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Developments and Challenges of Miniature Piezoelectric
Robots: A Review

Jing Li, Jie Deng, Shijing Zhang, Weishan Chen, Jie Zhao, and Yingxiang Liu*

Miniature robots have been widely studied and applied in the fields of search
and rescue, reconnaissance, micromanipulation, and even the interior of the
human body benefiting from their highlight features of small size, light
weight, and agile movement. With the development of new smart materials,
many functional actuating elements have been proposed to construct
miniature robots. Compared with other actuating elements, piezoelectric
actuating elements have the advantages of compact structure, high power
density, fast response, high resolution, and no electromagnetic interference,
which make them greatly suitable for actuating miniature robots, and capture
the attentions and favor of numerous scholars. In this paper, a comprehensive
review of recent developments in miniature piezoelectric robots (MPRs) is
provided. The MPRs are classified and summarized in detail from three
aspects of operating environment, structure of piezoelectric actuating
element, and working principle. In addition, new manufacturing methods and
piezoelectric materials in MPRs, as well as the application situations, are
sorted out and outlined. Finally, the challenges and future trends of MPRs are
evaluated and discussed. It is hoped that this review will be of great assistance
for determining appropriate designs and guiding future developments of
MPRs, and provide a destination board to the researchers interested in MPRs.

1. Introduction

In recent decades, miniature robots have attracted consider-
able attention in academic and industry due to their highlight
features, including small size, light weight, low cost, and ag-
ile movement,[1–5] compared with middle or large robots.[6–8]

Miniature robots here refer to the robots with a characteris-
tic size (body length) less than 100 mm (commonly from a
few millimeters to a few centimeters). These highlight features
have made miniature robots be widely researched and applied
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in the fields of fault inspection, search and
rescue, reconnaissance, micromanipula-
tion, and even inside human body.[9–13]

Traditional miniature robots are usually
driven by electromagnetic motors, which
can easily achieve many advantages, such
as high speed, simple control, and small
volume.[14–18] However, there are also sev-
eral limitations owing to the structure and
working principle of the electromagnetic
motor: relatively complex structure caused
by the transmission mechanism, severe
torque dissipation and impeded output
force due to the scaling of components,
such as bearings, magnets, and coils.
With the rapid development of new smart
materials, many functional actuating el-
ements for miniature robots have been
presented and studied, including but not
limited to pneumatic actuators,[19–21]

shape memory alloys (SMAs),[22–24]

twisted artificial muscles,[25–27] dielec-
tric elastomers,[28–30] soft electrothermal
actuating elements,[31–32] magnetostrictive
actuating elements,[33–35] optical actuating

elements,[36–38] piezoelectric actuating elements.[39–42] Among
them, the piezoelectric actuating elements exhibit many im-
pressive advantages, such as compact structure, high power
density, fast response, high resolution, and no electromagnetic
interference[43–48]; these merits make the piezoelectric actuating
elements greatly suitable for the development of the miniature
robots, and have captured the attentions and favors of numerous
scholars.[49–52]

The miniature robots driven by piezoelectric ceramics, namely
miniature piezoelectric robots (MPRs), can achieve movements
by converting electrical energy into mechanical energy via the in-
verse piezoelectric effect.[53–55] After decades of efforts, various
MPRs with diverse mechanical structures, working principles
and motion capabilities have been developed. Fortunately, MPRs
have inherited the features of piezoelectric actuating elements
and exhibit many unique advantages, including simple and com-
pact structures,[56–58] fast speed,[59–61] high resolution,[62–64] agile
movements[65–67] and so on. Many excellent reviews related top-
ics of miniature robots and piezoelectric actuating elements have
been separately addressed[68–72]; however, the general summaries
of various MPRs have been ignored. Therefore, the aim of this re-
view is to provide a comprehensive and timely reference for the
development of various MPRs.

In view of the rich variety of MPRs, we try to classify miniature
piezoelectric robots from three aspects: operating environments,
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Figure 1. Classification of MPRs from three aspects of operating environ-
ments, the structures of piezoelectric elements, and working principles.
Aerial type. Reproduced with permission.[83] Copyright, 2019. Springer Na-
ture. Terrestrial type. Reproduced with permission. [140] Copyright 2021,
Wiley-VCH. Aquatic type. Reproduced with permission.[94] Copyright 2023,
IEEE. Boundary fixed type. Reproduced with permission.[106] Copyright
2018, AAAS.

the structures of piezoelectric elements and working principles,
as shown in Figure 1. The operating environments contain air,
water, ground, and boundary fixed type; and the structures of
piezoelectric elements usually include the piezoelectric stack,
piezoelectric tube, piezoelectric patch beam and piezoelectric
sandwich beam, which are summarized in Section 2. In Sec-
tion 3, we focus on the various working principles of MPRs,
including resonant actuating type, direct driving type, stepping
driving type, and inertial driving type. Then, the manufacturing
methods and materials of MPRs and the wide applications of
MPRs are given in Section 4 and Section 5, respectively. Finally,
we summary the existing challenges of MPRs and discuss their
future development trends in Section 6, and a conclusion is fol-
lowed in Section 7.

2. Overview and Classifications of MPRs

MPRs are the robots driven by piezoelectric actuating elements,
and their body length is generally from a few millimeters to a

few centimeters. For MPRs, there are two conversion processes
to achieve their continuous motions.[73,74] One process is to trans-
form the applied electrical energy into micro deformations of the
piezoelectric actuating elements based on the inverse piezoelec-
tric effect; the other is to convert the micro deformations of the
piezoelectric actuating elements into the micro stepping motions
of MPRs by the friction, inertial, or press forces; and the contin-
uous motions of MPRs can be achieved by accumulating the mi-
cro stepping motions. Such conversion processes based on the
inverse piezoelectric effect are the unique feature of MPRs that
is different from other types of miniature robots.

The inverse piezoelectric effect was discovered by the Curie
brothers in 1881, and attracted much attention of many schol-
ars. Some researchers had tried to use it to design actuators with
large-stroke motions; until the 1960s, some prototypes of piezo-
electric actuators were proposed and designed to realize prelim-
inary motions.[75,76] With the development of piezoelectric actua-
tors, studies on MPRs began to appear in the 1990s.[77–80] Then,
in the subsequent development of MPRs, various MPRs with dif-
ferent operating environments, piezoelectric actuating elements,
and working principles have been proposed and designed. In this
section, we will introduce and compare MPRs with different op-
erating environments and piezoelectric actuating elements in se-
quence.

2.1. MPRs with Different Operating Environments

According to the operating environment, MPRs can be divided
into the terrestrial type ones, the aquatic type ones, the bound-
ary fixed type ones, and the aerial type ones,[81–86] as shown in
Figure 2. For the terrestrial type MPRs, most of them are de-
signed with foot structure. The motion of the driving foot can
be directly generated by the deformation of the piezoelectric ac-
tuating element, and can also be indirectly transformed through
a transmission mechanism; then, the movements of MPRs can
be realized by the friction force between the driving foot and
the operating plane. Baisch et al.[87] proposed a hexapod terres-
trial MPR with length of 47 mm and wright of 1.7 g, as shown
in Figure 2a; a flexure-based spherical five-bar hip joint was de-
signed to transform the bending deformation of the piezoelectric
bimorph actuators into the lifting and swinging motions of the
driving feet, which could help the robot run on the ground with
speed of 43 mm −1 s. Hida et al.[88] presented a quadrupedal ter-
restrial MPR with length of about 6.3 mm, as shown in Figure 2b;
the robot could run at speed of 136 mm −1 s by directly using
the vibration of the piezoelectric actuating element without any
transmission mechanism. The aquatic type MPRs can be further
divided into the underwater type ones and the on-water type ones.
For the underwater type MPRs, there are usually two methods to
generate the underwater actuating force. One method is to utilize
the flexible piezoelectric actuating element to imitate the swing
of the fish tail,[89–90] the other method is to combine the piezoelec-
tric actuating element with a microporous structure or propeller
to generate the required propulsion.[91,92] For example, Junqiang
et al.[93] proposed a bionic robotic fish with resonant actuation of
a soft piezoelectric actuating element, the generated micro thrust
was measured, and the pressure field evolution was simulated
by CFD (computational fluid dynamics). Zhou et al.[94] designed
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Figure 2. MPRs with different operating environments. a) A terrestrial-type hexapod MPR. Reproduced with permission.[87] Copyright 2011, IEEE. b)
A terrestrial-type quadrupedal MPR. Reproduced with permission.[88] Copyright 2016, Springer Nature. c) An underwater-type MPR. Reproduced with
permission.[94] Copyright 2023, IEEE. d) An on-water type MPR. Reproduced with permission.[98] Copyright 2021, IEEE. e) A series fixed-type MPR. Repro-
duced with permission.[104] Copyright 2020, Springer Nature. f) A series boundary fixed type MPR named MM3A-EM.[105] g) A parallel boundary fixed type
MPR named millDelta. Reproduced with permission.[106] Copyright 2018, AAAS. h) An insect-scale, flapping-wing MPR. Reproduced with permission.[111]

Copyright 2013, AAAS. i) An aerial type MPR with a rotary wing. Reproduced with permission.[112] Copyright 2022, IEEE. j) A hybrid terrestrial-aquatic
MPR. Reproduced with permission.[113] Copyright 2018, Springer Nature. k) A hybrid aerial-aquatic MPR. Reproduced with permission.[114] Copyright
2017, AAAS.

