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ABSTRACT Piezoelectric actuators are a class of actuators that precisely transfer input electric energy into
displacement, force, or movement outputs efficiently via inverse piezoelectric effect-based electromechanical coupling.
Various types of piezoelectric actuators have sprung up and gained widespread use in various applications in terms of
compelling attributes, such as high precision, flexibility of stoke, immunity to electromagnetic interference, and structural
scalability. This paper systematically reviews the piezoelectric materials, operating principles, representative schemes,
characteristics, and potential applications of each mainstream type of piezoelectric actuator. Herein, we intend to provide
a more scientific and nuanced perspective to classify piezoelectric actuators into direct and indirect categories with
several subcategories. In addition, this review outlines the pros and cons and the future development trends for all kinds
of piezoelectric actuators by exploring the relations and mechanisms behind them. The rich content and detailed
comparison can help build an in-depth and holistic understanding of piezoelectric actuators and pave the way for future
research and the selection of practical applications.

KEYWORDS piezoelectric actuator, piezoelectric effect, amplified piezoelectric actuator, ultrasonic actuator,

stepping actuator, piezoelectric polymer

1 Introduction

Recent advances in science and engineering have led to a
rapid expansion of applications of ultraprecision positio-
ning and driving technologies. As listed in Table 1,
piezoelectric  actuators demonstrate superiority in
nanometer-scale resolution, fast response, and immunity
to magnetic interference, outperforming their counterparts,
such as shape-memory alloy actuators and magnetostric-
tive actuators [1-3], in applications of precision
manufacturing, displacement output, medical treatment,
and microfluidics control (Fig. 1). Additionally, the
structural scalability and excellent load capacity make
piezoelectric actuators a promising candidate in the fields
of robotics, automation, industrial inspection [4], aero-
space, and defense. While exhibiting plenty of advantages,
piezoelectric actuators suffer from limitations, such as
short stroke at the early stage and strong nonlinearity, in
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terms of the fundamental principle of inverse
piezoelectric effect [5,6]. Highly nonlinear behavior, such
as hysteresis and creep, leads to degraded motion
accuracy and repeatability, the former usually accounting
for approximately 10%—15% of tracking error [7].

The development of various types of piezoelectric
actuators has been a subject of continuing interest over
the past decades, and researchers have explored numerous
approaches to achieve large strokes and other improved
performance [8,9]. For example, piezoelectric materials
are iteratively updated, thus injecting vitality into the
community with new types of materials. Some
researchers have tried to modify the working principle
and structural design, which have evolved into different
types of piezoelectric actuators, such as ultrasonic- and
inchworm-based actuators. Several reviews [8,9] focused
on the summarization of the recent progress of piezoelec-
tric actuators, whercas most conventional articles
classified piezoelectric actuators from a performance or
structure point of view. The lack of a scientific
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Table 1 Comparison of different types of actuators and their principles, accuracy, advantages, and disadvantages

Actuator type Driving principle Accuracy Advantages Disadvantages
Electrostatic Coulomb force Below the micron High efficiency, small size, insensitive =~ Small output force, harsh environment
to the outside temperature requirements
Electromagnetic Electromagnetic Micron High response frequency, reliable Large volume, serious heat, loud noise
induction operation, low cost, better output,
insensitive to the outside temperature
Shape-memory alloys Shape-memory effect Micron Better flexibility, small size, large Sensitive to external temperature, slow

deformation, high energy density response, low efficiency

Magnetostrictive Magnetostrictive effect ~ Below the micron Large driving force, no fatigue and Sensitive to electromagnetic magnetic
heat loss fields, hysteresis
Electrostrictive Electrostrictive effect ~ Below the nanoscale Low creep, better reproducibility ~ Sensitive to temperature, average energy
density
Photostrictive Photostrictive effect Micron Antielectromagnetic interference, Sensitive to temperature, low efficiency
lightweight, miniaturization, high
response frequency
Piezoelectric Inverse piezoelectric Subnanometer Antimagnetic interference, high Hysteresis, creep, more sensitive to
effect efficiency, high response frequency temperature
Applications
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Fig. 1 Piezoelectric actuators and their fields of application.

perspective led to classification ambiguity or an insuffi-
cient grasp of some future development trends. A
systematic review of the piezoelectric actuators, including
the materials, operating principles, representative
schemes, and development trends, has remained elusive.
Herein, we divide piezoelectric actuators into direct and
indirect categories with several subcategories from a
more nuanced perspective, which helps cover mainstream
and cutting-edge piezoelectric actuators and provides a
more in-depth insight into concern in the engineering
field.

Direct piezoelectric actuators refer to piezoelectric
actuators that directly use the stretching effect of the
piezoelectric film without complicated structural and
principal design. Therefore, it incorporates features, such

as high precision, simple construction, and rapid response
[8,10], and 1is especially suitable for short-stroke
applications with high precision requirements. This big
class is further divided into unimorph, bimorph, and
actuators with amplified schemes according to the
operation principle. From a structural point of view, the
unimorph and bimorph ones are the simple variants of a
monolithic film-based actuator, which is the basis of the
direct piezoelectric actuators, while amplified schemes
use the stacking strategy [11,12], and flexible hinges are
advanced variants to address the short stroke and low
load capacity issues straightforwardly by amplification.
Notably, unimorph, bimorph, and stacks can be used in
conjunction with flexible hinges to combine the merits
together [13,14], improving other performance [15,16].
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In contrast to direct piezoelectric actuators, indirect
piezoelectric actuators convert the deformation of
piezoelectric materials into indirect displacement via
some complicated structures, and the relation between the
deformation of the materials and the output displacement
is more than simple amplification. By using strategies,
such as repeating and stepping, indirect piezoelectric
actuators can achieve a larger stroke and responses with
more degrees of freedom (DOFs) [10,17,18], while the
potential cost is the increased complexity and the
decreased resolution. Depending on the working principle,
this big class is further divided into two subcategories,
ultrasonic actuators [19], and stepping actuators [8]. They
both have subclasses, which will be introduced in detail.

Figure 2 presents a comprehensive classification frame-
work, and it constitutes the main body of this review
together with the necessary introduction of the
piezoelectric effect principle and piezoelectric materials.
Accordingly, this paper is organized as follows: Section 2
briefly outlines the piezoelectric effect principle and the
piezoelectric materials; Section 3 elaborates on direct
piezoelectric actuators, including unimorph, bimorph, and
amplified piezoelectric actuators; Section 4 divides
indirect piezoelectric actuators into ultrasonic motors and
stepping actuators and introduces them one by one;

Section 5 compares the pros and cons of different types of
actuators, refining the characteristics of types of
piezoelectric actuators from a scientific point of view;
and Section 6 presents the conclusions and outlook on
future developments.

