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Abstract: The locomotion mechanisms and structural characteristics of insects in nature offer new
perspectives and solutions for designing miniature actuators. Inspired by the underwater movement
of aquatic beetles, this paper presents a bidirectional self-propelled linear piezoelectric micro-actuator
(SLPMA), whose maximum size in three dimensions is currently recognized as the smallest known of
the self-propelled piezoelectric linear micro-actuators. Through the superposition of two bending
vibration modes, the proposed actuator generates an elliptical motion trajectory at its driving feet.
The size was determined as 15 mm × 12.8 mm × 5 mm after finite element analysis (FEA) through
modal and transient simulations. A mathematical model was established to analyze and validate
the feasibility of the proposed design. Finally, a prototype was fabricated, and an experimental
platform was constructed to test the driving characteristics of the SLPMA. The experimental results
showed that the maximum no-load velocity and maximum carrying load of the prototype in the
forward motion were 17.3 mm/s and 14.8 mN, respectively, while those in the backward motion
were 20.5 mm/s and 15.9 mN, respectively.

Keywords: self-propelled piezoelectric linear micro-actuator; resonant type; driving characteristics;
finite element simulation

1. Introduction

Piezoelectric actuators, with the rise of smart materials and the progress of modern
control technology, have developed rapidly in recent decades and have gradually become
highly competitive for micro-actuation [1–3]. Piezoelectric actuators exhibit characteristics
such as strong resistance to magnetic interference, fast response speed, self-locking, and
compact structure [4–7]. Due to their excellent performance, they have been widely applied
in fields such as aerospace, precision equipment, and medical devices [8–10]. The core
principle of these actuators is to convert electrical energy from piezoelectric materials into
mechanical deformation, generating elliptical trajectories at certain driving points, thereby
achieving macroscopic motion through frictional contact with the moving element [11–13].
There are several ways to classify piezoelectric actuators. Generally, based on the operating
modes of PZT elements, linear piezoelectric actuators can be classified into sandwich-type
and bonded-type actuators [14–16]. Compared to sandwich-type actuators, bonded-type
actuators are typically smaller. They are better suited to miniaturized applications. Ac-
cording to their output modes, they can be further categorized into linear and rotary
actuators [17–20]. Additionally, piezoelectric actuators can be divided into self-propelled
and non-self-propelled types, depending on whether the piezoelectric vibrator simultane-
ously functions as both the mover and the stator [21]. In summary, the different operating
principles of actuators provide greater possibilities for various applications.

Currently, research into rotary ultrasonic motors and non-self-propelled linear ul-
trasonic actuators is a significant focus of researchers. Studies have reported plenty of
different structures and their corresponding actuating methods. For example, Bai et al. [22]
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designed a bolt-clamped piezoelectric actuator, which outputs rotational motion at the top
and bottom of a 35 mm × 40 mm vibrator. With a preload of 11 N, the peak speed reaches
342 rpm, and, at a speed of 60 rpm, the maximum torque is 722 mN·m. Zhu et al. [23]
proposed a novel hollow piezoelectric stack micro-rotary actuator with dimensions of
50 mm × 6 mm × 6 mm (with a 2 mm through hole), achieving a maximum speed of
913 rpm at a rotational speed of 450 rpm, with a maximum load of 70.3 mN. Izyhara
et al. [24] developed a micro-linear piezoelectric ultrasonic motor with a thin hollow design,
limited to 4.5 mm × 4.5 mm × 0.33 mm, which achieves a maximum thrust of 12.9 mN
and a linear speed of 92.8 mm/s; in addition, it employs an elastic cylindrical slider to
generate preload. Li et al. [25] proposed a novel linear piezoelectric micro-actuator with
a miniaturized size of 7.4 mm × 7.4 mm × 10 mm, achieving maximum speeds during
forward motion of 19.06 mm/s, a resolution of 0.3 µm, and a thrust of 17.45 mN; for
reverse motion, the maximum speed, resolution, and thrust are 16.92 mm/s, 0.45 µm,
and 15.28 mN, respectively. Tanoue et al. [26] introduced a new type of ultrasonic linear
motor that features a quadrupole stator driving a slider, with dimensions of approximately
20 mm × 10 mm × 5 mm. The maximum speed is 258 mm/s, with a maximum thrust of
490 mN.

