the impact-enhanced mode, the piezo stack is
not actuated. There is an initial preload between the driving
foot and the slider. The slider has a certain forward speed.

Step C1/I1: the former phase of any stable working cycle.
For conventional mode, the voltage applied to the piezo stack
slowly decreases, which causes the TCCM to return to the ini-
tial state. Thus, the driving foot would contact with the slider
and generate forward friction to stick the slider forward. For
the impact-enhanced mode, as the voltage slowly increases,
the drive foot would separate from the slider. Although depart-
ing the driving foot would cause backward friction on the
slider, this effect is submerged in the initial velocity. The
elastic potential energy of the TCCM gradually increases.

Step C2/I2: the latter phase of any stable working cycle. For
conventional mode, as the voltage on the piezo stack rapidly
increases. The drive foot quickly separates from the slider,
which causes backward motion. For the impact-enhanced
mode, the voltage suddenly decreases. The energy stored
in TCCM is released to generate a rapid impact between
the slider and the driving foot. As proofed in section 2.2,
this impact-enhanced motion would generate a large forward
impact force to move the slider forward.

As elaborately presented in figure 4(d), the impact-
enhanced driving mode provides a two-phase-forward smooth
motion (di = di1 + di2) instead of the forward-backward
motion (dc = dc1 − dc2) of the conventional mode.

3. Modeling and design

In this section, first, the analytical model of the TCCM
is proposed for design requirements, including the stiffness

4
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Figure 4. Comparison of working principle of the two driving modes. (a) Initial stage. (b) Step C1/I1: stick forward/energy storage. (c) Step
C2/I2: slip backward/impact forward. (d) Different step characteristics of the two modes.

and dynamics (natural frequency). The stiffness model con-
tributes to realizing the impact-enhanced driving mode as
well as ensuring that the stiffness of TCCM matches the
piezo stack and the X-direction movement of the piezo
stack. The dynamic model derives the first order natural
frequency of the TCCM, which determines the maximum
working frequency of the SSPEM. Last, the TCCM with
designed parameters is validated first by finite element
simulations.

3.1. Analytical modeling of the TCCM

As presented in figures 5(a) and (b), the analytical models of
the TCCM, including statics and dynamics, are established for
design purposes in section 3.2. It is assumed that the flexure-
guidedmechanism plays an ideal guiding role, and the flexure-
driving mechanism is regarded as the ideal Timoshenko beam.
Then, the relationship of the input and output of the TCCMcan
be expressed as

x2 =
x1
2
,y2 = x2tan

θ

2
(1)

Figure 5. Analytical model of the triangular-configured compliant
mechanism (TCCM). (a) Geometric parameters of the TCCM. (b)
Dynamic model of the TCCM.

where x1 and x2 are the input and output displacements in the
X-direction, respectively. y2 is the output displacements in the
Y-direction. θ is the driving angle of the TCCM. It can be seen
from (1) that increasing the required parasitic motion and for-
ward impact force are in conflict. Consequently, the driving
angle θ is selected to be 90◦.

3.1.1. Stiffness modeling. All flexible beams are assumed to
be Euler-Bernoulli beams because they are fixed at both ends

5
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Table 1. Analytical, simulation, and experimental values of the designed parameters of the compliant mechanism.

Design parameters Analytical value Simulation value Experimental value

kfgx 0.80 Nµm−1 0.87 Nµm−1 0.84 Nµm−1

kfgy 80.0 Nµm−1 71.4 Nµm−1 73.1 Nµm−1

kfdx 12.0 Nµm−1 10.8 Nµm−1 11.2 Nµm−1

f 2.70 kHz 3.10 kHz 2.96 kHz
α 10.0 11.1 10.7
β 15.0 12.4 13.3
γ 100 89.3 82.1
θ 90.0◦ 88.3◦ 91.2◦

of the mass block (assumed rigid). The analytical expressions
for the stiffness of the TCCM are presented as follows:

kfgx =
4Ew3

gt

l3g
,kfgy =

4Ewgt3

l3g
,kfdx =

1
4
kfdy =

Ew3
dt

2l3d
(2)

where kfgx, kfgy, kfdx, and kfdy are the stiffness of the flexure-
guided mechanism and the flexure-driving mechanism in X-
direction and Y-direction, respectively. wg and lg are the width
and length of the flexure-guided mechanism. wd and ld are the
width and length of the flexure-driving mechanism. t is the
thickness of the TCCM. E is the Young’s modulus.