2 Piezoelectric effect and piezoelectric
materials

2.1 Background

The piezoelectric effect denotes the ability of certain
materials to generate an electric charge in response to
applied mechanical stress, whereas the inverse effect is
the reverse, as shown in Fig. 3. Generally, the piezoelec-
tric effect stems from the electromechanical coupling
between the dielectric and elastic properties. Dielectric
properties mainly refer to the relationship between
electrical displacement and electric field, and elastic
properties refer to the relationship between stress and
strain. The IEEE standard on piezoelectricity [20] has
been established for decades based on fundamental
contributions from Voigt [21], Cady [22], Heising [23],
Mason [24], Mindlin [25], Tiersten et al. [26,27], etc.
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Fig. 3 Piezoelectric effect energy conversion relationship.



Figure 4 shows the schematic of the basic working modes
of direct and indirect piezoelectric effects, including the
longitudinal, transversal, and shear modes. The piezoelec-
tric coupling coefficients used in each case are listed in
Table 2.

Piezoelectric constitutive equations are the underpin-
ning for the design and analysis of piezoelectric actuators,
which can be obtained by experimental results and
rigorous derivation from thermodynamic theory [28]. In
consideration of different boundary conditions, mechani-
cal and electrical boundary conditions can be combined in
pairs; therefore, four sets of piezoelectric constitutive
equations can describe the piezoelectric effect. In the
different equations, the selection of independent and
dependent variables is also diverse. Usually, different
boundary conditions are used as independent variables.
These formulas reflect the relationship between the
mechanics and electricity of the piezoelectric material,
and the essence behind them is the same and can be
converted into each other [20]. These -constitutive
equations clearly elaborate the principle and relation of
the piezoelectric effect and play a crucial role in practical
analysis and simulation, such as finite element analysis.
In practical applications, the piezoelectric equations of
the first and second types are commonly used because the
electrical displacement D; (in the third and fourth types),
as an artificially defined quantity, cannot be effectively
controlled.

- Electrode layer

(@)

Piezoelectric layer
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The existence of nonlinear behavior in piezoelectric
actuators leads to the degradation of positioning accuracy.
This behavior mainly includes hysteresis and creep
effects. Hysteresis refers to a nonlinear phenomenon
exhibiting a loop and branched relationship between the
applied voltage and output displacement. It depends upon
the current input voltage, history of input, and input
signal frequency [29]. This behavior is positively related
to frequency [7]. Creep behavior refers to slight
variations in displacement after input signal change. It
becomes less dominant at high frequencies [30]. The
control of piezoelectric actuators is critical due to the
above behavior, which must be appropriately handled in
practical engineering applications [31]. When facing the
nonlinear factors of the actuator itself and the external
disturbances, in contrast to the traditional proportional
integral derivative (PID) control strategy, the trend in
recent years is to adopt sliding mode control—a kind of
robust control method to cope with them [32], which even
includes the scheme of introducing neural network [33]
and reinforcement learning algorithm [34].

2.2 Piezoelectric materials

Materials that can exhibit the piezoelectric effect are
called piezoelectric materials [35]. Specifically, a
piezoelectric material is a special type of dielectric
material in terms of its noncentrosymmetric crystal
structure [36].

- Elastic structure

Fig. 4 Unimorph piezoelectric actuator: (a) bending mode 1, (b) bending mode 2, and (c) linear expansion/retraction mode.

Table 2 Coupling coefficients for different modes

Type Mode Orientation of stress Orientation of charge Coupling coefficient
Direct piezoelectric effect Longitudinal 3 3 ds;
Transversal 3 1 ds1
Shear 1 5 dis
Indirect piezoelectric effect Longitudinal 3 3 e33
Transversal 3 1 e31
Shear 1 5 els
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Piezoelectric materials can be classified into single
crystals, piezoelectric ceramics, and polymers. Table 3
summarizes the properties of various piezoelectric
materials. Single crystals can achieve a more extensive
range of the piezoelectric constant via different doping
methods and thus, the highest coefficient, while better
specifications usually result in higher cost and greater
fragility. Most common commercial piezoelectric
materials, piezoelectric ceramics, usually have a higher
piezoelectric constant and dielectric constant, which
result in a stronger piezoelectric effect. Polymers exhibit
low piezoelectricity in terms of the relatively small
piezoelectric constant and dielectric constant while they
show better flexibility, low density, low acoustic
impedance, and easy processing. A brief introduction to
these types is given below.

Piezoelectric single crystals contain natural and
synthetic ones. The former representatives are quartz and
Rochelle salt [37-39], and the latter representatives are
PMN-PT, PIN-PT, PZN-PT, etc. [40]. The piezoelectri-
city of natural single-crystal piezoelectric materials
originates from their natural structural growth, whereas
that of relaxor ferroelectrics represented by PMN-PT
comes from artificial control [41]. The latter gained
widespread attention in the mid-1990s with the gradual
maturity of the relaxor ferroelectric single-crystal growth
technology and obtained astonishing piezoelectric coeffi-
cients in related experiments. Park and Shrout [42]
reported amazing PMN-PT and PZN-PT, whose
piezoelectric coefficient d3; and electromechanical
coupling k33 can reach up to 2500 pC/N and a level of
> 90%, respectively. In recent years, Li et al. [43] have
also realized an Sm-doped PMN-PT single crystal with a
coupling coefficient ds3 up to 3400-4100 pC/N. However,
the excellent coupling coefficients result in high cost and
process complexity [44].

BaTiO; [45,46], AIN [47], and piezoelectric lead
zirconate titanate (PZT) [48] are representative materials

among the group of piezoelectric ceramics. The
piezoelectric effect is described as the change in ion
equilibrium and the creation of a nonzero crystal dipole
moment through the ions’ motion under stress. Among
them, PZT ceramics, discovered in the 1950s [5], with
morphotropic phase boundary [49,50] compositions have
prominent figures of merit, such as an electromechanical
coupling factor k33 > 0.60, a piezoelectric coefficient
dz3 > 200 pC/N, low cost of manufacture, and a relatively
high Curie temperature 7, (~350 °C). These characteris-
tics make it widely used in many fields. However, in
consideration of the ever-increasing medical diagnostics
and precision manufacturing demands, piezoelectric
ceramics that have excellent piezoelectricity (high
piezoelectricity with high-temperature stability and broad
usage temperature ranges) are required. Work in this area
must resolve the dilemma in which piezoelectricity and
Curie temperature can only be enhanced at the expense of
each other; a breakthrough was achieved recently [51] by
using a seed-passivated texturing process to fabricate
textured PZT ceramics.