However, the performance of self-propelled ultrasonic actuators that have been reported
to date is not entirely satisfactory. Some researchers have designed the motion rules of these ac-
tuators to resemble the movement of a caterpillar to enhance their driving characteristics, incor-
porating additional PZT elements, which increases the overall structural complexity. For exam-
ple, Deng et al. [27] introduced a compact resonant caterpillar-like piezoelectric robot character-
ized by six driving feet evenly arranged around its circumference, resembling a dumbbell struc-
ture. The overall size of this robot is 30 mm × 30 mm × 65 mm, with a maximum speed of
200 mm/s and a displacement resolution of 0.71 µm. Sangchap et al. [28] designed a uniaxial
walking caterpillar actuator with dimensions of approximately 55 mm × 23.1 mm × 15 mm,
achieving a resolution and speed of 81 nm and 1.075 mm/s, respectively. Other scholars
have chosen to explore piezoelectric resonant self-propelled actuators, but they remain some-
what large. Bai et al. [29] designed a bidirectional self-propelled linear piezoelectric actuator
with dimensions of 28 mm × 5 mm × 5 mm, achieving no-load speeds of 43.76 mm/s and
43.14 mm/s. Zhang et al. [30] proposed a frog-shaped linear piezoelectric actuator with a
sandwich structure that generates linear motion only by first-order longitudinal vibration.
Its dimensions are 107 mm × 56.96 mm × 15 mm, and the actuator has a maximum no-load
speed of 287 mm/s under an excitation voltage of 275 V and can provide a maximum thrust
of 11.8 N under a preload of 60 N.

As mentioned above, it is not difficult to see that these self-propelled piezoelectric
actuators still have room for development in terms of spatial size and the number of PZT
elements. Therefore, this paper proposes a miniaturized self-propelled micro-actuator.
Through a biomimetic structural design, the size of the PZT elements is effectively in-
creased while reducing the overall dimensions, successfully fabricating a prototype of the
actuator. This SLPMA is expected to provide new options for optical devices in medical
applications [31].

2. Structure Design and Working Principle
2.1. Biomimetic Design of the SLPMA

The predatory aquatic beetle is a commonly observed species in underwater ecosys-
tems. As illustrated in Figure 1a, the forelimbs of the aquatic beetle have evolved specifically
to capture and grasp prey, while the hind limbs are adapted for propulsion through the
water. The insect can move forward because of reciprocal circular motions performed with
its two hind limbs. Based on this biological method, the fundamental structure of a metal
vibrator was designed, as shown in Figure 1b. There are two kinds of protrusions on the
actuator. Middle protrusions, named ‘point-B’ in Figure 2a, are on two sides of the structure.
They are actuated as propulsion mechanisms to move in ellipses. The protrusions at the
top corners are named ‘points-A’ and ‘point-C’, which act as guides. When combining the
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two kinds of protrusions, the vibrator’s motion can be similar to the motion of a swim-
ming aquatic beetle. The following section provides a detailed discussion of the working
mechanism of the SLPMA and the configuration of the PZT elements.
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Figure 2. Self-propelled piezoelectric linear micro-actuator. (a) Voltage actuation for the PZT elements;
(b) detailed dimensions of the micro-actuator; (c) micro-actuator prototype.