a cross-shaped underwater MPR with four piezoelectric pulse-
jet actuators, as shown in Figure 2c, the robot achieved floating,
sinking, and hovering motions in the vertical direction, and lin-
ear, rotary, and turning motions in the horizontal direction. The
on-water type MPRs usually use their own buoyancy or surface
tension to float on the water surface, and there are also usually
two approaches to obtain the actuating force on the water sur-
face. One approach is to design paddle-like structures to push
the water, and the other approach is to add flap mechanisms that
flaps the air to drive the robot.[95–97] For instance, Du et al.[98] pre-
sented an on-water type MPR with length of 40 mm, as shown in
Figure 2d, the robot was designed with four hydrofoils to paddle
the water, and could swim with a maximum speed of 20 mm −1

s. Zhou et al.[99] proposed an insect-inspired on-water type MPR,
which was designed with two flapping wings to generate the actu-
ating force, and could skate on the water surface with a maximum
speed of 151 mm −1 s. For the boundary fixed type MPRs, one end
of the robot is fixed, and the other end can realize multi-DOF
motions. According to the layout of the piezoelectric drive ele-
ments, the boundary fixed type MPRs can usually be divided into
the series ones and the parallel ones.[100–103] The series boundary
fixed type MPRs have the advantages of large working range, sim-
ple structure, and easy control. Suzuki and Wood[104] proposed a
series boundary fixed type MPR inspired by origami, as shown
in Figure 2e, the robot had a size of 50 × 70 × 50 mm3 and a
weight of 2.4 g, and could operate with a working range of 0.5
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mm2, a positional precision of 26.4 μm, and a payload capacity of
27 mN. Besides, Kleindiek Nanotechnik company (Germany) de-
signed a series boundary fixed type MPR named MM3A-EM,[105]

as shown in Figure 2f; the robot can output two-DOF rotary mo-
tions with a large range of 360°, an angel resolution of 0.1°, and
torque of 0.01 mN m. On the other hand, the parallel boundary
fixed type MPRs have the advantages of high stiffness, large load
capacity, high precision, and small inertial force of the end part.
As shown in Figure 2g, McClintock et al.[106] presented a parallel
boundary fixed type MPR named millDelta, the robot was lim-
ited in a size of 15 × 15 × 15 mm3 and a weight of 0.43 g; the
achieved workspace, position precision, and maximum load were
7.01 mm3, 5 μm and 1.31 g, respectively. For the aerial type MPRs,
there are usually two methods to realize the required lift force.
One method is to add the flexible wings to flap the air, and the
other method is to combine the piezoelectric actuating element
with a rotation-wing mechanism to achieve the lift force.[107–110]

For instance, Wood et al.[111] proposed an insect-scale, flapping-
wing MPR with only 0.08 g, as shown in Figure 2h; the robot
was designed with two passive rotation wing hinges to transform
the bending vibration of the piezoelectric actuating element to
the flapping motion of the wing. Chiang et al.[112] presented an
aerial-type MPR with a rotary wing, as shown in Figure 2i; the
robot used a rotary piezoelectric actuator to drive the rotary wing,
and the angular speed was over 1800 rad s-1.

As mentioned above, MPRs could exhibit good performance in
the different operating environment by combing the correspond-
ing auxiliary structures, such as the foot, the microporous jet, the
flexible wing, and so on. Moreover, some researchers have stud-
ied MPRs operating in multiple environments to further improve
the environmental adaptability. As shown in Figure 2j, Chen et
al.[113] presented a hybrid terrestrial-aquatic MPR; the robot could
be supported on the water surface by the combination of sur-
face tension and buoyancy of four electrowetting pad (EWP), and
could swim forward and turn by using the passive flaps; the robot
could transition from water surface to water bottom by using the
EWP to break the water surface, and then move to the land by
climbing a modest incline. Moreover, Wood et al.[114] proposed a
hybrid aerial-aquatic MPR with weight of 0.175 g, as shown in
Figure 2k; a lightweight device that integrated electrolytic plates
and a sparker was designed to overcome the surface tension,
helping the robot transition from water to air. Although there
have been related studies, there are still few reports on MPRs
that operate in multiple environments. How to better realize the
movement and transition of MPRs in multiple environments is
an interesting research topic, which can help the robots improve
the environment adaptability and expand their application scope.
In addition, the research on the terrestrial type MPRs accounts
for the vast majority, thus, the following introduction focuses on
the terrestrial type MPRs.

2.2. MPRs with Different Piezoelectric Actuating Elements

The piezoelectric actuating element, used to achieve the conver-
sion between the electrical and mechanical energy, is the core
component of MPRs. With the development of MPRs, many
piezoelectric actuating elements with different structures have
been designed and applied in MPRs. As illustrated in Figure 3,

there are four kinds of common piezoelectric actuating ele-
ments, including piezoelectric stack, piezoelectric tube, piezo-
electric patch beam, and piezoelectric sandwich beam.[115–118]

Among them, the piezoelectric stack and piezoelectric tube have
been designed into mature commercial products with a series
of dimensional parameters; while the piezoelectric patch and
sandwich beams are usually fabricated in small batches accord-
ing to the specific requirements of MPRs. Figure 3a shows
the common commercial piezoelectric stacks, which are formed
by stacking multiple layers of piezoelectric ceramic sheets and
can output their superposition deformation along the superpo-
sition direction.[119,120] For MPRs driven by piezoelectric stacks,
the piezoelectric stacks are usually horizontally arranged inside
the MPR bodies to make their driving feet generate horizon-
tal displacements; while the vertical displacements utilized to
lift and lower their driving feet are generally replaced by the
on-off of electromagnet on each foot. Yan et al.[121] proposed
a quadrupedal MPR driven by only one piezoelectric stack, as
shown in Figure 3b, a rhombic flexure hinge mechanism and
four electromagnetic legs were utilized to achieve 3-DOF plane
movements with high resolution. Torii et al.[122] presented a tripo-
dal MPR driven by three piezoelectric stacks, as illustrated in
Figure 3c; similarly, its three legs were separately designed with
electromagnetic elements, and the 3-DOF plane motions could
be realized by the coordination of the piezoelectric stacks and the
electromagnetic feet. Figure 3d illustrates the common structure
and deformation principle of the piezoelectric tube. Unlike the
piezoelectric stack made of multiple ceramic sheets, the piezo-
electric tube is an integral thin cylinder tube polarized from its ra-
dial direction. The inner surface of the piezoelectric tube is a con-
tinuous electrode, while the outer surface is divided into multiple
partition electrodes to achieve bending deformations in multiple
directions.[123,124] For MPRs driven by piezoelectric tubes, their
piezoelectric tubes are set with four partition electrodes to realize
bending deformation in two orthogonal directions and are usu-
ally used as leg structures to produce the lifting and swinging
displacements of the driving feet. As shown in Figure 3e, Martel
et al.[125–127] presented a tripodal MPR, named Nano Walker, in
which three piezoelectric tubes were used as the legs and were ar-
ranged in the circumferential direction. Gao et al.[128] proposed a
boundary fixed type MPR illustrated in Figure 3f, which could re-
alize 2-DOF rotary-rotary motion in two orthogonal directions by
utilizing the bending deformations of single piezoelectric tube.
Then, the common structure and deformation principle of piezo-
electric patch beam are shown in Figure 3g. The piezoelectric
patch beams can be easily formed by attaching the piezoelec-
tric ceramic sheets on a metal substrate, and can be usually di-
vided into unimorph and bimorph beams according to whether
the piezoelectric ceramic sheets are attached to both sides of the
metal substrate; besides, the piezoelectric patch beams adopt the
d31 mode of piezoelectric ceramic sheets, and can generate bend-
ing deformations in one direction.[129,130] For MPRs driven by
piezoelectric patch beams, their piezoelectric patch beams can
be used not only as bodies of MPRs but also legs, and their struc-
tural design are generally simple and flexible. As illustrated in
Figure 3h, Wang et al.[131] proposed T-phage inspired MPR with
a triangular prism body, which was composed of three unimorph
beams and could transfer the vibrations of the unimorph beams
to its driving feet and further to realize the linear and steering
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Figure 3. MPRs driven by different piezoelectric actuating elements. a) The common structure and deformation principle of piezoelectric stack. b) A
quadrupedal MPR driven by one piezoelectric stack. Reproduced with permission.[121] Copyright 2005, IOP Publishing. c) A tripodal MPR driven by
three piezoelectric stacks. Reproduced with permission.[122] Copyright 2018, Fuji Technology Press. d) The common structure and deformation principle
of piezoelectric tube. e) A quadrupedal MPR driven by one piezoelectric stack. Reproduced with permission.[125] Copyright 2001, Society of Photo-
Optical Instrumentation Engineers. f) A tripodal MPR driven by three piezoelectric stacks. Reproduced with permission.[128] Copyright 2022, IEEE. g)
The common structure and deformation principle of piezoelectric patch beam. h) An MPR driven by three piezoelectric patch beams. Reproduced with
permission.[131] Copyright 2022, Elsevier. i) A hexapod MPR driven by twelve piezoelectric patch beams. Reproduced with permission.[132] Copyright
2016, IEEE. j) The common structure and deformation principle of piezoelectric sandwich beam. k) A fixed-type MPR driven by one piezoelectric sandwich
beam. Reproduced with permission.[135] Copyright 2018, IEEE. l) A quadrupedal MPR driven by four piezoelectric sandwich beams. Reproduced with
permission.[138] Copyright 2019, IEEE.

motions. Rios et al.[132] designed a hexapod MPR named Min-
RAR V1, as shown in Figure 3i, in which each leg consisted of
two bimorph beams to achieve the lifting and swinging motions,
respectively. Then, Figure 3j shows the common structure and
deformation principle of piezoelectric sandwich beam, which is
generally a sandwich structure with two metal caps holding the
piezoelectric ceramic sheets in the middle. Similar to the piezo-
electric tubes in MPRs, the piezoelectric sandwich beams are also
used as the legs of MPRs; besides, their piezoelectric ceramics
work with their d33 mode and are set with four partition elec-
trodes to achieve bending deformations of the leg in two orthogo-
nal directions.[133,134] Zhang et al.[135] presented a fixed-type MPR
shown in Figure 3k, which was actuated by only one piezoelectric
sandwich beam and could realize 2-DOF rotary-rotary motions.
Deng et al.[136–138] proposed a quadrupedal MPR with four piezo-
electric sandwich beams, as illustrated in Figure 3l; in which each
piezoelectric sandwich beams was used as a leg to achieve lifting
and swinging motions of the driving foot.