Piezoelectric polymers [52] are a class of piezoelectric
materials with a relatively few applications. They can be
further classified as bulk polymers, piezoelectric compo-
site polymers, and voided charged polymers [53,54].
Typical bulk polymers are polyvinylidene fluoride
(PVDF) [55,56], polyamides, Parylene-C [57], polyimide
[58,59], and polyvinylidene chloride [54]. These poly-
mers are mostly organic materials. Piezoelectric compo-
sites are polymers with a mixture of inorganic piezoelec-
tric materials [60,61], which combine the advantages of
two different materials [62]. Voided charged polymers,
also known as porous/cellular polymers, have internal gas
voids, which can exhibit piezoelectric effects when the
polymer surface around the gas voids is electrically
charged [63]. The filler gases can be N,, CO,, etc., which
correspond to different properties [64,65]. The gas choice
and the charge method of the voids are two main ways to

Table 3 Piezoelectric coupling coefficients of different piezoelectric inorganic and organic materials

Piezoelectric constants

Compound Material Type Ref.
d33/(pC-N") d31/(pC-N")

Inorganic a-Quartz Single crystal 2.31 - [37]

LiNbO; 6 -1 [37]

PMN-PT 2500 - [42]

PZN-PT 2455 ~1204 [40]

PIN-PT 1600 - [41]

AIN Ceramic 5.5 -2.0 [47]

BaTiO; 191 -79 [35]

PZT-5A 374 —-171 [48]

PZT-5H 650 -320 [35]

Organic PVDF Polymer 25 - [56]

Polyimide 2.5-16.5 - [53]
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tune the piezoelectric effect [66]. This material is more
important in some special fields, such as medical
treatment and flexible electronics, than in others.

3 Direct piezoelectric actuators

Direct piezoelectric actuators use piezoelectric materials
in a relatively straightforward path. This big class is
divided according to structural design: unimorph,
bimorph, and amplified schemes.

3.1 Unimorph piezoelectric actuators

The typical structure of a unimorph piezoelectric actuator
is a single layer of a piezoelectric material sandwiched by
two thin conductive metal electrode layers [67-69], and
the actuator is usually bonded onto an elastic structure,
such as an elastic shim [70].

Unimorph piezoelectric actuators can be divided
according to shape: square/rectangular, ring, circular, and
cantilever types [71]. They can also be divided according
to the working mode: bending mode, linear expansion/
retraction mode, etc., as shown in Figs. 4(a)—4(c). The
main piezo coupling coefficient in the adopted operating
methods is d3; (transversal mode).

Figure 5 [72—78] presents various unimorph actuators.
Most representative unimorph actuators are the
RAINBOW (reduced and internally biased oxide wafer)
[72,79] and THUNDER (thin layer unimorph driver) [73,
80] actuators, as shown in Figs. 5(a) and 5(b). The
introduced prestressing and arching help to produce
greater displacement [81,82]. Typical applications of
unimorph actuators include fish-shaped robot [74] (Fig.
5(c)), cooling fan [75] (Fig.5(d)), active vibration
isolation system [76] (Fig. 5(e)), multi-DOF micromanipu-
lator [77] (Fig. 5(f)), miniature underwater robot [78]
(Fig. 5(g)), proportional microvalve [83], etc. Another
application of unimorph actuators focuses on piezoelec-
tric micromachined ultrasound transducers (PMUTs),
which mainly utilize their vibration characteristics [84].
In the commercial field, three major companies have
researched them: Qualcomm has developed the first
commercialized in-display 3D sonic sensor for map 3D
fingerprints (Fig. 5(1)). TDK Inc. commercialized
rangefinders that can be used for 1.2 and 5 m ranges,
respectively (Fig. 5(h)). Exo Inc. achieved a handheld
prototype of a PMUT array, consisting of 4096 low-
power units, for multiharmonic imaging (Fig. 5()).

Unimorph piezoelectric actuators, in terms of their
deformable structure, are the simplest and most primitive
type. Therefore, theoretically, their deformable parts hold
the advantages of excellent reliability and repeatability in
terms of the actuating mechanism, while these
characteristics also lead to the disadvantages of short

stroke [10] and weak load capacity. The latter has the
same effect on its overall structure in actual use.

3.2 Bimorph piezoelectric actuators

Bimorph piezoelectric actuators usually consist of two
layers of piezoelectric materials with or without metal
shim. The asymmetric expansion of the piezoelectric
material along its length brings up amplified bending
effects and larger tip displacements [70], while the
demerit incorporates weak load capacity [85,86]. As
listed in Fig. 6(a), the main operation modes and structure
classification are roughly the same as those of unimorph
piezoelectric actuators. The electrical connections of the
piezoelectric layers in the bimorph actuators are different
and have two configuration modes: parallel and
antiparallel [9]. The former means that the polarization
directions of the two piezoelectric layers are the same,
while the latter means that they are configured with
opposite polarization directions [87,88], as shown in Figs.
6(b) and 6(c). The tip displacement of the antiparallel
configuration is usually smaller than that of the parallel
configuration mode [89] because the deformation of
different PZT layers of antiparallel is opposite, resulting
in a decrease in tip deflection.

Figure 7 [90-93] shows some applications of bimorph
piezoelectric actuators. Similar to unimorph piezoelectric
actuators, bimorph piezoelectric actuators have made
great strides and found applications in many fields, but
they occupy a large proportion in the fields of robotics
and automation, such as robotic assembly [90] (Fig. 7(a)),
microgripper [91] (Fig. 7(c)), flipping wing of micro air
vehicle [92] (Fig. 7(b)), and insect-scale robots [93] (Fig.
7(d)). In addition, the materials used are expanded to PZT,
PVDF [9495], ZnO [96,97], and other novel
piezoelectric materials [98,99].

In summary, bimorph piezoelectric actuators are a
structural improvement of the unimorph piezoelectric
actuators with the consequent benefits of larger tip
displacement, more reliable overall construction, and
stronger output force. These features also expand the
scope of the application.

3.3  Amplified piezoelectric actuators

3.3.1 Multiple piezoelectric stack actuator (PSA)

The deformation of a single-layer piezoelectric material is
usually small because of the limited thickness of a single
layer [100,101]. Researchers and engineers explored
many avenues to increase the deformation, and one of the
easiest ways is to stack up multiple layers whose defor-
mation orientations are identical (called “piezostack™).
The stacking strategy can amplify the deformation and
driving force. This kind of actuator usually has a large
blocking force [102], which refers to the maximum static
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Fig. 5 Different kinds of unimorph piezoelectric actuators and applications: (a) RAINBOW actuator [72], reproduced with permission
from AIP Publishing; (b) THUNDER composite laminate [73], reproduced with permission from SPIE; (c) biomimetic fish-shaped robot
[74], reproduced with permission from Springer Nature; (d) piezo cooling fan [75], reproduced with permission from Elsevier; (e) active
vibration isolation system [76], reproduced with permission from SAGE Publications; (f) multi-degree of freedom piezoelectric
micromanipulator [77], reproduced with permission from IEEE; (g) miniature cross-shaped underwater robot [78], reproduced with
permission from IEEE; (h) CH201, a 5 m piezoelectric micromachined ultrasound transducer rangefinder commercialized by TDK Inc.,
reproduced with permission from IEEE; (i) 3D sonic sensor used as an in-display fingerprint sensor developed by Qualcomm Inc., and
(j) Cello, a handheld portable piezoelectric micromachined ultrasound transducer-based imaging probe developed by Exo Inc. PJA: pulsed-
jet actuator, PZT (PLZT): piezoelectric lead zirconate titanate.
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Fig. 6 Bimorph piezoelectric actuators: (a) linear expansion/retraction mode and bending mode, (b) parallel configuration, and
(c) antiparallel configuration.
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Fig. 7 Use of bimorph piezoelectric actuators in different scenarios: (a) prototype of the bimorph actuator-based manipulator arm [90],
reproduced with permission from SAGE Publications; (b) flapping micro air vehicle [92], reproduced with permission from Springer