3.1.2. Dynamic modeling. Figure 5(b) shows the simpli-
fied physical model of the proposed TCCM. The Lagrange’s
equations of the system can be expressed as

d
dt

(
∂ (T−V)

∂ẋ1

)
− ∂ (T−V)

∂x1
= 0

d
dt

(
∂ (T−V)

∂ẋ2

)
− ∂ (T−V)

∂x2
= 0

(3)

where

T= m1ẋ1
2 +m2ẋ2

2,V=
1
2
k1x

2
1 +

1
2
k2 (x2 − x1)

2
+

1
2
k3x

2
2.

(4)
where m1 and m2 are the system masses calculated by the
lumped parameter method. k1, k2, and k3 are the system stiff-
ness, which have k1 = kfgx,k2 = k3 = 2kfdx. Sorting out (3), the
following equation about X= [x1,x2] ′ can be derived:

MẌ+KX= 0 (5)

with

M=

[
m1 0
0 m2

]
,K=

[
k1 + k2 −k2
−k2 k2 + k3

]
. (6)

According to section 3.2 that k1 ≪ k2, the simplified form
of the natural frequency ω can be derived by letting
det

(
K−ω2M

)
= 0:

w=

√√√√2k2m1 + k2m2 −
√
(2k2m1 + k2m2)

2 − 4k2
2m1m2

2m1m2
.

(7)

3.2. Design

First, the X-direction stiffness of the TCCM needs to be
designed. On the one hand, the flexure-driving mechan-
ism provides enough preload for the piezo stack, and on
the other hand, it generates enough driving force for the
slider. Additionally, the flexible-guided mechanism should
be regarded as an ideal moving pair, that is, its stiff-
ness in the X-direction should be ignored. Then we have
kp =120 Nµm−1 ≫ kfdx ≫ kfgx (kp is the stiffness of the piezo
stack used in this paper).

Second, the flexible-guided mechanism should be regarded
as an ideal moving pair. Thus one have kfgy ≫ kfdx ≫ kfgx. For
brevity, we use three stiffness ratios (α,β,γ) to describe the
aforementioned relationship, which takes the form

α=
kp
kfdx

,β =
kfdx
kfgx

,γ =
kfgy
kfgx

. (8)

Last, the natural frequency of the TCCM requires to be
designed relatively high to enable high-frequency actuation.
Here, we adjust this value based on the trial-and-error method.
We set the value of the first order natural frequency as 3.1 kHz.
Therefore, the maximum operating frequency of the pro-
posed SSPEM is half of the design natural frequency. This
is because the driving signal of asymmetric triangular wave
contains a lot of higher-order harmonic components, and
the second-order harmonic component would seriously affect
the output performance. Following the above design prin-
ciples, we put forward the design indexes (analytical value) in
table 1.

4. Finite element simulation

In section 3, the specific parameters of the TCCM are selec-
ted. In this section, finite element simulations are carried
out in the COMSOL environment to validate the design pro-
cess and validated the proposed driving mode. First, static
and dynamic simulations are conducted to validate the ana-
lytical models of the modified TCCM. Then, the computer-
aided design platform in figure 2 is simplified and simulated in
dynamic conditions to validate the proposed impact-enhanced
driving mode in comparison with the conditional driving
mode.

6
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Figure 6. Simulation of the stiffness and natural frequency of the
modified triangular configured compliant mechanism (TCCM).

Table 2. Geometric parameters of the designed system.

Parameter Value Parameter Value Parameter Value

wg 0.7 mm ld 20 mm θ 90◦

wd 5.0 mm lg 13.2 mm m1 27.8 g
t 7.0 mm ldp 12 mm m2 21.7 g

4.1. TCCM simulation

In this part, the previously established static and dynamic
model of the modified TCCM is validated through simula-
tion. As shown in figure 6, a single TCCM is introduced in
COMSOL to test the stiffness of the flexure-guided mech-
anism, the flexure-driving mechanism, and the first order
natural frequency. Table 2 presented the simulated results,
which are compared with the previously derived analytical
results, as well as the experimental results derived from
section 5. The average error of the three methods is 11%. The
material parameter errors, boundary condition deviations, and
manufacturing-induced errors mainly cause the deviations.

4.2. System simulation

In this part, the whole SSPEM is simulated in a dynamic envir-
onment under both conventional and impact-enhanced driving
modes. The input signal is 90% asymmetric triangular wave
under different driving frequencies. The models are manually
meshed with the contacts and flexure hinges refined as shown
in figure 7(a). The TCCM is fixed through its bolt holes, and
the slider is simplified as an equivalent rigid body with the
same mass. A preload displacement of 3.75 µm is applied in
the contact direction to ensure consistency with the experi-
ment. The friction relationship between the TCCM and the
slider is defined, with the friction coefficient set to 0.21 based
on a trial-and-error method.