Table 1 lists and summarizes the characteristics of MPRs with
different piezoelectric actuating elements. Generally, the piezo-
electric patch beam has the simplest structure, which is con-
ducive to the miniature design of the piezoelectric robot; how-

ever, the piezoelectric patch beam only realizes 1-DOF bending
deformation, which can usually limit motion agility of the driv-
ing foot. Therefore, some scholars have studied the methods that
improve the 1-DOF motion of the driving foot actuated by piezo-
electric patch beam to 2-DOF motions shown in Figure 4a. One
method is to increase the number of piezoelectric patch beams.
Ozcan et al.[139] utilized two piezoelectric patch beams to obtain
the lifting and swinging motions of the driving foot, respectively,
as shown in Figure 4b. Another method is illustrated in Figure 4c,
Liu et al.[140] proposed a novel piezoelectric patch beam with a
square section, which was attached with piezoelectric ceramic
sheets on all four sides to generate 2-DOF bending deformation,
thus, it could be used as a leg to achieve lifting and swinging mo-
tions of the driving feet.

3. MPRs with Different Working Principles

With the development of MPRs, various working principles have
been applied to MPRs. As plotted in Figure 5, MPRs can be di-
vided into the resonant type ones and nonresonant type ones in
the light of whether the piezoelectric actuating elements work at
their resonant mode, and the non-resonant type MPRs can be
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Table 1. Advantages and disadvantages of different piezoelectric actuating element in MPRs (Note: The characteristics here are a qualitative summary
of the common characteristics of this type MPR, and excluding some specially designed examples).

Piezoelectric actuating elements Advantages Disadvantages

Piezoelectric stack Large deformation, relatively large output force,
and being mature commercial product

Low frequency bandwidth, strict assembly and
signal requirements, unidirectional
deformation, and expensive cost

Piezoelectric tube Compact structure, and being mature
commercial product

Relatively complex assembly, relatively small
deformation, and relatively expensive cost

Piezoelectric patch beam Simple and compact structure, large
deformation, and easy fabrication

Usually low stiffness, low frequency bandwidth,
and only unidirectional deformation

Piezoelectric sandwich beam Large output force and structure stiffness, high
frequency bandwidth, loose signal
requirements

Relatively small deformation, complex and large
structure, and complex assembly process

further divided into direct driving type ones, stepping driving
type ones and inertial actuating ones.[141–146] In this section, we
will systematically sort out and introduce MPRs with different
working principles and compare their characteristics.

3.1. The Resonant Type MPRs

The resonant type MPRs are featured by that their piezoelectric
actuating elements work at the resonant modes, and can be fur-
ther divided into the standing-wave type ones, the traveling-wave
type ones, and the hybrid-type ones according to the adopted vi-
bration modes of the piezoelectric actuating elements,[147–149] as
illustrated in Figure 6.

The standing-wave type MPRs utilize the standing-wave vibra-
tion modes of their piezoelectric elements to achieve movements,

as shown in Figure 6a. In detail, a sinusoidal signal with the res-
onant frequency is applied to the piezoelectric ceramics to ex-
cite the standing-wave vibration of the piezoelectric actuating ele-
ment; and the driving feet are arranged at specific positions of the
standing wave to obtain oblique trajectories with actuating func-
tion; then, movements of MPRs can be realized via the friction
coupling effect between the driving feet and the ground.[150,151] In
addition, the driving feet can be arranged at different positions
of the standing wave to achieve the forward and backward mo-
tions, respectively. The standing-wave type MPRs generally ex-
hibited the advantages of simple and compact structures, requir-
ing only one signal, and easy to excitation and control. Peng et
al.[152] proposed a standing-wave type biped MPR, as illustrated in
Figure 6b; the biped MPR was actuated by the second-order bend-
ing vibration and could run forward with a maximum speed of

Figure 4. Methods for upgrading the 1-DOF motion of the driving foot to 2-DOF motions. a) The common structures and deformations of piezoelectric
patch beam. b) Using two piezoelectric patch beams to obtain the lifting and swinging motions of a driving foot. Reproduced with permission.[139] Copy-
right 2013, IEEE. c) A novel piezoelectric patch beam with a square section to generate 2-DOF bending deformations. Reproduced with permission.[140]

Copyright 2021, Wiley-VCH.
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Figure 5. Classification of MPRs according to the used working principles,
mainly including the resonant type, the direct driving type, the stepping
driving type, and the inertial driving type.

200 mm −1 s. Generally, the standing-wave type MPRs can only
achieve unidirectional motion because the direction of oblique
trajectory determined by the arrangement positions of the driv-
ing feet on the standing wave is constant. One common method
to solve the limitation of unidirectional motion is using differ-
ent vibration modes of one piezoelectric actuating element to ob-
tain different directional oblique trajectory at the driving foot.
As shown in Figure 6c, Hariri et al.[153] presented a standing-
wave tripodal MPR, which could realize forward and backward
motions by using the 1st-order and 2nd-order bending vibration
modes, respectively.

The traveling-wave type MPRs are actuated by the traveling-
wave vibration modes of their piezoelectric actuating elements.
As illustrated in Figure 6d, the traveling-wave vibration is com-
posed of two standing-wave vibrations with a 1/4 wavelength dif-
ference in space, a 90° phase difference in time and the same
vibration mode, and an elliptical trajectory can be obtained at
the driving feet to achieve the movements.[154,155] Unlike the con-
stant oblique trajectory obtained by standing-wave vibration, the
traveling-wave type MPRs can change the elliptical trajectory di-
rection by exchanging the phase difference of the two standing
waves to realize the bidirectional motions. Ma et al.[156] designed a
ring-shaped and boundary fixed type MPR, as shown in Figure 6e;
a rotary traveling wave was obtained by using two fifth-order axial
bending standing waves of the ring base, and the bi-directional
rotary motions were realized. However, for a long beam or thin
rod structure with finite length, there are wave reflection at its
both ends, which makes it impossible to obtain a linear traveling
wave. In order to achieve linear motions of the traveling-wave
MPRs, García et al.[157,158] presented a MPR with a plate base
and two piezoelectric patches, as shown in Figure 6f; the two
piezoelectric patches were excited by two signals with a phase dif-
ference of 90° and the same frequency, in which the frequency

was between the resonant frequencies of two contiguous bend-
ing modes; then, an approximate traveling wave was generated
on the plate base to make the MPR run bidirectionally. Moreover,
Hariri et al.[159] proposed an MPR with a thin plate and four piezo-
electric patches, as shown in Figure 6g, and two linear traveling
waves could be generated on the thin plate to achieve linear and
steering motions of robot.

The hybrid-mode type MPRs are actuated by the hybrid vibra-
tion modes of their piezoelectric actuating elements. Similar to
the traveling-wave composed of two standing waves, the hybrid
vibration modes are also obtained by superposing two standing-
wave vibration modes; and the difference is that the conditions
of 1/4 wavelength difference in space and the same vibration
modes are not required for the obtaining the hybrid vibration
modes. As shown in Figure 6h, the standing-wave modes used
for MPRs are usually longitudinal modes (L modes) and bend-
ing modes (B modes); thus, the common hybrid modes are B–B,
B–L, and L–L hybrid modes. Then, the elliptical or circular vibra-
tion trajectories can be generated at the driving feet by the hy-
brid vibration mode to make MPRs run forward, and the back-
ward motions can be realized by exchanging the phase of the
two standing-wave vibration modes.[160,161] Liu et al.[162] proposed
a tripodal MPR with a ring-shaped piezoelectric actuating ele-
ment, as illustrated in Figure 6i; the robot was actuated by an
axial-radial bending hybrid vibration mode (B+B) of the ring base
and could move linearly in three directions. Tian et al.[163] pre-
sented a quadrupedal MPR with a H-shaped structure, as shown
in Figure 6j; the MPR utilized a longitudinal-bending hybrid vi-
bration mode (B+L), and could realize bidirectional linear mo-
tions. Moreover, Liu et al.[164] designed a single-legged MPR with
a T-shaped structure, as shown in Figure 6k; the robot was actu-
ated by a longitudinal-longitudinal hybrid vibration mode (L+L),
and could run bidirectionally with a high speed more than 1 m
s−1. Benefiting from diverse hybrid modes, structure designs of
the hybrid-mode type MPRs are very flexible and various; how-
ever, mode degeneracy is usually needed to achieve the same res-
onant frequency of the two different vibration modes, which re-
quire high accuracy for structural size. Fortunately, the resonant
frequencies of two same-order bending vibrations of symmetrical
structures are the same; thus, the hybrid vibration mode of two
same bending vibrations can be obtained without mode degener-
acy, which is more popular for MPRs. For instance, Su et al.[165]

proposed a quadrupedal MPR, as shown in Figure 6l; which was
driven by the B–B hybrid mode of a square section beam, and
could achieve the linear, steering, and rotational motions.