Nature; (c) piezoelectric actuator-based microgripper [91], reproduced with permission from SPIE; and (d) insect-scale robots [93],
reproduced with permission from IEEE. PZT: piezoelectric lead zirconate titanate.

compressive strength that can be applied to the actuator longitudinal stacking, transversal stacking, and shear
without causing permanent damage or failure. stacking. The corresponding piezoelectric coupling
Figure 8 shows three stacking methods, namely, coefficients are ds3, d31, and d;s, respectively.
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Fig. 8 Three structures of the stack: (a) longitudinal stack, (b) transversal stack, and (c) shear stack. PZT: piezoelectric lead zirconate

titanate.

In a longitudinal stack, as shown in Fig. 8(a), the
polarization directions of two adjacent layers are opposite,
and the internal electrodes of the same polarity are
connected through the metal shim in the middle. The
stack is powered by two external electrodes, driving the
multiple layers simultaneously. The transversal stack and
the shear stack, as shown in Figs. 8(b) and 8(c), hold the
same electrical connections by locating the internal
electrodes of the same polarity on the same side of a layer
of piezoelectric material, while the distribution of
polarization orientation of each layer is different.

The output displacements for three stacking modes with
n layers of piezoelectric materials can be expressed as

where L represents the output displacement, whose
subscript represents the corresponding stacking mode, U
is the voltage applied to the external electrodes, and / and
h represent the length and height of the single layer of
piezoelectric material, respectively.

Piezostack is a mainstream product of direct piezoelec-
tric actuators. Table 4 lists typical models of mature
products supplied by large corporations. It outlines the
performance parameters, including operating voltage,
temperature, and blocking force, which can help achieve
a general understanding and choose the feasible product
on demand. Notably, the accuracy of the stack products is
not listed here because it is affected by many factors, such
as the actuator size and the resolution of the signal

L, = nd;; U, 1 . . . ;
: 3 & controller, which cannot be quantified in a unified
Ul standard.
L= nd,, n @) PSAs, especially the longitudinal stack and shear stack,
can have different shapes [103—-105] and external
Ly =ndsU, () electrode settings [106]. Piezostacks incorporate the
Table 4 Piezo stack products from different companies
. . Operating Operating Blocking
Affiliated company Product Main feature voltage/V temperature/°C force/kN
Physik instrumente P-007-P-056 PICA stack piezoelectric High forces up to 78 kN, high 0-1000 —20-85 0.65-78.00
(PI) actuators displacement up to 300 pum, flexible
production
P-080 PICMA stack multilayer ring With an inner hole for preload or an —20-100 —40-150 0.80-0.85
actuators aperture for optical applications, ideal for
dynamic operation
P-088 round PICMA stack multilayer High blocking force up to 7.5 kN, —20-100 —40-150 7.50
piezoelectric actuators flexible and adaptable overall height
Piezo direct PDJ150 series for rectangular actuators - —20-150 —20-120 0.25-7.20
PDH200 series for ring actuators - —20-200 -20-120 3.60-7.20
Cedrat technologies  Parallel pre-stressed actuator series Low voltage piezo ceramic, optimal —20-150 - 1.10-9.30
preload for high dynamics
COREMORROW NAC20 series - 0-60, 150, 200 0-150 0.17-9.45
NAC21 series - 0-60, 150, 200 0-150 1.06-8.45
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merits of larger stroke, large blocking force, low
actuating voltage, and rapid response, while the demerits
include possible large size and weak resistance to tensile
deformation [9,107,108].

3.3.2 Piezoelectric actuators with flexible hinges

Another type of amplified piezoelectric actuator is
flexible hinge based [109], wherein flexible hinges are
made of elastic materials, and the whole structure
contains no assembly components. From the perspective
of structure, this type of actuator can be further divided
into three categories: lever-type amplification mechanism
(LAM), triangular-type amplification mechanism (TAM),
and hybrid-type amplification mechanism (HAM) [13,
110]. Figures 9 and 10 show different types of flexible
hinges and respective equivalent models. When in use,
the elastic part deforms under the force generated by the
piezoelectric actuator unit and releases amplified
displacement through the predesigned structure.

Figure 11 [111-114] shows typical structures based on
LAM and TAM. Multiple functions can be realized by
LAM-based actuators. As shown in Figs. 11(a) and 11(b),

Front. Mech. Eng. 2024, 19(1): 6

a simple two-DOF microgripper with a grip and rotation
range of 50-500 pm was proposed by Dsouza et al. [111].
Wu etal. [115] used this structure to drive the chopper
mirror and realized a displacement amplification ratio of
9. TAM-based actuators, which contain the bridge type,
can also be used in various applications, such as tripod
manipulation [116], miniature gripping [112] (Fig. 11(c)),
and simple displacement amplification [117]. Juuti et al.
[118] combined prestressed and bridge-amplified struc-
tures to construct an enhanced piezoelectric displacement
actuator. The Scott—Russell (S—R)-type flexible hinge has
the characteristic where the output displacement is a
straight line under a given input. A typical demonstration
is the symmetrical microgripper designed by Sun et al.
[113], which has a jaw displacement of 134 pm and an
amplification ratio of 15.5 (Fig. 11(d)). Tian et al. [114]
designed a piezoelectric actuator for nanomanipulation
(Fig. 11(e)). In addition, the micropositioning platform
based on this structure can be used to identify the S-R
mechanism driven by the piezoelectric actuator [119].

In summary, piezoelectric actuators with flexible
hinges have the advantages of compact structure, smooth
and repeatable motion, low inertial mass, low wear, and

Flexure-based displacement
amplification mechanisms

v v
Lever-type amplification .| Hybrid-type amplification | Triangular-type amplification
mechanism " mechanism - machanism
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no “backlash” phenomenon. The disadvantages include
weak output torque, poor overall stiffness, easy breakage
due to stress concentration, and relatively slow response
speed.

4 Indirect piezoelectric actuators

Contrary to direct piezoelectric actuators, indirect
piezoelectric actuators use relatively complex structures
to output displacement, which can be subdivided into
ultrasonic motors and stepping actuators, in terms of the
output displacement mode. From a principal point of
view, the latter ones contain friction—inertia actuators and
stick—slip actuators, as shown in Fig. 2.