2.2. Working Principle of the SLPMA

Figure 2 illustrates the self-propelled piezoelectric linear micro-actuator, which consists
of an external square frame and an internal diamond-shaped excitation structure. Each
corner on the square frame features guide feet with a semicircular shape, which ensure
that the vibrator remains parallel to the track wall. The central semicircular protrusions
are called driving feet, which provide the driving force through frictional contact with
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the track wall. Since the thickness of the micro-actuator is only 2 mm, it was necessary to
attach PZT elements of 5 mm × 5 mm × 0.5 mm. Therefore, the thickness of the internal
rhombic excitation structure is designed to be 5 mm. To effectively increase the amplitude
and reduce the overall size, the edge length is more than 5 mm, and holes are drilled on the
rhombus structure symmetrically (specific structure parameters are shown in Figure 2b).
Additionally, a chamfering technique was employed to connect the terminal ends of the
rhombus to the square frame. Figure 2a illustrates the placement of the PZT elements and
their electrical connections. The red arrows indicate the polarization direction of the PZT
elements, which are polarized in the d31 direction. A sinusoidal voltage signal is applied to
the PZT elements, with two channels having the same frequency and a phase difference of
90◦. This design allows the driving feet to move elliptically using only four piezoelectric
ceramic pieces. The symmetrical design ensures the synchronization of the driving feet on
both sides.

Figure 3 illustrates the complete motion of the micro-actuator over one cycle. It is
worth noting that the preloading device was simplified to illustrate how the micro-actuator
was positioned within the track. The voltage configuration methodology is implemented
as illustrated in Figure 2a. Under the action of sine and cosine voltage signals, the driving
feet of the vibrator produce an elliptical trajectory that generates an ellipse that rotates
clockwise. The micro-actuator operates in the sequence (I), (II), (III), (IV), and (I). Ultimately,
this actuator produces a macroscopic forward motion when an appropriate preload is
applied. Furthermore, if the voltage signals reverse, the micro-actuator will move in the
opposite direction.
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3. Simulation Validation and Mathematical Analysis
3.1. Modal Analysis

To ascertain the structural parameters of the micro-actuator and to validate the fea-
sibility of the driving principle, a modal analysis of the vibrator was conducted utilizing
finite element analysis (FEA). The material selected for the vibrator was phosphor bronze,
characterized by a density of 8800 kg/m3, a Young’s modulus of 113 GPa, and a Poisson’s
ratio of 0.33. The PZT element employed in this study was a PZT-8, which possesses a
density of 7600 kg/m3 and a Poisson’s ratio of 0.31. The specific material parameters are
detailed in Table 1. The boundary conditions for the simulations were established as free,
with the interface between the PZT elements and the vibrator as bonded contact in the FEA.
The effects of epoxy resin were not considered in this analysis.
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Table 1. Parameters of PZT elements.

Stiffness Coefficient
Matrix/1010 (N·m2)

Piezoelectric Constant
Matrix/(C·m−2)

Relative Dielectric
Coefficient Matrix

c11 14.4 e15 11.7 ε11 770
c12 7.8 e24 11.7 ε33 550
c13 7.8 e31 −4.2
c33 12.4 e33 14.0
c44 3.0
c66 3.3

Through structural dimension optimization, the difference between the two modal
frequencies was minimized as much as possible to ensure that the maximum amplitude
was generated by applying voltages of the same frequency with different phases. Figure 4
shows the bending vibration mode frequencies and deformation quantities for both modes
from the 3D simulation results. The working frequencies of the vibration mode were
20.996 kHz and 21.064 kHz, resulting in a frequency difference of only 68 Hz.
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3.2. Transient Dynamics Analysis