In general, the resonant type MPRs exhibited high speed up
to several hundreds of mm s−1 as their piezoelectric actuating el-
ements work at the resonant modes and can generate relatively
large deformations at the driving feet. For the three types of res-
onant MPRs, the standing-wave type MPRs usually have simple
and compact structures, and can utilize only one signal to realize
movements; but the movements with the one signal are unidi-
rectional. The traveling-wave type MPRs also have simple struc-
tures and can realize bidirectional motions by two signals; but
the traveling waves are easier obtained in axisymmetric struc-
tures to achieve rotational motions, the linear motions of MPRs
require to excite approximate traveling waves of the long beam or
thin rod structures. Then, the advantages of the hybrid-mode type
MPRs are various and flexible structure designs, but the mode
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Figure 6. Working principles, features, and examples of the resonant type MPRs. a) Working principle of the standing-wave type MPRs. b) A standing-
wave type biped MPR. Reproduced with permission.[152] Copyright 2019, IEEE. c) A standing-wave tripodal MPR. Reproduced with permission.[153]

Copyright 2017, IEEE. d) Working principle of the traveling-wave type MPRs. e) A traveling-wave type MPR with a ring structure. Reproduced with
permission.[156] Copyright 2020, IEEE. f) A traveling-wave biped MPR. Reproduced with permission.[157] Copyright 2020, MDPI. g) A traveling-wave
plate MPR. Reproduced with permission.[159] Copyright 2018, IEEE. h) Working principle of the hybrid modes type MPRs. i) A hybrid mode type MPR
with a ring structure. Reproduced with permission.[162] Copyright 2022, IEEE. j) A hybrid mode type quadrupedal MPR. Reproduced with permission.[163]

Copyright 2018, IEEE. k) A hybrid mode type MPR with a T-shaped structure. Reproduced with permission.[164] Copyright 2016, Taylor & Francis. l) A
quadrupedal MPR driven by bending-bending hybrid mode. Reproduced with permission.[165] Copyright 2018, MDPI.

degeneracy is needed for most of hybrid modes. Moreover, some
resonant MPRs work at ultrasonic frequencies (>20 kHz) and
have the advantage of no noise,[166,167] but there are usually wear
and heat between the driving feet and ground, and the high-speed
motions are less controllable and irregular.

3.2. The Nonresonant Type MPRs

The piezoelectric actuating elements of non-resonant type MPRs
work in the low-frequency ranges, which are usually much less
than their 1st-order resonant frequencies. The non-resonant
type MPRs include direct driving type MPRs, stepping actuating

MPRs and inertial actuating MPRs, as plotted in Figure 5. More-
over, the direct driving type MPRs can be further divided into the
direct deformation type ones and the combing flexure hinge type
ones; the stepping driving type MPRs include the inchworm driv-
ing type ones and the walking driving type ones; and the inertial
driving type MPRs can be divided into the inertial impact type
ones and the stick-slip actuating type ones.[168–170]

3.2.1. The Direct Driving Type MPRs

As shown in Figure 7a, the direct deformation type MPRs take
the deformations of their piezoelectric elements as the motion
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Figure 7. Working principles, features, and examples of the direct driving type MPRs. a) Working principle of the direct deformation type MPRs. b) A
direct deformation type MPR driven by four piezoelectric stacks. Reproduced with permission.[173] Copyright 2021, Elsevier. c) A direct deformation type
MPR driven by a piezoelectric sandwich beam. Reproduced with permission.[174] Copyright 2021, Elsevier. d) A 3-DOF direct deformation type MPR
driven by four piezoelectric patch beams. Reproduced with permission.[175] Copyright 2023, IEEE. e) Working principle of the combining flexible hinge
type MPRs. f) A crab-like clamp MPR with a hybrid type FDAM. Reproduced with permission.[180] Copyright 2022, IEEE. g) A direct deformation type
MPR driven by four piezoelectric stacks. Reproduced with permission.[181] Copyright 2017, IOP Publishing. h) A clamp MPR with a lever type FDAM.[182]

Copyright 2022, AAAS.

outputs of their mobile units directly, including elongation
deformation of the piezoelectric stack and bending deforma-
tions of the piezoelectric tube, piezoelectric patch and sandwich
beams.[171,172] Chang et al.[173] proposed a direct deformation type
MPR, as shown in Figure 7b; the mobile unit was actuated by
four piezoelectric stacks to achieve deflecting motions in two or-
thogonal directions. Su et al.[174] presented a micromanipulation
MPR plotted in Figure 7c, which could achieve 3-DOF motions
on its top mobile unit by the direct deformations of a piezoelectric
sandwich beam. Besides, Zhang et al.[175] also designed a 3-DOF
micromanipulation MPR, as illustrated in Figure 7d; the 2-DOF
deflection motions and 1-DOF linear motion of its mobile unit (a
needle) were realized by cooperating the direct deformations of
four piezoelectric bimorph beams with cross arrangement. The
direct formation type MPRs have the advantages of no wear, high

resolution (nano scale), high repeatability and compact structure;
however, their motion ranges are determined by the deforma-
tions of the piezoelectric elements that are limited to tens of
micrometers. In order to improve motion ranges of the direct
deformation type MPRs, various flexible displacement amplifi-
cation mechanisms (FDAMs) are combined with the piezoelec-
tric actuating elements to amplify their direct deformations, as
shown in Figure 7e, and the FDAMs can be divided into the lever
type ones, the bridge type ones and the hybrid type ones.[176–179]

Ma et al.[180] proposed a crab-like clamp MPR with a hybrid type
FDAM, as illustrated in Figure 7f; the mobile unit was directly
actuated by a piezoelectric stack, and the motion range was en-
larged by nearly nine times by using the hybrid type FDAM. York
et al.[181] presented an ultra-thin clamp MPR with a bridge type
FDAM, as plotted in Figure 7g; the clamp was directly driven by a

Adv. Sci. 2023, 10, 2305128 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2305128 (9 of 28)
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Figure 8. Working principles, features, and examples of the stepping driving type MPRs. a) Working principle of the inchworm driving type MPRs. b)
An inchworm driving type MPR with two three-jaw type clamping mechanism. Reproduced with permission.[185] Copyright 2022, IOP Publishing. c) An
inchworm MPR with three oval-shaped shell structures. Reproduced with permission.[186] Copyright 2005, IOP Publishing. d) A quadrupedal inchworm
driving type MPR. Reproduced with permission.[187] Copyright 2013, Elsevier. e) Working principle of the walking driving type MPRs. f) A walking driving
type MPR with six legs. Reproduced with permission.[190] Copyright 2002, IOP Publishing. g) A walking driving type MPR with electro-adhesive pads and
passive alignment ankles. Reproduced with permission.[191] Copyright 2018, AAAS. h) A quadrupedal walking driving type MPR with two piezoelectric
patch beams. Reproduced with permission.[192] Copyright 2007, IEEE.

piezoelectric bimorph beam, and the clamp opening range was
amplified to 106 μm. Moreover, Leveziel et al.[182] designed a
clamp MPR with a lever type FDAM, as shown in Figure 7h; the
long rods were arranged at the end of the piezoelectric bimorph
beams to amplify their bending displacements, and the flexible
joints were used to convert the bending displacements into the
opening and closing motions of the clamp unit. Indeed, the mo-
tion ranges of the direct drive type can be amplified by dozens of
times by combining the FDAMs with the piezoelectric actuating
elements, but the use of FDAMs also brings some shortcomings,
including the relatively large and complex structure, the poor dy-
namic characteristics, and the existed coupling displacements.

3.2.2. The Stepping Driving Type MPRs

The stepping driving type MPRs are inspired by the movement
of natural animals and achieve large-range movements by accu-
mulating small steps, and they can be divided into the inchworm
driving type MPRs and the walking driving type MPRs accord-
ing to the referenced animal motions. As shown in Figure 8a,
the inchworm driving type MPRs, inspired by the crawl motion
of inchworm, usually have three groups of piezoelectric actuat-
ing elements (two clamping units and an actuating unit) to per-
form clamping and actuating motions, respectively; then, peri-
odic stepping movements are achieved through the coordination
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of the clamping and actuating units.[183,184] Deng et al.[185] de-
signed an inchworm driving type MPR shown in Figure 8b, a
three-jaw type clamping mechanism including three piezoelec-
tric stacks was developed to perform the clamping motion, and
a linear movement was realized. Kim and Lee[186] proposed an
inchworm MPR with three unique oval-shaped shell structures,
as shown in Figure 8c; each shell structure was driven by a piezo-
electric stack and could play the roles of clamping and actuating
motions. Besides, Fuchiwaki[187] presented a quadrupedal inch-
worm MPR plotted in Figure 8d, in which four electromagnet
units and four piezoelectric stacks were used to perform the
clamping and actuating motions, respectively. In fact, there is
always static friction between the driving foot and the ground
during the whole movement process, the inchworm driving type
MPRs usually exhibit the advantages of small wear, high resolu-
tion, good step repeatability; besides, large drag forces can be ob-
tained by the clamping units. However, the inchworm actuating
method require MPRs to be deigned with more piezoelectric ac-
tuating elements, leading to the shortcomings of complex struc-
ture, requiring more signals; moreover, the speed of the inch-
worm driving type MPR is much slower due to the requirement
to complete multiple stages in one step movement.

As shown in Figure 8e, the walking driving type MPRs are in-
spired by the multi-legged animals and achieve movements by
the coordination of their multiple driving feet. Generally, each
driving foot have 2-DOF deformations to perform the lifting and
swinging motions, respectively; the number of driving feet is
set as an even number of 4, 6, and 8, and they are divided into
two groups to drive the robot alternately.[188,189] As illustrated in
Figure 8f, Simu and Johansson[190] proposed a walking driving
type MPR with six legs, each leg was designed with a piezoelec-
tric actuating element to achieve the lifting and swinging mo-
tions, and the robot could perform plane 3-DOF movement with
a tripod gait. Rivaz et al.[191] presented a quadrupedal MPR using
the walking actuating method, as illustrated in Figure 8g, which
performed good climb ability by designing an electro-adhesive
pad and a passive alignment ankle for each leg. Moreover, in or-
der to reduce the number of the used piezoelectric actuating el-
ements, Lee et al.[192,193] proposed a quadrupedal MPR shown in
Figure 8h; each leg was designed with a hip joint, and the rear
legs and front legs were set as different height; thus, the lifting
and swinging motions of the four legs could be realized by only
two piezoelectric patch beams. Similar to the inchworm driving
type MPRs, there is also always static friction between the driv-
ing foot and the ground for the walking driving type MPRs, which
also exhibit the features of small wear, high resolution, and good
step repeatability; besides, the walking driving type MPRs have
no clamping units, thus, their structures and required signals are
simpler, but the realized drag forces are reduced.