Then, the two driving modes are tested in the simulation
environment. Figure 7(b) presents the simulation results of the
displacement cloud map in the slider’s motion direction under
conventional stick-slip mode. Here, we assume the piezo stack
to be perfectly ideal, producing a displacement of 14.9 µm at
80 V. The driving frequency is set to 100 Hz. The results show
that the slider moves forward by 11.8 µmduring the stick stage
and moves backward by 6.1 µm during the slip stage. To valid-
ate the fact that the impact effect remarkably increases with the
driving frequency, the normal force between the driving foot

Figure 7. Dynamic simulation of the impact-enhanced driving mode
of the proposed stick-slip piezoelectric motor (SSPEM). (a) The
meshed SSPEM. (b) Dynamic simulation of the proposed SSPEM
under conventional driving mode. (c) Comparison of the normal
force under two driving mode through simulation and experiment.
The red lines represent the conventional results and the blue lines
represent the proposed method. The solid lines represent the
experimental results, and the dotted lines represent the simulation
results. (d) Dynamic simulation of the proposed SSPEM under
impact-enhanced driving mode.

and the slider under impact-enhanced driving mode is simu-
lated and experimentally tested. The tests are conducted under
driving voltages of 40, 70, and 100 V and driving frequencies
of 1 Hz and 1000 Hz. Figure 7(c) presents the results, which
confirm that the impact-driven principle can indeed enhance
the normal force between the driving foot and the slider at high
frequencies, thereby increasing the maximum operating fre-
quency and speed of the SSPEM. The average error between
simulation and experiments is 7.7%. Figure 7(d) shows the dis-
placement cloud map under impact-enhanced stick-slip mode
under the driving frequency of 800 Hz. The results show that
at the storage stage, the slider moves forward by 1.4 µm due
to its initial speed, and at the impact stage, the slider moves
forward by 6.1 µm.

5. Experimental test

5.1. Setups

Figure 8 presents the experiment systems. As shown in
figures 8(a) and (b), A PC-DAQ system (PCI-6259, NI, USA)
is used to generate the driving signals of the two piezo stacks
(SA070718, PiezoDrive, Australia), which are amplified by
two power amplifiers (7224, AE Techron, USA). The macro
displacement signal is measured by a laser sensor (CD33-
120NV, OPTEX, Japan), and the micro displacement sig-
nal is measured by a capacitive sensor (10−09.CAP200, Core
Tomorrow, China). Figure 8(c) presents the enlarged view of
the prototype. The TCCM is made of 65Mn and fabricated via
wire-cut electrical discharge machining. A flexible piezores-
istive force sensor (A201, Tekscan, USA) is used to meas-
ure the contact force between the driving feet and the slider

7
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Figure 8. The configuration of the experimental system. (a) The
signal flow diagram. (b) Established experimental system. (c)
Enlarged view of the prototype. (d) The load test preparation.

(CHTA, SAMLO, China) to guarantee assembly consistency.
Figure 8(d) shows the load, pulley, and cable used in the load
test. An asymmetric triangular wave is adopted in the follow-
ing experiments. Notably, excessive asymmetry may lead to
damage in the piezoelectric stacks, while insufficient asym-
metry would weaken the driving capability. Therefore, the
asymmetry of 10% is chosen in the following tests.

The preload of the system is an important factor affecting
the accuracy and performance of the system. For the preload
of the piezo stack, we set the preload to 30% of its block-
ing force (540 N) and achieved this by measuring the dis-
placement of the flexure-guided mechanism using a capacitive
sensor and utilizing the CM stiffness obtained earlier. The pre-
load between the driving foot and the slider is adjusted by the
Y-axis micro-positioning stage. We set the operating voltage
of the piezo stack to 60–100V to ensure a relatively large
displacement output and guarantee safety. To ensure that our
proposed model can be implemented, 40V voltage (below the
lower working frequency) is applied in the preparation stage to
both piezo stacks. Then, we make the driving feet contact with
the slider by operating the Y-axis stage. Finally, we reduce
the driving voltage to zero. In the following tests, the work-
ing voltage is between 60 and 100V to achieve the impact-
enhanced motion. Additionally, when one driving foot is oper-
ated, a 120V voltage is applied to the piezo stack of another
driving foot to eliminate its interaction.