According to modal analysis, the vibrator is capable of generating an elliptical trajec-
tory at the driving feet. To further explore the coupling phenomena between the two bend-
ing vibration modes, a transient analysis of the SLPMA was performed using FEA. This
analysis utilized a damping ratio of 0.5%, with the boundary conditions set to free and
the interface between the PZT elements and the vibrator as bonded contact. The selected
excitation frequency was 21,030 Hz, representing the midpoint value between the two oper-
ational frequencies. A peak-to-peak voltage of 160 Vp-p was applied, and the configuration
for the two-phase voltage application is illustrated in Figure 2a. The X-Y motion trajectory
curves for the vertices of point-A, -B, and -C on one side of the micro-actuators’ driving and
guiding feet are plotted in Figure 5a, and it illustrates the relationship between the time–
displacement curves for point-B in Figure 5b. The elliptic trajectory curve corresponding to
point-B can be fitted to yield the standard equation of an ellipse:

x2

(0.22)2 +
y2

(0.44)2 = 1 (1)
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The trajectory of the driving feet of the vibrator is verified by a mathematical model in
the Appendix A.

4. Experimental Measurement
4.1. Impedance Testing

Figure 2c shows the assembled prototype, measuring 15 mm × 12.8 mm × 5 mm
and weighing only 3.65 g. The PZT elements were bonded to both sides of the vibrator
using epoxy resin, and, after the adhesive fully cured for 24 h, silver-plated wires of
0.3 mm were soldered onto the surface of the PZT elements, with the metal vibrator
grounded. Based on simulation data and operational principles, the main factors affecting
the micro-actuator’s movement included the peak-to-peak voltage and frequency of the
excitation signal. Therefore, excitation voltage signals with different frequencies and peak
values were used to test the driving characteristics of the micro-actuator.

Before testing, the impedance characteristics of the actuator were measured to de-
termine the working frequency range. As shown in Figure 6, the positive and negative
terminals of the micro-actuator were connected to the ports of the impedance analyzer, and
the frequency swept from 19 to 23 kHz. The results indicated that the two working frequen-
cies of the SLPMA were approximately 20.1 kHz and 20.5 kHz, with a frequency difference
of about 400 Hz. The deviation between the analysis result and the measuring result may
have been caused by manufacturing imperfections and inconsistent PZT elements bonding,
yet it was still within tolerable limits.
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4.2. Vibration Modal Testing

Figure 7 shows the experimental setup for measuring the driving feet amplitude
and working frequency of the self-propelled micro-actuator. Firstly, the excitation voltage
applied to the micro-actuator was configured according to Figure 2a, setting the output
parameters of the signal generator so that the output voltage signal had a phase difference
of 90◦ with a peak-to-peak value of 1 V. The frequency range swept from 19 kHz to 20 kHz.
Then, two channels of excitation voltage signals were connected to a power amplifier to
amplify the voltage 160 times before applying it to the actuator. At this point, a nano-laser
sensor was aimed at the end of the driving feet to measure the Y-axis vibration. Since the
amplitude in the X-axis direction of the driving feet (i.e., point-B) was difficult to measure,
the laser point was aligned with one side of the guiding feet (i.e., point-A) for measurement,
as shown in Figure 7. The displacements of the driving feet are illustrated in Figure 8.
Measurements at two points revealed noticeable peaks at both 20.5 kHz and 20.1 kHz, with
the maximum no-load amplitudes occurring at a frequency of 20.1 kHz, reaching 0.4 µm
and 0.26 µm. At a frequency of 20.5 kHz, the displacements were 0.28 µm and 0.13 µm.
These results are close to the simulation data.
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4.3. Driver Characterization Testing