3.2.3. The Inertial Driving Type MPRs

The inertial driving type MPRs make full use of the characteris-
tics of fast response of piezoelectric materials and realize move-
ments based on the principle of inertia, which can be divided
into the inertial impact driving type MPRs and the stick-slip
MPRs according to whether the robots move as a whole.[194–196] As
shown in Figure 9a, the inertial impact type MPRs usually have

three parts, including robot base, piezoelectric unit, and inertial
unit. Sawtooth signals are generally utilized to realize the iner-
tial movements, and there are usually two sub-steps in the move-
ments: 1) in t1 to t2, the piezoelectric unit slowly deforms to push
the inertial unit forward, the generated inertial force is smaller
than the static friction between the robot base and the ground,
and the robot base remains stationary; 2) in t1 to t2, the piezoelec-
tric unit rapidly deforms and makes the piezoelectric unit move
backward, the generated inertial force is much larger than that in
sub-step 1) because of the fast response; and the robot base will
move forward when the inertial force generated by the inertial
unit is greater than the friction force between the robot base and
the ground; and the continuous movements can be achieved by
repeating these sub-steps[197,198] Zhong et al.[199] proposed a cu-
bic centimeter MPR using the inertial impact method, as shown
in Figure 9b, only the forward movement was realized by using
one piezoelectric stack. Then, Zhong et al.[200] designed a bipedal
inertial impact type MPR illustrated in Figure 9c to improve the
freedom of the robot motion, two piezoelectric stacks were used
to actuate the two driving feet, respectively, the forward and steer-
ing motions were achieved. Moreover, in order to further extend
the motion DOF, Li et al.[201] presented a tripodal inertial impact
type MPR actuated by four piezoelectric bimorph beams with
cross arrangement, as shown in Figure 9d, in which the bimorph
beams were vertical to the ground were equipped with inertial
units at their ends; through the cooperation of these four inertial
units, the tripodal MPR could achieve plane 3-DOF movements.
Generally, the inertial impact type MPRs exhibit the advantages
of simple and compact structures, requiring less piezoelectric ac-
tuating elements and signals, and faster speed than the stepping
actuating MPRs; however, there are inherent problems of roll-
back motion of the inertial unit and small drag force.

Similar to the inertial impact type MPRs, the stick-slip actuat-
ing type MPRs also include the three parts of robot base (fixed),
piezoelectric unit, and mobile unit (inertial unit), and are excited
by sawtooth signals, as shown in Figure 9e. The differences are
that the robot base of the stick-slip actuating type MPR is fixed,
the relative sliding occurs between the piezoelectric element and
the mobile unit, thus, only the mobile unit can move continu-
ously. Gao et al.[202] proposed a stick-slip actuating type MPR, as
illustrated in Figure 9f, which could realize 2-DOF rotary-rotary
motions of the mobile unit (spherical joint) by the “slow-fast”
periodic deformation of the piezoelectric actuating element. Ko-
rtschack et al.[203] designed a tripodal MPR driven by the slip-stick
method, as shown in Figure 9g; three spheres were used as the
driving feet and were driven by piezoelectric discs to roll over the
working surface, which was less damaging to the surface. Deng
et al.[204] presented a puncture MPR used the stick-slip actuating
method, as shown in Figure 9h; the piezoelectric unit was de-
signed with a piezoelectric stack and a piezoelectric patch beam,
which could actuate the mobile unit to perform linear and ro-
tary motions, respectively. Usually, the stick-slip actuating MPRs
have the same characteristics as the inertial impact ones, the dif-
ference is that the stick-slip actuating MPRs only actuate their
mobile units and are designed as boundary fixed type MPRs.
However, both the inertial impact MPRs and the stick-slip actuat-
ing MPRs have the problems of rollback motion and small drag
force. To deal with these problems, the inertial actuating MPRs
driven by multiple legs alternately were proposed[205–207]; when
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Figure 9. Working principles, features, and examples of the inertial driving type MPRs. a) Working principle of the inertial impact type MPRs. b) A cubic
centimeter MPR using the inertial impact method. Reproduced with permission.[199] Copyright 2019, Springer Nature. c) A bipedal inertial impact type
MPR. Reproduced with permission.[200] Copyright 2021, Springer Nature. d) A tripodal inertial impact type MPR actuated by four piezoelectric bimorph
beams. Reproduced with permission.[201] Copyright 2022, IOP Publishing. e) Working principle of the stick-slip actuating type MPRs. f) A stick-slip
actuating type MPR capable of realizing rotary-rotary motions. Reproduced with permission.[202] Copyright 2019, IEEE. g) A tripodal MPR utilizing the
slip-stick method. Reproduced with permission.[203] Copyright 2003, IEEE. h) A stick-slip actuating type MPR capable of linear and rotary motions.
Reproduced with permission.[204] Copyright 2022, IEEE.

one group of legs were in a relative sliding state with the ground
or the mobile unit, the other group of legs was in a relative static
state, the static friction force generated by the latter leg was larger
than the sliding friction of the former leg; thus, the rollback mo-
tion could be suppressed, and the drag force could be improved.
Besides, another method was to control the friction between the
robot base and the ground or between the piezoelectric and mo-
bile units by dynamically adjusting the positive pressure,[208–210]

the rollback motions during the relative sliding state could be
reduced by increasing the positive pressure, and the drag force
could be also improved.

3.3. MPRs Combining Different Working Principles

The characteristics of the above MPRs with different working
principles are listed and compared in Table 2, in which the
items include size, weight, speed, agility, resolution (minimum
step), load capacity, number of piezoelectric elements, and so on.
Some possible advantages and disadvantages of MPRs with dif-
ferent working principles are summarized in Table 3. Qualita-
tively speaking, the resonant type MPRs usually have the advan-
tages of compact and flexible structure design, high speed up to
several hundreds of mm −1 s, and large load capacity; however,
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Table 3. Advantages and disadvantages of MPRs with different working principles (Note: The characteristics here are a qualitative summary of the
common characteristics of this type MPR, and excluding some specially designed examples).

Working principle of MPRs Advantages Disadvantages

Resonant actuating Simple and compact structure, flexible design,
high speed, relatively large load capacity, and
simple signal

Less controllable and irregular motion, wear and
heat between the driving feet and ground, and
relatively low resolution

Direct actuating High displacement resolution up to nanometer,
no wear and heat, and simple signal

Small motion range of tens of micron (larger
motion range of hundreds of microns by
combing flexible hinge, but accompanied with
low stiffness and bandwidth, and small
output force)

Stepping actuating Small wear and heat, large output force, good
step repeatability

Relatively complex structure and signals, slow
speed of several mm −1 s, and requiring
multiple piezoelectric actuating elements

Inertial actuating Relatively simple structure and signal, less
piezoelectric actuating elements

Relatively slow speed of tens of mm −1 s,
displacement rollback and wear problem

there are problems of wear, easy heating, small drag force, and
poor agility. Although the agility can be improved by increasing
the number of legs, the piezoelectric actuating elements corre-
sponding to the increased legs can cause complex structure and
control scheme. The direct deformation type MPRs can achieve
high resolution up to nano lever with simple structure and hold
other advantages of no wear and large load capacity, but the mo-
tion range is limited to a few microns by the direct deformation of
the piezoelectric actuating element. Although the motion range
can be enlarged to hundreds of microns by combining the flexible
displacement amplification mechanism, it also leads to complex
structure, reduced load capacity, and poor dynamic performance.
Both the inchworm driving type and walking driving type MPRs
have the advantages of stiction drive, less wear, large drag force,
can achieving sub-micron resolution and speed of a few mm −1 s;
however, their multiple legs usually also cause the complex struc-
ture and control scheme. The inertial driving type MPRs have the
advantages of simple structure and exciting scheme, and can per-
form speed up to dozens of mm −1 s and submicron resolution;
however, there are usually disadvantages of rollback motion and
small drag force.

In general, MPRs with different working principles exhibit dif-
ferent advantages, and some of these advantages are contradic-
tory for MPRs with only a single working principle, including
the contradictories between the nano-resolution and the large
motion range, and between the simple structure, control, high
agility, and so on. One interesting method to balance these con-
tradictory features is to integrate multiple working principles into
one MPR, as shown in Figure 10a. It should be noted that the
multiple working principles are conducted by the same piezoelec-
tric actuating elements, rather than adding other piezoelectric
actuating elements.[211,212] On the one hand, the motion agility
can be improved without increasing extra structures by inte-
grating different resonant operating principles. As illustrated in
Figure 10b, Bansevicius et al.[213] proposed a resonant type MPR
with a hemispherical shell structure, whose standing-wave and
traveling-wave vibrations were excited to achieve the linear and
the rotational motions, respectively, the motion agility was suc-
cessfully improved. On the other hand, the characteristics of
nano-resolution and large motion range can be both realized

by integrating different non-resonant working principles. Yu et
al.[214] presented a non-resonant type hexapod MPR shown in
Figure 10c, which could not only utilize the walking actuating and
inertial impact methods to achieve plane 3-DOF motions with
large range, but also realize nano-resolution of 5 nm by using
the direct deformations of their legs.