4.1 Ultrasonic actuators

Ultrasonic piezoelectric actuators are known as ultrasonic
motors. Although this type of actuator can realize
stepping motion, in principle, it is essentially different
from the stepping actuators. Current ultrasonic motors
stem from the research conducted by Japanese Scientist
Sashida in 1982 and 1983 [120,121]. Ultrasonic motors
can be divided into standing wave ultrasonic, traveling
wave ultrasonic, and hybrid-mode motors [122] in terms
of the type of driving mode [123,124]. They can be

classified into single-DOF motors and multi-DOF motors
from another perspective. The advantages include high
speed and torque, fast response, ease of miniaturizing,
quiet operation, antielectromagnetic interference, and no
“backlash” phenomenon, while the disadvantages include
complicated structure and control system, and reduced
working life due to potential running heat [125].

The key point to the operation of standing and traveling
ultrasonic motors is the elliptical motion of the driving
foot relative to the rotor. As shown in Fig. 12, the process
can be expressed as follows: The piezoelectric material
excites the microvibration of the stator, an elastic body,
above the ultrasonic frequency (> 20 kHz), and then the
vibration is amplified by the resonance of the stator and
transformed into the rotational/linear motion of the rotor
through the friction movement between the stator and
rotor. In addition to the working principle mentioned
above, new varieties have emerged. Readers who are
interested in ultrasonic motors can further refer to
relevant reviews [19,126]. In consideration of the focus of
this review, the next sections will only discuss the most
common standing wave ultrasonic motors and traveling
wave ultrasonic motors in detail.

4.1.1 Standing wave

As the name suggests, a standing wave motor (SWM)
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generates the elliptical motion of the driving foot through
the standing wave excited by the stator, as shown in
Fig. 13(a). Specifically, standing waves are excited as
follows: A driving source is placed in a closed loop
(round or square), and the driving source works at the
resonant frequency of the loop; then, the standing wave is
generated when two symmetrically propagated vibration
waves superimpose with each other [123]. The standing
wave has the following expression:

y(x,1) = Acos (kx)cos(wt), 4
where ¢ and w are time and angular frequency,
respectively, A represents the amplitude of the standing
wave, k is the wavenumber whose value is equal to 2/
(4 is the wavelength of the standing wave), and the
coordinate of a certain position on the elastic body is
represented by x. The motion direction of the rotor is
determined by the vibration direction of the driving foot,
as shown in Figs. 13(b) and 13(c). If the trajectory of the
driving foot is from bottom-left to top-right, then the rotor
moves to the right, and vice versa.

Driving foot

Runner

SWM can be divided into linear SWMs and rotary
SWMs according to the displacement output form,
whereas they can be unidirectional SWMs and
bidirectional SWMs [127] according to displacement
direction. Figure 14 [128-137] shows various types of
SWMs and their applications. In the structure shown in
Fig. 14(a), Wang etal. [128] designed an asymmetric
linear SWM and achieved a speed of 127.31 mm/s. The
longitudinal bending coupled motor proposed by Liu et al.
[129] went one step further, pushing forward the speed to
891.3 mm/s (Fig. 14(b)). Fan etal. [138] improved the
thrust—weight ratio of this type of motor by signal control.
An SWM applicable to special circumstances, such as the
deep sea, proposed by He et al. [130], can achieve a speed
of 214 mm/s underwater at a pressure of 8 MPa (Fig.
14(c)). Jian et al. [131] designed a linear ultrasonic motor
to meet the requirements of an absolute gravimeter (Fig.
14(i)). Yeh et al. [132] used ultrasonic motors in a haptic
feedback system to improve medical devices’ haptic
perception and operation ability (Fig. 14(j)). In addition,
this type of motor can have different shapes for different

'y >
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Normal force

[] Runner [] Driving foot [ Piezo-C
[ Piezo-A [] Piezo-B

== Moving direction
«—  Vibrating direction

--- Previous position

—o Electrode
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Fig. 13  Excitation of standing waves and methods of changing direction: (a) operating principle of standing wave motor, changing the
propagation direction by (b) electrode configuration and (c) frequency configuration.
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Fig. 14 Various standing wave ultrasonic motors: (a) prototype of the linear ultrasonic motor based on asymmetric structure [128],
reproduced with permission from Elsevier; (b) actuator prototype proposed by Liu et al. [129], reproduced with permission from Elsevier;
(c) actuator used for deep sea [130], reproduced under the terms of the CC BY license; (d) prototype of the frog-shaped ultrasonic actuator
[133], reproduced with permission from IEEE; (e) L-shaped ultrasonic motor [134], reproduced with permission from AIP Publishing;
(f) standing wave ultrasonic motor with rotational displacement output [135], reproduced with permission from Elsevier; (g) bidirectional
ultrasonic motors [137], reproduced with permission from Elsevier; (h) standing wave ultrasonic motor with three transducers [136],
reproduced with permission from Trans Tech Publications; (i) ultrasonic motor for absolute gravimeter [131], reproduced with permission
from Elsevier; and (j) ultrasonic motor for haptic feedback [132], reproduced with permission from Elsevier. PZT: piezoelectric lead
zirconate titanate, SWM: standing wave motor.

applications, such as frog-shaped [133] (Fig. 14(d)), L- Rotary SWMs also have an extensive range of
shaped [134] (Fig. 14(e)), and trapezoidal [139]. applications. Liu et al. [135] realized a prototype with a
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typical no-load output speed of 165 r/min and maximum
torque of 0.45 N-m at a sinusoidal input peak voltage of
282 V and a frequency of 28.17 kHz as shown in Fig.
14(f). Recently, Liu et al. [136] presented a prototype of a
rotary SWM with three longitudinal vibration transducers
(Fig. 14(h)). The aforementioned two types of motors
have unidirectional [140,141] and bidirectional [135,137]
(Figs. 14(f) and 14(g)) modes according to the direction
of the output displacement.

In general, SWMs exhibit features of low cost and high
efficiency due to the few driving sources, while the
standing wave scheme causes more wear and tear
compared with traveling wave-based motors [19,142].

4.1.2 Traveling wave

The difference between the traveling wave motor (TWM)
and the SWM is that the elliptical motion of the driving
foot does not come from fixed points but from all points
of the contact surface of the stator. Specifically, two
standing waves with the same amplitude and frequency
but a spatial difference of a quarter wavelength and a
phase difference of n/2 in time [19] can synthesize a
traveling wave. The synthetic traveling wave propagates
in the opposite direction to the elliptical [143], as shown
in Fig. 15.