Before testing the driving characteristics of the SLPMA, a preload device needed to
be installed. As shown in Figure 9a, the preload device consisted of a micro-positioning
platform, a soft spring, and a custom-made track. The preload was applied to one side
of the movable baffle on the custom track by controlling the spring through the micro-
positioning platform, thus providing the micro-actuator with an appropriate preload. It is
worth noting that due to the machining accuracy problem, the surface machining of the
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aluminum alloy track had stripes (visible to the naked eye), resulting in insufficient contact
friction, so ceramic sheets were pasted on both sides of the track to increase the friction.
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The voltage excitation signal for the micro-actuator was configured according to the
connection method mentioned in Section 4.2. The laser sensor’s spot was strategically
positioned at the midpoint of the micro-actuator, enabling computer-controlled real-time
monitoring of its movement. Concurrently, the screw head at the sensor’s end was affixed
to a baffle adjacent to the track to measure the preload applied to the system accurately.
Since the preload value influenced the performance of the actuator, the optimum preload
force was investigated first. According to Figure 8, if the actuator was applied at 160 Vp-p at
frequencies 20.1 kHz and 20.5 kHz, the velocities of the actuator with the different preloads
were different. As shown in Figure 10, the optimum preload force was 70 mN.
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The setup for the driving force testing platform is illustrated in Figure 9b. By attaching
a force sensor to one end of the track, the actuator collided with the screw head; the output
force was transmitted through the screw head and was displayed as a specific value on
the measuring instrument. The preload was adjusted, and the final results were recorded
when the data stabilized and reached the maximum value. The voltage excitation signal
amplitude for the micro-actuator’s forward motion ranged from 120 V to 280 V, with data
collected every 40 V. The frequency signal was measured between 20.4 kHz and 20.7 kHz,
with data taken every 50 Hz. For backward motion, frequencies from 20 kHz to 20.4 kHz
were measured while swapping the two-phase voltage excitation signals applied to the
PZT elements, keeping other parameters consistent.

The experimental results indicated that the operating frequencies for the maximum
forward and backward speeds were not consistent. Despite some variance between the
simulated and experimental data, the impedance and amplitude measurement results of
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the two were remarkably similar. According to Figures 11 and 12, for the forward motion,
the speed of the micro-actuator dropped to zero when the frequency surpassed the range of
20 kHz to 20.4 kHz; for the backward motion, the micro-actuator’s speed was null outside
the frequency range of 20.4 kHz to 20.8 kHz. With voltage excitation at a frequency of
20.1 kHz, a peak-to-peak value of 280 V, and an optimum preload force of 70 mN, the
maximum forward speed is 20.5 mm/s, and the maximum driving force is 15.9 mN. At
a frequency of 20.5 kHz and the same peak-to-peak voltage and same preload force, the
maximum backward speed is 17.3 mm/s, and the maximum driving force is 14.8 mN.
There is a significant increase in forward driving force and speed with increasing voltage.
However, as the voltage approaches 280 V, the rates of increase in driving force and speed
begin to diminish, which may indicate that the maximum voltage of the PZT elements has
been reached.
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Theoretically, due to structural symmetry, bidirectional motion should be achieved at
the same frequency by exchanging the applied cosine and sine voltage signals on the PZT
elements. However, in practice, achieving these two modes of motion requires different
operating frequencies. This discrepancy may be attributed to manufacturing and adhesive
errors in the PZT elements, as well as possible errors in the processing and assembly
of the preload device during the experimental process, leading to non-uniform preload
distribution at the baffle and the influence of wiring on the micro-actuator.
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The characteristics of the proposed SLPMAs were compared with those of several
other similar SLPMAs, as listed in Table 2, in which the parameters are size, speed weight,
and so on. Although the SLPMA was only a prototype proposed to verify the method
of utilizing a symmetrical structure to design a self-propelled linear micro-actuator, the
prototype exhibited some good performance compared to several similar SLPMAs, and the
several advantages of the proposed SUSM are as follows:

(1) The SLPM actuator consists of an external square frame and an internal diamond-
shaped excitation structure, with driving and guiding feet on the frame. It has a
compact structure, which is conducive to miniaturization; the size and weight are
limited to 15 mm × 12.8 mm × 5 mm and 3.23 g, respectively.

(2) Due to the symmetrical structural design, the SUSM can output bidirectional linear
motion from the same sine and cosine signals; in addition, the simple structure
facilitates machining.