4. Manufacturing Methods and Materials for MPRs

4.1. The Usual Manufacturing Methods for MPRs

Traditionally, the components of MPRs are manufactured by the
CNC (computer numerical control) machining, and the robots
can be fabricated by assembling the components and the piezo-
electric actuating elements together with epoxy resin adhesive or
bolts and nuts.[215–218] MPRs fabricated by the conventional CNC
machining method usually use the metal material as the robot
base, and have the advantages of high machining accuracy and
high structural strength. However, the CNC machining method
is difficult to process some special microstructures, which can-
not meet the further miniaturization and special design require-
ments of MPRs. Then, some new fabrication methods are applied
to MPRs with miniature and special structure designs, mainly in-
cluding additive manufacturing (AM) method[219–221] and smart
composite microstructure (SCM) method,[222–224] as shown in
Figure 11a. The AM method, also referred to as 3D printing
method, has the unique advantages for the cost-effective fabri-
cation of complicated 3D geometries with multiple materials at
multiple scales. As shown in i) of Figure 11b, the printing process
usually includes five steps: 1) building the 3D model of the robot
base by using 3D software; 2) converting the model to a file for-
mat that can be read by slicing software, such as STL. and OBJ.,
etc.; 3) dividing the 3D model into layer-by-layer sections by us-
ing the slicing software; 4) reading the slice file by the 3D printer;
5) printing out the desired 3D model. Moreover, there are many
excellent reviews on AM, which introduce in detail its principles,
classifications, and applications, etc..[225–227] For MPRs fabricated
by the AM method, their robot bases are usually designed to inte-
grated structures and have the light weights. Oldham et al.[228–230]

designed a series of resonant MPRs, as shown in ii) to iv) of
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Figure 10. Schematic diagram of MPRs integrating different working principles. a) Integrating different working principles to achieve better charac-
teristics. b) A resonant-type MPR using both standing-wave and traveling-wave vibrations achieve the linear and the rotational motions. Reproduced
with permission.[213] Copyright 2013, SAGE Publications. c) A nonresonant type hexapod MPR utilizing the walking actuating and inertial impact, and
direct deformation methods to achieve plane 3-DOF motions with large range and nanoresolution. Reproduced with permission.[214] Copyright 2021,
Wiley-VCH.

Figure 11b, in which the robot bases could be produced easily
and quickly by the AM method, and MPRs were fabricated by
pasting the piezoelectric sheets to the robot bases directly; these
robots had body lengths of about 20 mm and weights of only 1
to 2 grams, and could run at speed of several hundreds of mil-
limeters per seconds. Moreover, Dharmawan et al.[231] proposed
a two-legged MPR, as shown in v) of Figure 11b, the components
of the robot base were both produced by the AM method and as-
sembled into a four-bar linkage to drive the robot.

For SCM method, there are some other names, including
Pop-Up Book MEMS (micro electromechanical systems),[232–234]

printable robotics,[235,236] and lamina-emergent mechanisms
(LEM).[237,238] These different names have the common feature:
materials are selectively added and removed layer by layer by
utilizing batch material removal processes or rapid prototyping
tools such as lasers, which can create various mechanical ele-
ments, such as structural elements, flexible hinges, and rigid
connections; then, these mechanical elements can be used to
form complex 3D geometries by folding or erecting their final
shapes.[239–241] For example, Liu et al.[224] used SCM method
to fabricate the piezoelectric bimorph beam, as shown in i) of
Figure 11c. The layers of carbon fiber prepregs, piezoelectric ce-
ramic, alumina ceramic, copper foil, and epoxy glass were laser
machined with the designed patterns and pasted together after
curing; then, the piezoelectric bimorph beam could be released

from the frame by using laser cutting. Moreover, SCM methods
could be also used to fabricate the robot base of MPRs. As shown
in ii) of Figure 11c, Suzuki and Wood[104] proposed a fixed-type
MPR, in which the robot base was a parallel mechanism fabri-
cated by the pop-up book MEMS technique; multiple layers with
different materials were laser cut individually and laminated to
create flexural joints and rigid links, and the parallelogram-based
mechanism could be assembled from a monolithic composite.
As shown in iii) to vi) of Figure 11c, Wood et al. proposed a serial
MRPs fabricated by SCM method, including the aerial type, the
terrestrial type, and the boundary fixed type MPRs[242–245]; these
robots exhibited the advantages of light weight (only a few grams)
and flexible structure design.

4.2. The Usual Piezoelectric Ceramic Materials used in MPRs

In addition to the manufacturing methods, the advance of the
piezoelectric ceramic materials also promotes the development
of MPRs. As shown in Figure 12a, the piezoelectric ceramics that
are applied in MPRs can be divided into the rigid ones and the
soft ones, the former is usually prepared by two methods of tra-
ditional processing and AM, while the later mainly includes the
PVDF (polyvinylidene difluoride) and MFC (macrofiber compos-
ite) materials.[246–250] The rigid piezoelectric ceramics are usually
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Figure 11. The new fabrication methods applied to MPRs to achieve miniature and special structure designs, mainly including additive manufacturing
and smart composite microstructure. a) The common fabrication methods applied to MPRs. b) The common process and examples of AM method
applied to MPRs: i) the usual main five steps in the 3D printing process; ii–iv) three hexapod MPR that using AM method to fabricate their robot bases.
Reproduced with permission.[229] Copyright 2018, IEEE; v) a biped MPR with a robot base fabricated by AM method. Reproduced with permission.[231]

Copyright 2018, ASME. c) The common process and examples of SCM method applied to MPRs: i) a piezoelectric patch beam fabricated by SCM
method. Reproduced with permission.[224] Copyright 2022, IEEE; ii) fabrication process of the robot base of an MPR using SCM method. Reproduced
with permission.[104] Copyright 2020, Springer Nature; iii) an aerial type MPR fabricated by SCM method. Reproduced with permission.[242] Copyright
2012, IOP Publishing; iv) a quadrupedal MPR fabricated by SCM method. Reproduced with permission.[243] Copyright 2020, IEEE; v) a hexapod MPR
fabricated by SCM method. Reproduced with permission.[244] Copyright 2011, Springer Nature; vi) an myriapod-like MPR fabricated by SCM method.
Reproduced with permission.[245] Copyright 2012, IEEE.

made of PZT (lead zirconate titanate, an inorganic compound
with the chemical formula Pb[ZrxTi1−x]O3(0 ≤ x ≤1)), which has
great sensitivity and high operating temperature[251–253] The main
steps of the traditional machining method to fabricate the PZT
ceramics are shown in i) of Figure 12b, the PZT powders are
made into PZT ceramics; then, the PZT ceramics are cut into
the required shapes to manufacture the piezoelectric actuating
elements.[254,255] This machining method for PZT ceramic is very
mature, and most of MPRs utilize the rigid PZT ceramics fab-
ricated by the traditional machining method. Another method
to fabricate the PZT ceramics is based on AM, as shown in
ii) of Figure 12b. The PZT powders are firstly made into PZT
slurry by mixing with polymers and solutions in certain mix-
ture ratios; then, the PZT ceramics can be fabricated by AM
methods such as stereolithography, selective laser sintering, and
fused deposition modeling.[256–259] The PZT element fabricated
by AM method can achieve more nonzero and higher piezoelec-
tric coefficients,[260–262] which is beneficial to expand the vibration
modes used by MPRs and improve the motion performance. For
example, Cui et al.[263] proposed a terrestrial MPR with length of
about 16 mm and weight of 0.74 g, as shown in iii) of Figure 12b;
the used PZT ceramics were fabricated by AM method and could

be divided into different zones to separately serve as actuation ele-
ment, self-sensing element, and ultrasonic element, which could
realize the actuation and sensing functions, respectively.

MPRs actuated by the rigid PZT ceramics can selectively
achieve many advantages, such as fast response, large load ca-
pacity, high resolution, high speed, and so on. However, there
are also some limitations to MPRs due to using the rigid PZT
ceramics, mainly including the fragility of the ceramics and the
small deformations of the piezoelectric actuating elements. The
soft piezoelectric ceramic materials have the features of flexibility,
light weight, and large deformation,[264–266] which is conducive
to the lightweight design and high adaptability of MPRs. One
of the soft piezoelectric ceramic materials successfully applied
to MPRs is PVDF, the corresponding structure of the piezoelec-
tric actuating element and the deformation principle are shown
in as shown in i) of Figure 12c. Similar to the d31 mode of the
usual PZT ceramic sheet, the upper and lower surfaces of PVDF
are plated with metal electrodes such as Ti/Au (titanium/gold)
to facilitate the application of the exciting signals; and the PVDF
film extends or contrasts along the horizontal direction when the
applied electric field is in the opposite or the same direction of
the polarization direction of the PVDF film.[267–269] For MPRs,
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Figure 12. The common piezoelectric materials applied to MPRs. a) Classification of piezoelectric materials applied to MPRs. b) The rigid PZT ceramic
materials applied to MPRs: i) The common fabrication process of traditional rigid PZT ceramic; ii) the common process of new rigid PZT ceramics
fabricated by AM method; iii) a terrestrial MPR actuated by the new rigid PZT ceramics. Reproduced with permission.[263] Copyright 2022, AAAS. c)
The usual soft piezoelectric materials applied to MPRs: i) deformation principle of PVDF materials. Reproduced with permission.[269] Copyright 2021,
AAAS; ii) a bipedal MPR driven by one PVDF curved beam. Reproduced with permission.[272] Copyright 2019, AAAS; iii) a tripodal MPR driven by two
PVDF films. Reproduced with permission.[269] Copyright 2021, AAAS; iv) the common structure of MFC laminate. Reproduced with permission.[273]

Copyright 2020, Elsevier; v) a soft underwater MPR driven by two MFC laminates. Reproduced with permission.[279] Copyright 2011, IEEE; vi) a fish-like
underwater MPR driven by an MFC actuator. Reproduced with permission.[280] Copyright 2021, IOP Publishing; vii) a soft terrestrial MPR driven by five
MFC laminates connected together. Reproduced with permission.[281] Copyright 2022, IEEE.