5.2. Performance test of conventional and new driving mode

5.2.1. Effect of voltage. Figures 9 and 10 present the effect
of the driving voltage on slider motion at low frequency
(100 Hz) and high frequency (800 Hz). The bidirectional
motion consistency of the two driving feet is also tested. As
shown in figure 9, the two driving modes exhibit similar stick-
slip characteristics at low frequencies and have relatively large
backward motion. As the driving voltage increases, the slider

Figure 9. Experimental results of the effect of the driving voltage
on slider motion at low frequency (100 Hz) and bidirectional motion
consistency tests. (a) Bidirectional micro displacement under
conventional driving mode. (b) Bidirectional micro displacement
under impact enhancement driving mode. (c) Velocity under two
driving modes.

Figure 10. Experimental results of the effect of the driving voltage
on slider motion at high frequency (800 Hz) and bidirectional
motion consistency tests. (a) Bidirectional micro displacement
under conventional driving mode. (b) Bidirectional micro
displacement under impact enhancement driving mode. (c) Velocity
under two driving modes.

speed increases in an approximately linear manner. In com-
parison with conventional driving mode, the proposed driv-
ing mode has a larger backward error. This may be due to the
gradual reduction of the normal force of the driving foot on
the slider during the stick stage.

As shown in figure 10, both the backward motion of the two
drivingmodes disappears. At this time, the microscopic output
displacement is ripple-shaped. For the conventional method,
this ripple phenomenon has been reported in [22]. According
to figure 11, when the driving frequency is larger than 800 Hz,
the backward motion begins to increase rapidly and the slider
stops moving. For the impact-enhanced method, 800 Hz is

8
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Figure 11. Experimental results of the effect of the driving
frequency on the speed and backward ratio of the slider under the
proposed driving mode at the voltage of 80 V. (a) Effect on slider
speed. (b) Effect on the backward ratio of the slider.

the start frequency for the high-speed smooth motion. From
figures 9 and 10 it can be concluded that the bidirectional con-
sistency of the two SSPEMs is good, which is closely related
to the manufacturing process (the two TCCMs are wire-
cut together), and the installation depicted in experimental
setups.

5.2.2. Effect of frequency. The slider speeds and back-
ward ratios (the ratio of backward displacement to max-
imum forward displacement in one step, also noticed as step
efficiency) under different driving frequencies ranging from
100 Hz to 1800 Hz are tested with a driving voltage of
80 V, and the results are summarized in figure 11. This figure
shows that the starting frequency of the proposed driving
mode is 300 Hz. From 300 Hz to 800 Hz, the backward ratio
quickly drops to very small (⩽3.2%) and decreases to zero.
This phenomenon is normal in SSPEMs, for the backward
motion could be suppressed or even eliminated by increas-
ing the velocity in the stick state [22]. Although the frequency
test stops due to piezoelectric heating, the proposed method
already operates at twice the frequency of the conventional
method (1800 Hz versus 900 Hz). The no-backward-motion
frequency window of the impact-enhanced method is four
times larger than the conventional method (1000 Hz versus
200 Hz). Additionally, the maximum velocity under the pro-
posed driving mode is approximately 20 times that of the con-
ventional one (35.9 mm s−1 at 1300 Hz versus 1.88 mm s−1 at
800 Hz).

5.2.3. Effect of load. Load tests are carried out to meas-
ure the output force and locking force of the proposed SSPEM
under the impact-enhanced driving mode. The maximum out-
put force is 4.1 N with a very slow speed (0.2 mm s−1). The
maximum locking force (19.1 N) is much larger than the out-
put force due to the self-locking characteristics of the proposed
motor. The load tests are conducted with a driving voltage

Figure 12. Experimental results of the effect of the load on slider
speed at different frequencies from 500 Hz to 1500 Hz.

of 100 V and a driving frequency of 500 Hz to 1500 Hz
(the cut-off frequency when the load is 3 N). The results
in figure 12 show that as the load increases, the speed of
the slider decreases gradually. The optimum frequency for
high-speed motion is 1300 Hz, and the maximum velocity of
38.19 mm s−1 appears when the load is 0 N. This is because
the driving signal of asymmetric triangular wave contains a
lot of higher-order harmonic components, and at 1300 Hz the
second-order component (2600 Hz) reaches the bandwidth of
the TCCM. Of each independent point in figure 12, the val-
ues of R-squared show that the proposed SSPEM has a good
linearity in velocity even when the load is relatively large.