Equations (5) and (6) are the expressions of two
standing waves, and Eq. (7) represents the synthetic
traveling waves.

i (x,1) :Asin(%nx)cos(wt), 5)

yz(x,t):Asin(zf (x+:—:))cos(wt+g), (6)
. (2=

y3(x,t):y1+y2:Asm(7x—wt). (7)

Figure 16 [144-150] shows different kinds of TWMs

Moving direction Driving foot Runner

Stator

==~ Wave propagation Neutral layer

(a)

Fig. 15
wave.

and their applications. Many studies have been conducted
on TWMs. In the structure shown in Fig. 16(a), Chen et al.
[144] proposed a typical TWM utilizing a radial bending
of a thick ring and finally achieved a maximum speed of
146 r/min and torque of 1 N-m. Sun et al. [145] combined
the preload optimization method and thus designed a
TWM-based cooperative manipulator applicable to the
industrial field (Fig. 16(e)). Jia etal. [146] applied the
TWM to wheeled robots and achieved a no-load
maximum speed of 136.8 mm/s (Fig. 16(d)). TWMs can
be used as vibration feeding devices [147] (Fig. 16(g)),
and they have been widely used in camera focusing
systems [148,151] (Fig. 16(f)), aerospace, biological
equipment, etc. [152], wherein this kind of motor can
have different designs, including spherical [149,153]
(Fig. 16(b)), cylindrical [154], hollow [150,155] (Fig.
16(c)), arc-shaped [156], etc. In the future, improving the
performance of TWMs will be a subject of continuing
interest [157].

TWMs can easily realize forward and backward move-
ment, thus offering great design and usage flexibility. The
potential disadvantage is that the operation efficiency is
reduced due to the requirement of multiple signal-
generating sources to generate the driving signal. The
complex structure and the difficulty of miniaturization
also restrict its application.

4.2 Stepping actuators

Stepping actuators drive moving components and output
displacement step by step. This method -effectively
addresses the shortcoming of short strokes for traditional
piezoelectric actuators. Stepping actuators can be
classified into friction inertial, inchworm, and other forms
[158]. The first two forms are discussed in detail in this
section.

4.2.1 Friction—inertia actuators

The fundamental principle of friction—inertia actuators is

Wave propagation

—— — Standing wave-1 Traveling wave

— — — Standing wave-2  wt=mn/4

(b)

Operating principle of the propagating wave motor: (a) elliptical motion of the driving feet and (b) synthesis of the propagating
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wave motor (TWM) for wheeled robot [146], reproduced with permission from IOP Publishing; (e) traveling wave motor for manipulator
[145], reproduced under the terms of the CC BY license; (f) traveling wave motor for camera auto zooming of a Samsung cellular phone;
and (g) ultrasonic motor for feeding device [147], reproduced under the terms of the CC BY license. PZT: piezoelectric lead zirconate

titanate.

the conservation of momentum [159]. The form of the
driving signal includes the sawtooth wave, the isosceles
triangle wave, the square wave signal, etc. (Fig. 17).
Friction—inertia actuators can be divided into inertia/
impact drive actuators (IDAs), stick—slip [160] drive
actuators (SSDAs), and smooth impact drive actuators
[161]. As shown in Fig. 18(a), the simplified model of an
IDA consists of two masses and one piezoelectric element.
IDAs have a relatively faster-moving speed and less wear
than SSDAs, while the mass transport capacity of IDAs
must be improved. The displacement of IDAs is
generated when the input voltage drops rapidly, and the

displacement cycle contains three steps: 1) All
components are in the initial state with no external
electrical signal. 2) The piezoelectric element expands
slowly with the increase in the external input signal. The
inertial mass moves to the right while the rest of the
system remains stationary. 3) The input electrical signal
decreases rapidly, causing the piezoelectric element to
contract rapidly. Given that the inertial impact force is
greater than the static friction, the main block moves to
the right with the distance As. By repeating the above
steps, IDAs can realize unrestricted stroke.

Figure 19 [162—-166] shows two different displacement
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output methods of IDA, including linear displacement
output and rotational displacement output. IDAs have
found wvast applications in various fields. A typical
application is the positioning platform [159]. For example,
Yamagata et al. [167] designed a hexagon-shaped three-
axis positioning table based on IDAs to be employed in
an ultrahigh vacuum environment. IDAs can be used for
linear drives [162,163,168] (Figs. 19(a) and 19(b)) and
rotary drives [164] (Fig. 19(d)). Hua et al. [165] designed
a precision linear actuator, whose impact force is
generated by a set of asymmetrically clamped cantilever
bimorphs, and it achieved a maximum load capacity of
larger than 100 g (Fig. 19(c)). A rotary inertial actuator
using two piezoelectric stacks as power converters was
designed by Wen et al. [166]; this actuator achieved an
angular displacement resolution of 10 prad when driven
by a 15 Vp, (peak to peak voltage) square wave with a
frequency of 10 Hz (Fig. 19(e)).

Different from IDAs, the motion process of an SSDA is
smoother, and the output displacement motion is
generated when external voltage slowly rises. The
transport capacity is relatively better with the cost of

more severe wear. The working state of SSDAs includes
three steps, as shown in Fig. 18(b):

1) All components are in the initial state without an
external electrical signal.

2) The “stick” stage: The piezoelectric element expands
gradually with the slow increase in external signal.

3) The “slip” stage: The slider turns back to the original
position approximately due to inertia with a rapid
decrease in external signal.

The slider changes the position of As in one cycle, and
the travel can be theoretically unlimited by repeating the
above steps.

Figure 20 [169-172] shows various types of SSDAs.
After being raised in 1999 [173], SSDAs have been used
in medical equipment [169,174] (Fig. 20(a)), robotics
[170] (Fig. 20(b)), zoom lenses [175], and other fields in
terms of the capability of linear displacement output [171,
176] (Fig. 20(c)) and rotational displacement output [172]
(Fig. 20(d)). In addition, the stick—slip drive form may
change from “stick—slip” to “slip—slip” [177,178] with a
high-frequency drive signal.

As a friction—inertia type, SSDAs are limited in its
application due to the “backlash” phenomenon and small
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Fig. 19 Different kinds of inertia/impact drive actuators: (a) linear piezoelectric motor by Liu et al. [162], reproduced with permission
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the inertia drive actuator by Hua etal. [165], reproduced with permission from Trans Tech Publications; (d) prototype of rotary
piezoelectric motor [164], reproduced with permission from SPIE; and (e) structure of the rotary actuator by Wen et al. [166], reproduced

with permission from Springer Nature.

output force. The former not only limits the motion speed,
accuracy, and efficiency but also causes the surface
abrasion of the slider, reducing the working life. Two
methods to deal with this problem are to modify the input
signal or improve the mechanical mechanism. Cheng et al.
[179] proposed a friction control method based on
composite waves to suppress “backlash” phenomenon,
and the experimental results show that the “backlash”
phenomenon is reduced by 83% and 85%. For individual
waveforms and the use of signal modification methods,
“backlash” phenomenon has been suppressed, and the
output load capacity has been increased on driving signals,
such as sawtooth waves [179] and triangle waves [180].
In terms of mechanical structure, Fan etal. [181]
proposed a synergic motion principle to suppress this
phenomenon by using two piezoelectric stacks to control
contact force effectively during actuation. Test results
show that under optimal experimental conditions, the
actuator could output stepping displacement without

backward motion. Recent studies have also reported that
using mechanical mechanism and input signals together
can suppress the “backlash” phenomenon. Deng et al.
[182] designed a bionic quadruped piezoelectric actuator
platform, which applied two sawtooth wave exciting
signals with a phase difference to suppress this
phenomenon and improve the linearity of the output
displacement (0.9998 and 0.9999). We believe that the
combined use of the above two methods can achieve
better improvement effects, and the introduction of a new
principle of feedback mechanism, such as magnetic force
[183], can push the application of this type to a broader
range.