the structure of the piezoelectric actuating element based on the
PVDF is usually the unimorph curved beam by adding a sub-
strate layer such as PET (polyethylene terephthalate), in which
the substrate layer does not change its length under the exciting
signal; thus, the radius of the unimorph curved beam increases
or decreases as the PVDF film is elongates or shortens.[270,271]

Based on the deformation principle of the PVDF unimorph
curved beam, Lin et al.[272] proposed a bipedal MPR with length
of 10 mm and weight of 0.024 g, as shown in ii) of Figure 12c,
the robot could run at speed of 200 mm −1 s and carry a load
of 0.406 g; besides, the robot was crushed under a heavy load
(59.5 kg), and could successfully operate after removing the heavy
load, performing impressive robustness. Then, Lin et al.[269] im-
proved the original bipedal MPR driven by a single PVDF film
into a tripodal MPR driven by two PVDF films, as shown in iii)
of Figure 12c; the two front legs of the tripodal MPR were ac-
tuated by two PVDF films to achieve good agility and trajectory
control. Another soft piezoelectric ceramic material successfully
applied in MPRs is MFC. As shown in iv) of Figure 12c, the MFC
is a laminate structure composed of piezoelectric fibers, epoxy
matrix, copper electrodes, and Kapton film, in which the piezo-
electric fibers usually have rectangular cross-sections, and are in-
terdigitated with the copper electrodes.[273,274] MFC usually works

at the d33 mode, the polarization direction of the piezoelectric
fiber is along its length direction, and the actuating voltage in
d33 mode can reach up to 1500 V, which is beneficial to gener-
ate large deformation and output force.[275,276] Compared with the
rigid PZT ceramics, the MFC laminates have the advantages of
excellent structure flexibility, durability, large output force, and
waterproof behavior, these advantages make the MFC laminates
attract the favor of many scholars and be applied to MPRs, es-
pecially the underwater MPRs.[277,278] Zhao et al.[279] proposed a
soft underwater MPR mimicking a cow-nosed ray, as shown in
v) of Figure 12c; the robot used two pectoral fins separately actu-
ated by two MFC laminates to swim under the water, and could
realize a maximum speed of 200 mm −1s at 10 Hz. As shown in
vi) of Figure 12c, Meng et al.[280] presented a fish-like underwa-
ter MPR driven by the MFC actuator; two MFC laminates were
pasted on the two sides of the caudal fin of the robot, and could
realize a maximum thrust force of 7.35 mN under the water. Be-
sides, Cheng et al.[281–282] proposed a soft terrestrial MPR driven
by five MFC laminates connected together, as shown in vii) of
Figure 12c; the robot adopted the inchworm actuating method
and could achieve a step of 1.21 mm per cycle and carry a load
of 200 g; moreover, the onboard power supply was integrated on
each MFC laminate to realize the wireless motion.
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Figure 13. Application progresses of MPRs from the three aspects: autonomous movement of MPRs, applications of MPRs with fast macro motion,
and applications of MPRs with precise micro motion. a) Examples of MPRs with integrated onboard power: i) an untethered resonant type MPR with
a diamond-shaped plate. Reproduced with permission.[296] Copyright 2019, Wiley-VCH.; ii) an inertial impact type MPR with an onboard power sup-
ply. Reproduced with permission.[297] Copyright 2022, IOP Publishing; iii) an untethered MPR powered by wireless power delivery. Reproduced with
permission.[300] Copyright 2014, IEEE. b) Examples of MPRs with sensing integration: i) a power and control autonomous MPR with RF communication.
Reproduced with permission.[301] Copyright 2018, IEEE; ii) a motion capture system for MPR based on vision method. Reproduced with permission.[303]

Copyright 2017, IEEE; iii) a position sensing system for MPR based on the Moore effect. Reproduced with permission.[305] Copyright 2006, IEEE. c)
A soft MPR that using two PVDF films to control its motion trajectory. Reproduced with permission.[306] Copyright 2023, Wiley-VCH. d) Applications
of MPRs with fast macro motion: i) handling small objects by equipping with a gripper. Reproduced with permission.[313] Copyright 2020, IEEE. ii)
executing the gas leakage detection mission with a gas sensor. Reproduced with permission.[269] Copyright 2021, AAAS; iii) fine operation in a small
pipe. Reproduced with permission.[314] Copyright 2022, Springer Nature; iv) inspection of curved parts in a commercial jet engine. Reproduced with
permission.[191] Copyright 2018, AAAS. e) Applications of MPRs with precise micro motion: i) puncturing a vessel phantom with a microneedle. Repro-
duced with permission.[104] Copyright 2020, Springer Nature; ii) realizing in situ three-axial rotation of cells by the steady streaming generated around
the oscillating pipette. Reproduced with permission.[325] Copyright 2018, Springer; iii) cutting copper wires by equipping with a pair of microsurgical
scissors. Reproduced with permission.[326] Copyright 2023, AAAS; iv) performing the microinjection process of a zebrafish embryo by installing a glass
microneedle. Reproduced with permission.[326] Copyright 2021, Elsevier; v) assembling a wheel of a planetary micro gear by using a micro-gripper. Re-
produced with permission.[328] Copyright 2000, SPIE. f) Coordinated operation of multiple MPRs with precise micro motion: i) grasping and releasing
a pollen grain by the collaboration of two MPRs. Reproduced with permission.[341] Copyright 2001, SPIE; ii) pulling out a leg from a minuscule insect
through collaborative operation of three MPRs. Reproduced with permission.[342] Copyright 2006, IEEE.

5. Application Progresses of MPRs

With the rapid development of various MPRs, MPRs have
exhibited many impressive performances such as small size,
high speed, fast response, high resolution, and so on. Then,
the potential applications of MPRs are widely investigated and
studied in numerous fields, and some of them have been

commercialized.[105,283–285] In this section, we will introduce the
application progresses of MPRs from the following three aspects:
autonomous movement of MPRs, applications of MPRs with fast
macro motion, and applications of MPRs with precise micro mo-
tion, as shown in Figure 13.

The autonomous movement is an important foundation for
MPRs to achieve practical applications, especially for the mobile
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MPRs. The challenge for MPRs to realize autonomous move-
ment is that integrating onboard power supply, sensing, and con-
trol with the constraints of the finite size and weight.[286–288] The
integrated onboard power supply can help MPRs get rid of the
interference and restraint of the wires to the movement, im-
proving the straightness and range of motion. Unlike the tradi-
tional miniature robots driven by electromagnetic motors, which
usually utilize simple DC (direct current) or PWM (pulse width
modulation) signals,[289–290] the power supplies for MPRs need
to be specially designed to generate the required exciting sig-
nals, mainly including the ramp signal for the direct driving
type MPRs, the improved trapezoidal signal for the stepping driv-
ing type MPRs, the sawtooth signal for the inertial driving type
MPRs, and the sine signal for the resonant type MPRs[291–293]; in
addition, most of the exciting signals are need to be boosted to
reach the voltage amplitude required by the piezoelectric actuat-
ing element.[294,295] For example, Mu et al.[296] proposed an un-
tethered resonant type MPR with size of 20 × 20 × 10 mm3 and
weight of 1.815 g, as shown in i) of Figure 13a; the integrated
power supply could output a square wave signal with a frequency
of 30 Hz and voltage up to 240 V, and could power the robot to
achieve a maximum speed of 20 mm −1s. Wang et al.[297] pre-
sented an inertial impact type MPR with an onboard power sup-
ply, as shown in ii) of Figure 13a; the power supply was limited
with size of 35× 28× 56 mm3 and weight of 10.1 g, and could gen-
erate a sawtooth signal with frequency bandwidth from 0 to 1 kHz
and voltage range from 0 to 30 V to power the robot. Besides,
wireless power delivery is another effective method for MPRs to
overcome the limitations of the wire traction problem.[298,299] As
shown in iii) of Figure 13a, Karpelson et al.[300] designed a wire-
less power transmission system based on magnetically coupled
resonance to power their quadrupedal MPR; this system could
wirelessly power the robot to run at a speed of 20 mm −1 s.
The wireless power delivery method can help MPRs overcome
the restriction of onboard power supply due to the limited load
capacity, but it requires external auxiliary devices such as coils
and light source. In addition to integrating onboard power sup-
ply to achieve wireless movements, sensing and control integra-
tion are also important for the autonomous movements of MPRs.
Goldberg et al.[301,302] proposed a power and control autonomous
MPR with RF (radio frequency) communication, as shown in i) of
Figure 13b; a MEMS (micro electromechanical systems) inertial
measurement unit was used to estimate angular velocity and pro-
vide feedback, and two custom micro-controllers were utilized to
control its eight piezoelectric actuating elements to achieve tra-
jectory control. Besides, some MPRs use external sending devices
to realize sensing functions. Goldberg et al.[303] developed a cus-
tom motion capture system based on vision method, as shown in
ii) of Figure 13b; the system could rapidly and accurately track the
position of their MPR successfully. Estana et al.[304,305] presented
a position sensing system for their MPR based on the Moore ef-
fect, as shown in iii) of Figure 13b, three Moore-based marks were
equipped on the top of the MPR, the resolution and turn-round-
time of the system reached 1 and 0.2 s, respectively. For the con-
trol integration of MPRs, except for the integrated control units,
MPRs also needed to have enough sufficient motion agility. For
example, Chen et al.[306] proposed a soft MPRs driven by PVDF
films, and the single robot could only perform linear motion with
uncontrollable trajectory; then, two single robots were assembled

together to achieve both the linear and turning motions, provid-
ing the basis for trajectory control, as shown in Figure 13c.