6. Discussion and conclusion

6.1. Discussion

Table 3 lists the comparison between this work and other
advanced works in suppressing backward motion since 2020.
Important motor parameters including speed, locking force,
output force, driving DOFs, and size are investigated. For
each work, the backward motion is suppressed by one of the
methods summarized in figure 1. Most of the current studies
validate their motors’ performance of suppressing backward
motion under low frequency (e.g. 5 Hz). In our work, the back-
ward ratio is zero from 300 Hz to 1800 Hz. Additionally, the
developed SSPEM with impact-enhanced driving mode pos-
sesses extremely competitive speed (38.19 mm s−1) and lock-
ing force (19.1 N). The large locking force is due to the self-
locking characteristics of the proposed TCCM, which is in
wide demand in many fields, including safety requirements in
surgical robotics. Meanwhile, the proposed motor can provide
considerable output force. The above excellent properties can
be achieved by using one piezo stack and one CM.

Although the impact-enhanced driving mode proposed in
this paper demonstrated greater advantages over the conven-
tional drivingmode in experiments, including higher operating
frequency, improved one-step stability, and faster speed, its
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Table 3. Comparison between this work and other state-of-the-art works contributed to suppress the backward motion since 2020

Reference This work [30] [29] [40] [39] [41]

Year N/A 2022 2020 2023 2021 2022
Method Impact-enhanced Passive foot Parasitic motion Epicycloid induction Active locking Flexible beam
Backward ratio 0% (⩾300 Hz) ⩽1% (5 Hz) 0% (5 Hz) ⩽1% (1 Hz) 3.66% (mostly) 0 (10 Hz)
Speed (mm s−1) 38.19 (1300 Hz) 4.18 (200 Hz) 0.175 (25 Hz) 0.15 (5 Hz) 2.26 (700 Hz) 23.7 (400 Hz)
Locking force (N) 19.1 5.4 N/A N/A N/A 1.2
Output force (N) 4.1 N/A 1.6 N/A 1.6 3.9
Driving DOFs 1 1 1 2 2 2
Resolution (nm) 4.16 N/A 160 N/A N/A
Size (mm3) 67× 102× 15 118× 75× 41.5 60× 35× 5 90× 70× 7 N/A 90× 90× 12

applicability to SSPEMs is limited. Specifically, the SSPEM
must be driven by a CM, and this compliant mechanism
must exhibit parasitic motion. Additionally, the method is
more effective when the driving foot has a considerable mass.
Notably, CMs that generate parasitic motion are typically
asymmetric, which often results in inconsistent motion cap-
abilities in two directions. This asymmetry may impose lim-
itations on certain applications, such as those requiring high-
speed bidirectional motion.

Moreover, although our proposed method expands the
no-backward-motion frequency window, this is achieved by
increasing the maximum operating frequency. At low fre-
quencies, backward error still persists when using the pro-
posed method. Therefore, the contribution of this study lies in
enabling high-speed smooth motion of SSPEMs, which also
constitutes a limitation of this work.

Finally, this study also faces the common issue of signi-
ficant noise and vibration in SSPEMs during high-frequency
operation, which may be exacerbated by the impact-enhanced
driving mode. Since our prototype is at a laboratory scale, the
innovation of this work lies in proposing a novel driving mode
rather than conducting long-term stability tests, which will be
one of the focuses of future work.

6.2. Conclusion

This paper proposed an impact-enhanced driving mode,
together with a TCCM with parasitic motion, that can elim-
inate the intrinsic backward motion of conventional SSPEM
and achieve high-speed smooth motion. Driven by a 90%
asymmetric triangular wave, the TCCM periodically stores
energy and impacts the slider through a driving foot with a
certain mass. A prototype is designed and fabricated to val-
idate the impact-enhanced driving mode and to test the per-
formance of the proposed motor. Experimental results val-
idate the effectiveness of suppressing backward motion and
achieving high-speed smooth motion. The established proto-
type shows a maximum speed of 38.19 mm s−1 at 1300 Hz,
a maximum output force of 4.1 N, and a maximum locking
force of 19.1 N. Comparedwith other state-of-the-art methods,
this impact-enhanced method is simpler in mechanical struc-
ture and driving DOFs, and has competitive output perform-
ance in velocity, one-step stability, output force, and locking
force.

For future work, on the one hand, we will conduct phys-
ical modeling of the proposed impact-enhanced driving mode.
On the other hand, based on the platform developed in this
paper, wewill explore the collaboration of the two driving feet,
including the output performance under different driving feet
locomotion.
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