(3) Benefiting from the symmetrical structure, the number of PZT elements required for
assembly is minimized, facilitating easy construction, and bidirectional motion can be
realized by the same vibration modes, which is conducive to the consistency of the
characteristics between forward and backward motions.

Table 2. Performance comparison with other similar SLPMAs.

Parameters Deng et al. [27] Sangchap et al. [28] Sun et al. [21] Zhang et al. [30] The SLPMA

Size (mm3) 30 × 30× 65 55 × 23.1 × 15 20 × 18.8 × 10 107 × 56.96 × 15 15 × 12.8 × 5
Weight (g) 56.7 / / 1550 3.23

Frequency (kHz) 21.5 0.150 88.5 29.2 20.1/20.5
Voltage (Vp-p) 200 20 120 275 280

Maximum thrust force (mN) / / / 10,000 15.9/14.8
Maximum speed (mm/s) 200 1.075 120.6/130.1 241.6 20.5/17.3
Number of PZT elements 10 / 6 / 4

5. Conclusions

In this work, a self-propelled bidirectional piezoelectric linear micro-actuator (SLPMA),
which is the smallest self-propelled piezoelectric actuator currently available, has been
designed, inspired by the way aquatic beetles move underwater. It consists of a square
outer frame structure and an inner diamond-shaped excitation structure with driving and
guiding feet on the frame. It requires only four PZT elements of 5 mm × 5 mm × 0.5 mm
and sinusoidal and co-sinusoidal voltage signals to achieve motion. In addition to its
compact size and straightforward structure, the vibrator exhibits excellent symmetry,
enabling it to effectively generate substantial amplitudes. The superposition of the two
bending vibration modes facilitates the consistency of the forward and backward motions.
The feasibility of the proposed scheme was verified through the FEA and mathematical
modeling. A prototype was further fabricated to test its performance characteristics.

The experimental results show that under the optimal preload force of 70 mN and a
peak-to-peak voltage of 280 Vp-p, the forward operating frequency is 20.1 kHz, and the
backward operating frequency is 20.5 kHz; under these conditions, the maximum speed of
the forward motion reaches 20.5 mm/s with a maximum driving force of 15.9 mN, while
the maximum speed of the backward motion reaches 17.3 mm/s with a maximum driving
force of 14.8 mN. As expected, the forward and backward motion characteristics show
relatively good consistency. This consistency can be further improved by improving the
machining and assembly accuracy of the vibrator. This actuator is expected to provide new
technology in the field of micromechanics.
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Appendix A

Due to the operation of the piezoelectric ceramic in d31 mode, standing wave dis-
placements are generated at the two side ends by compressing the rhombic structure. It
is assumed that the displacement of the piezoelectric ceramic excited at the operating
frequency is U. Given the symmetry of the model, it can be deduced that the amplitude of
the output displacements at the two ends is approximately equal without considering the
interaction between the PZT elements. The following equation can express the relationship
between displacement and time: {

uR = U cos 2π f t
uL = U sin 2π f t

(A1)

where f represents the vibration frequency, and t represents the vibration time.
When calculating the X-Y direction displacement at point-B, the rods on both sides are

simplified as a cantilever beam structure and treated as a single elastic system. In this case,
a conversion factor k is introduced for the X-Y direction displacement, so the displacement
of point-B in the X-Y direction can be expressed as{

uy = k1(uR − uL)
ux = k2(uR + uL)/2

(A2)

Combining Equations (A1) and (A2), one can obtain{
uy =

√
2kU cos(2π f t + π/4)

ux =
√

2U sin(2π f t + π/4)/2
(A3)

Establish the following relationship:

u2
x

U2/2
+

u2
y

2k2U2 = 1 (A4)

From this equation, it can be seen that a standard elliptic equation is formed in the
XOY plane, which is in general agreement with the equation of the fitted curve. It is shown
that point-B can produce an elliptical driving trajectory with proper voltage application.
Mathematical analysis confirms the feasibility of this structural design.
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