The application scenarios of MPRs are rich and diverse since
MPRs with different piezoelectric actuating elements and work-
ing principles focus on realizing different aspects of charac-
teristics, such as high resolution up to nanometer[307,308] and
high speed up to hundreds of millimeters per second.[309,310]

Therefore, we try to sort out the applications of MPRs into
two categories, including the applications with fast macro mo-
tion and the applications of with precise micro motion. The
former is based on the characteristics of high speed, flexible
movement, small size, light weight, etc.; and it can cooperate
with some sensing and operating modules to complete some
applications, mainly including reconnaissance, handling, detec-
tion, and other application scenarios that require large-range and
rapid movement.[311,312] For example, Abondance et al.[313] de-
signed a miniature gripper composed of two piezoelectric uni-
morph beams, and equipped it to their MPR, as shown in i) of
Figure 13d; the MPR could handle some small objects weight-
ing up to 2.8 g. Besides, Lin et al.[269] added a commercial gas
sensor to their soft MPR to execute a gas leakage detection mis-
sion, as shown in ii) of Figure 13d. Xing et al.[314] proposed an
inertial driving type MPR, and demonstrated its potential ap-
plication for fine operation in small pipe, as shown in iii) of
Figure 13d. Moreover, De Rivaz et al.[191] presented a quadrupedal
MPR with voltage-controlled electroadhesion to realize the climb-
ing on inverted and vertical surfaces, and indicated its potential
application for in-situ inspection of high-value assets, such as a
curved portion of a commercial jet engine, as shown in iv) of
Figure 13d.

For the applications of MPRs with precise micro motion,
MPRs are based on the characteristics of high resolution, fast
response, flexible movement, small size, etc. and are equipped
with various micro tools to complete different micromanipula-
tion tasks, such as micro puncture, micro handling, micro scrib-
ing, micro gripping, microassembly, and so on[315–319]; in which
the micro tools mainly include microneedles, microgrippers, and
micropipettes, etc.,[320–324] as shown in Figure 13e. For instance,
Suzuki and Wood[104] assembled a microneedle on their MPR to
puncture a vessel phantom (silicone tube, about 200 μm thick),
demonstrating the potential application in retinal vein cannula-
tion, as shown in i) of Figure 13e. Besides, Fuchiwaki et al.[325] de-
signed a pipette on their MPR and used the steady streaming gen-
erated around the oscillating pipette to realize the in situ three-
axial rotation of cells, as shown in ii) of Figure 13e. Li et al.[326]

proposed a fixed type MPR equipped with a pair of microsur-
gical scissors, which could be used to cut copper wires, pork,
beef slices, intestines, etc., and the displacement resolution of
the scissors reached up to 40 nm, as shown in iii) of Figure 13e.
Hu et al.[327] installed a glass micro-needle on their MPR and
performed the microinjection process of a zebrafish embryo, in
which the embryo had a diameter of about 500 μm, as shown in
iv) of Figure 13e. Schmoeckel et al.[328] proposed an inertial driv-
ing type MPR equipped with a micro gripper, which could assem-
bly a 500 μm-diameter wheel of a planetary micro gear, as shown
in v) of Figure 13e. On the one hand, MPRs with precise micro
motion can successfully complete various micro manipulations
by equipping the appropriate micro tools.[329–334] On the other
hand, multiple MPRs with precise micro motion can be equipped
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Figure 14. Challenges and development trends of MPRs from the aspects of operating environment, structure of piezoelectric actuating element, multiple
working principles, new fabrication method and piezoelectric materials, and practical applications.

with different micro tools for coordinated operation.[335–340] For
instance, Wörn et al.[341] designed two inertial driving type MPRs
with the microgripper, one MPR grasped a pollen grain of 100 μm
and move it to a target location, and the other MPR could grasp
an additional probe to help release the pollen grain, as shown
in i) of Figure 13f. Moreover, Aoyama et al.[342] presented a mi-
cromachining system performed by multiple inchworm driving
type MPRs, as shown in ii) of Figure 13f; one MPR was assem-
bled a sample holder to move the sample material, the other MPR
was equipped a microdrill, and the two MPRs could collaborate
to make through holes with diameter of 50 μm under the combi-
nation of global and local path control.

6. Outlook and Conclusion

As mentioned above, many researchers have invested consider-
able effort into the research of MPRs in the past dozen years,
which has greatly promoted the development of MPRs and con-
tributed some impressive progress. In fact, the developed MPRs
have successfully exhibited much demanding performance, such
as body lengths as small as a few millimeters, body weights less
than 1 g, high speed up to hundreds of millimeters per sec-
ond, agile multi-DOF movements, high resolution up to sev-
eral nanometers, large load capacity up to several kilograms, etc.
Therefore, comprehensively analyzing the existing research re-
sults, we discuss and evaluate some challenges and development
trends in MPRs, as shown in Figure 14, trying to provide some
feasible research ideas for the further development of MPRs.

6.1. Structure Optimization of Piezoelectric Actuating Elements

As the core component of MPRs, the piezoelectric actuating el-
ements mainly have four structural forms, including the piezo-
electric stack, piezoelectric tube, piezoelectric patch beam, and
piezoelectric sandwich beam. These piezoelectric actuating ele-
ments with different structural forms have different characteris-
tics. For example, the piezoelectric patch beam has the simplest
structure, which is conducive to the miniaturization of MPRs;
but it usually has only 1-DOF deformation output and low struc-
tural stiffness, which limits the agility and load capacity of MPRs.
One interesting optimized structure is the piezoelectric compos-
ite beam with square cross section and ceramic sheets pasted on
its four sides, named piezo-leg,[140] which combines the charac-
teristics of simple structure, high stiffness, and 2-DOF deforma-
tion output. Therefore, the optimization of the structure of the
piezoelectric actuating element for achieving simpler structure
and smaller size while ensuring large deformation and sufficient
stiffness is an interesting research direction in MPRs.

6.2. Operating in Multiple Environments

MPRs can successfully operate in the different environments
by combing the corresponding auxiliary structures, such as
the foot, the microporous jet, and the flexible wing. Indeed,
some researchers have developed several MPRs operating in
multiple environments to further improve the environmental
adaptability,[113,114] but there are still few related studies on MPRs

Adv. Sci. 2023, 10, 2305128 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2305128 (20 of 28)



www.advancedsciencenews.com www.advancedscience.com

operating in multiple environments, especially the transition in
the different environments. Therefore, how to better realize the
movement and transition of MPRs in multiple environments is
another interesting research topic, which can help the MPRs im-
prove the environment adaptability and expand application.

6.3. Fusion of Multiple Working Principle

MPRs have achieved many impressive performances, and these
performances are realized by different MPRs based on different
working principles, such as such as the high speed of the reso-
nant type MPR, the nanometer resolution of the direct driving
type MPR, and so on. However, these performances are contra-
dictory for only a single working principle. For example, the res-
onant type MRP is usually easy to realize high speed due to its
large vibration amplitude and high working frequency, but the
high-speed movement is usually irregular and less controllable,
hindering the realization of high resolution. One useful and in-
teresting method to combine these impressive performances is
that integrating the multiple working modes into a single MPR,
such as improving motion agility by using both the standing-
wave and the traveling-wave actuating modes,[213] and combining
nanometer resolution and large motion range by utilizing both
the direct actuating and the inertial actuating modes.[214] Thus,
how to make a single MPR integrate more working principles to
obtain more excellent performances is a direction worth study-
ing. Besides, exploring new working principle for MPRs is also a
challenging and interesting research topic.

6.4. Attempts of New Fabricated Methods and Piezoelectric
Materials

The application of the new fabricated method and new piezo-
electric materials in MPRs have greatly promoted the develop-
ment of MPRs. On the one hand, the SCM method, AM method,
etc. can more conveniently make the special microstructures for
MPRs.[222–224,228–231] On the other hand, the new piezoelectric ma-
terials, especially the soft piezoelectric materials, have greatly ex-
panded the performances of MPRs, mainly including the PVDF
film that is conducive to the flexible body design and adaptability
of MPRs,[269,272] and the MFC laminate that is suitable for the un-
derwater MPRs due to its properties of large output force, water-
proof, etc..[273,276] Performing the attempts of new manufacturing
methods and piezoelectric materials in MPRs is valuable devel-
opment trend, which is helpful for realizing the large-scale and
batch production of the customized microstructure and further
improving the characteristics of MPRs.

6.5. Extension of Practical Applications

Thanks to the excellent characteristics of MPRs, their potential
application scenarios are very rich and diverse, mainly including
the fast macroapplications and the precision micro applications.
However, except for some boundary fixed type MPRs that have
been successfully commercialized,[283–285] most of the application
research stays in the experimental stage and has not been put

into practice applications. The autonomous movement is an im-
portant foundation for MPRs, especially for the mobile MPRs, in-
cluding the onboard power, sending, and control. Thus, improv-
ing the movement autonomy of MPRs is a meaning full research
direction, which is conducive to the practice application. Besides,
the collaborative operation of multiple MPRs is also an interest-
ing topic, which is beneficial to expand the application scenarios,
especially in the field of precision micromanipulation.

In summary, this paper mainly classifies and introduces MPRs
from three aspects, including the operating environment, the
structure of the used piezoelectric actuating element, and the
working principle. Besides, the attempts of new fabricated meth-
ods and piezoelectric materials in MPRs are summarized, and
application progresses of MPRs are analyzed and introduced. In
a word, the aim of this paper is to make a comprehensive and in-
sightful overview for the development of MPRs in the past dozen
years. Notably, based on the summary and analysis of the de-
velopment status of the MPRs, we discuss and conclude several
challenges and development trends in terms of the structure of
piezoelectric actuating element, the operating in multiple envi-
ronments, fusion of multiple working principles, new manufac-
turing methods and piezoelectric material, and applications. We
believe that the overview, discussion, and development trends
of this review will greatly facilitate the further development of
miniature piezoelectric robots.
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