In general, this type of actuator has the advantages of
unrestricted travel, a simple control system, and low cost;
the disadvantages include slow speed, weak output torque,
insufficient transport capacity, accumulated errors, severe
wear, and relatively short life span due to the “backlash”
phenomenon [10,159].
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4.2.2 Inchworm actuators

The inchworm-type piezoelectric actuator is a novel
structure inspired by the movement patterns of real
inchworms in nature [184,185]. The structure usually
includes three parts, namely, two clamping units and one
driving unit, as shown in Fig. 21. The clamping units
make the actuator obtain improved load capacity,
repeatability, and reliability.

This kind of actuator can be divided into two types in
terms of movement: walking mode and pushing mode
[159,186]. The walking mode includes six steps:

1) All components are in their initial states without
input signals.

2) An input signal is applied to the clamping unit 1 so
that it expands and contacts the fixing surfaces.

3) The driving unit expands under the input signal, and
the deformation is As.

Clamping Driving Clamping

Clamping Driving Clamping unit 1 unit unit 2
unit 1 unit unit2  Base guider \ Slider
() w&/ () —ed = ©
Original = (6) Original
= - position m position 3 1
AF%A ‘ i As 1
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Fig. 21
mode. Reproduced with permission from Elsevier.
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Motion of inchworm and the operating mode of the actuator [161]: (a) inchworm in nature, (b) walking mode, and (c) pushing
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4) Clamping unit 2 contacts the fixed surface under the
control of the input signal.

5) Clamping unit 1 returns to the initial state after
removing the signal.

6) After removing the signal, the driving unit also
returns to the initial state.

The pushing mode is similar and can also be divided
into the following six steps:

1) All components are in their initial states without
input signals.

2) Clamping unit 2 tightens the slider with the input
signal.

3) The driving unit obtains the signal and pushes the
slider with a distance of As.

4) Clamping unit 1 obtains the input signal and tightens
the slider.

5) Clamping unit 2 releases the slider after removing
the signal.

6) The driving unit returns to its initial state.

Repeating the above six steps in different modes can
obtain unlimited displacement output.

The inchworm piezoelectric actuators were born in the
1960s [187-189], and the general structure of inchworm

actuators was proposed by Hsu and Albert [190] in 1966.
In the 1980s, this type of actuator gained rapid develop-
ment due to the production of high-performance
piezoelectric elements. Fujimoto [191] first proposed an
inchworm actuator with a flexible hinge, and the C-level
structure in the prototype improved the clamping force
and length of the piezoelectric element. Figure 22
[192—194] presents a series of inchworm actuators incor-
porating different structures. Kim et al. [192] achieved a
magnification ratio of 8.4 at a leverage ratio of 3.6
through a flexible hinge structure (Fig. 22(a)). In addition
to flexible hinges, structures, such as wedge blocks,
springs [193], and permanent magnets [194], as shown in
Figs. 22(b) and 22(c), are used to improve the
performance of inchworm piezoelectric actuators.

The current development trend of inchworm piezoelec-
tric actuators is to improve function and structure. Figure
23 [195-199] shows these performance improvements.
Function improvements include achieving a large range
of high repeatability output steps, multiple DOF, and high
speed [195] (Fig. 23(b)), and structure improvements
include structure simplification and miniaturization.

Achieving an extensive range of high repeatability

Inchworm stage
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Inchworm piezoelectric actuators combined with different structures: (a) inchworm actuator combine with flexible hinge [192],

reproduced with permission from American Scientific Publishers; (b) improving performance with wedge blocks and springs [193],
reproduced with permission from Elsevier; and (c) design of a permanent magnet structure is adopted [194], reproduced with permission

from Elsevier.
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Improvement of inchworm actuators: (a) prototype of the 2 degrees of freedom positioning [197], reproduced with permission
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output steps requires overcoming the “backlash” pheno-
menon. Theoretically, the inchworm piezoelectric
actuator does not have this issue. However, the clamping
or elongation mechanism may deform or rotate during the
step process, leading to backward motions [200], which
can be suppressed mainly through structural design [196,
2017 (Fig. 23(c)). Multiple DOF can be realized through
the combination of single DOF [202]. For example,
Fuchiwaki etal. [203] designed a 3-DOF inchworm
mobile mechanism, which achieved a resolution of less
than 10 nm and a speed of 20 mm/s. However, the
realization of multiple DOF may lead to the degradation
of some attributes of the actuator, such as push force and
speed [204], and thus is necessary to make trade-offs.
Multiple degrees can also be transformed into various
displacement output forms [197] (Fig. 23(a)), which will
endow the inchworm actuator with more application
scenarios.

The structure simplification aims to reduce the number
of used PSAs [205], which may often use parasitic
motion. Wang and Yan [198] proposed a bidirectional
inchworm actuator driven by using only two PSAs (Fig.
23(e)), which achieves an output speed of 216.3 pm/s and
an output force of 1.2 N. The miniaturization of the
inchworm piezoelectric actuator has received attention
[199] (Fig. 23(d)), and such a normally latched inchworm
microactuator also helps to broaden the fields of
application. One thing should be mentioned that the
structure simplification also makes it more difficult to
suppress the “backlash” phenomenon.

In summary, similar to the friction—inertial type,
inchworm actuators enable unlimited stroke. The
disadvantages of this kind of actuator include slow speed
and high cost due to the complicated mechanical structure
and control system. The discussed research works seem
to conflict with each other because they have different
targets. One should make a balance in design in
accordance with requirements.

5 Comparison and selection

The categories of variants of piezoelectric actuators have
been discussed in previous sections. Herein, Table 5
compares the advantages and disadvantages of different
types of actuators and summarizes the characteristics
more systematically. Figure 24 compares direct and
indirect actuators in their most important performance
parameters, including stroke and load capacity for direct
actuators and load capacity and speed for indirect
actuators. Typical demonstrations are selected as
comparison cases to illustrate the most prominent
characteristics of each type of actuator. The following
conclusions are established for different types of
piezoelectric actuators: In the direct type, the stack
actuators have the best load capacity, and the structures
with amplification mechanisms, such as flexible hinges,
perform the best stroke. The stroke of the unimorph/
bimorph actuators in Fig. 24(a) appears to be high
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Table 5 Characteristics of different piezoelectric actuators
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Actuation method Type Advantages

Disadvantages

Direct piezoelectric
actuators

Membrane Simplest structure, excellent reliability, and
piezoelectric actuators repeatability
Multiple piezo stack Larger stroke, lower actuating voltage, rapid response
actuators time, higher stiffness and electromechanical coupling,
and can withstand compression deformation
Actuators with flexible Compact structure, smooth and repeatable motion,

Short stroke and weak load capacity

Cannot withstand tensile deformation

Weak output torque, poor overall stiffness, prominent

hinges

Indirect piezoelectric
actuators

Standing wave
actuators
Traveling wave
actuators
Friction—inertia
actuators

low inertial mass, low wear, and no “backlash”
phenomenon
Low cost (only a few driving sources needed), direct
output displacement, and high efficiency
Easy to implement bidirectional actuating

stress concentration, and slow response speed
More severe wear

Lower efficiency, more complex structure, and
difficult to miniaturize
Unlimited stroke, simple control system, Slow speed, weak output torque, poor mass transport

and low cost

Inchworm actuators

Unlimited stroke, better load capacity, repeatability,
and reliability

capacity, “backlash” phenomenon, accumulated
errors, serious wear and short working life, and unable
to achieve multiaxis motion
Slightly worse accuracy, high cost, lower speed,
complex control system, and mechanical structure
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Fig. 24 Comparison of the performance of (a) direct and (b)
indirect piezoelectric actuators (based on Refs. [206-211]).

because they usually denote the tip displacement or the
displacement of the attached structure. The stroke of the
unimorph/bimorph layer itself is only a fraction of the

stack ones. In the indirect type, the ultrasonic motor has
the fastest speed, and the inchworm piezoelectric
actuators have the best load capacity. The friction—inertia
piezoelectric actuators are relatively balanced due to the
composition and driving principle.

From the point of view of industrial application,
unimorph/bimorph piezoelectric actuators are more
commonly used in the fields of microfluidics, micro-
optics, precision instruments, etc., which have a high
requirement of accuracy, reliability, and repeatability.
Amplified piezoelectric actuators, including stack and
flexible hinge-based actuators, are applicable in various
mechanical structure designs, such as automation and
robotics, in terms of their high load capacity, larger travel
range, smooth displacement output, and design flexibility.
Usually, amplified schemes are used in combination.
Ultrasonic motors, as a new generation of motor actuators,
have a fast response, high output efficiency, and
immunity to electromagnetic interference; thus, they
appeal to applications susceptible to electromagnetic
interference, such as aerospace and medicine. Compared
with ultrasonic motors, stepping actuators have a
relatively slower output displacement speed but perform
better structural flexibility, as shown in Fig. 24(b). They
are widely used in various mechanical structure designs
due to their low costs.

In conclusion, we believe that when choosing a feasible
type of actuator for different application scenarios,
multiple systemic factors should be considered, including
but not limited to accuracy, speed, power consumption,
structural complexity, control complexity, and cost. The
above comparison and discussion can help guide the
choices while considering the actual needs and final
operational evaluations.

6 Conclusions and outlook

This work aims to provide a comprehensive and in-depth
review of piezoelectric actuators. From the point of view



22 Front. Mech. Eng. 2024, 19(1): 6

of principle, piezoelectric actuators are divided into direct
and indirect types. Next, the fundamentals of piezoelec-
tric actuators, including the piezoelectric constitutive
equations and their respective forms under four different
boundary conditions, are provided. Different kinds of
piezoelectric materials are briefly reviewed, including
single crystals, piezoelectric ceramics, and polymers. The
working principle, pros and cons, and potential applica-
tions are discussed in detail for each mainstream actuator
type. This work contributes to establishing the knowledge
and understanding of different types of piezoelectric
actuators. More importantly, the characteristics of all
kinds of piezoelectric actuators mentioned are thoroughly
compared, with the advantages and disadvantages iden-
tified. In engineering fields and development trends,
valuable and in-depth content is expounded. Representa-
tive references for each specific type are also provided,
along with their parameters listed in charts, which can
help researchers or users choose the feasible type for their
application scenarios.

Although great progress has been achieved in piezo-
electric actuators because of researchers’ unremitting
efforts, they can still be improved, which may be the
future research direction. As observed by the authors,
some suggestions are listed below for reference:

The imperfection of the structural materials and phase
mode-mistuning of excited waves often leads to impure
waves driving ultrasonic motors (for example, partially
standing waves appear in traveling waves). Therefore,
future research should stimulate higher quality, purer, and
more stable waves by studying various methods, such as
the quality factor and mode match level of stator
resonator, to improve ultrasonic motor efficiency and
achieve stable operation.

The miniaturization (wafer-scale) of ultrasonic motors
and the semiconductorization of manufacturing techni-
ques reduce manufacturing costs, improve manufacturing
precision, and enhance the capabilities of microelectrome-
chanical system integration.

The research on stepping piezoelectric actuators will
mainly focus on completely suppressing the “backlash”
phenomenon in a broader range of situations and
simplifying the structure of the actuator itself.
Overcoming these two issues will help achieve smooth
motion and further expand the application range of this
type of actuator.

In addition to traditional PID or large-gain proportional
derivative controllers, modern control strategies, such as
adaptive control, robust control, and fuzzy -control,
combined with neural network models and machine
learning methods (reinforcement learning, etc.), are used
to improve the piezoelectric actuators’ response to
nonlinear behaviors, such as hysteresis and creep and its
resistance to external interference, ultimately achieving
improved trajectory tracking and high-precision positio-
ning of the actuator.

More efficient cost-effective

and optimization

algorithms must be explored to optimize the structure of
piezoelectric actuators. A new algorithm will help obtain
higher quality local or global optimal solutions quickly
under given conditions.

Nomenclature

Abbreviations

DOF Degree of freedom

HAM Hybrid-type amplification mechanism

IDA Inertia/impact drive actuator

LAM Lever-type amplification mechanism

PI Physik Instrumente

PID Proportional integral derivative

PMUT Piezoelectric micromachined ultrasound transducer
PSA Piezoelectric stack actuator

PVDF Polyvinylidene fluoride

PZT Piezoelectric lead zirconate titanate

RAINBOW Reduced and internally biased oxide wafer

S-R Scott—Russell

SSDA Stick—slip drive actuator

SWM Standing wave motor

TAM Triangular-type amplification mechanism

TWM Traveling wave motor

THUNDER Thin layer unimorph driver

Variables

A Amplitude of the standing wave

dis, ds1, ds3 Piezoelectric coupling coefficients

D; Electrical displacement

h Height of the single layer of piezoelectric material
k Wavenumber whose value is equal to 27/4

k33 Electromechanical coupling factor

! Length of the single layer of piezoelectric material
L Output displacement

t Time

T, Curie temperature

U Voltage applied to the external electrodes

x Coordinate of a certain position on the elastic body
[0} Angular frequency

A Wavelength of the standing wave
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