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Preface

Precision positioning is widely required in both scientific research and industrial
application. Taking advantage of high resolution, rapid response, and compact
structure, piezoelectric actuators are broadly employed for achieving precision
positioning, for example, in the fields of precision machining and measurement,
nanomechanical testing, atomic force microscopy (AFM), micromanipulation,
and so on. To satisfy the increasing requirements in precision positioning, great
efforts have been made to improve the performances of piezoelectric actuators. For
example, more and more novel principles have been proposed to design piezoelectric
actuators. With the development in the piezoelectric material, driving principle,
structure design, and control strategy, the speed, positioning resolution/accuracy,
loading capacity, working bandwidth, and stroke of piezoelectric actuators have
been significantly improved, further enhancing their applications. Over eight
chapters, this book discusses recent achievements and developments in the field.

Chapter 1 focuses on tuning the magnetoelectric coefficient in sintered piezoelectric—
magnetostrictive composites by introducing some individual phases. It examines the
effects of these introduced phases on the magnetoelectric coefficient, coercive field,
saturation magnetization, magnetic permeability, piezomagnetic coefficient, and
more.

Chapter 2 focuses on the parasitic motion principle (PMP) of piezoelectric actuators.
This type of piezoelectric actuator has received more attention in recent years because
of its simple structure, control, and flexible design. The chapter defines PMP as well
as discusses its application in the design of piezoelectric actuators. It also presents

the similarities and differences of PMP with two other types of stepping principles.
Finally, the chapter considers recent developments in structural design and perfor-
mance improvements of PMP piezoelectric actuators and points out existing issues
and future research directions.

Chapter 3 discusses inchworm-type piezoelectric actuators, examining their motion
principles, classification (linear, rotary, and multi-DOF), and development. It also
examines the future directions of these actuators.

Chapter 4 focuses on the stick-slip piezoelectric actuator, which is very promising for
achieving both long working stroke and high positioning resolution. In this chapter,
the authors summarize their recent studies on this topic both on the structural
design and driving method. In terms of structural design, the authors present vari-
ous flexure hinge mechanisms, especially asymmetrical flexure hinges, to improve
the performances of stick-slip piezoelectric actuators, for example, their velocity
and loading capacity. In terms of driving methods, they also present a non-resonant
mode smooth driving method (SDM) to suppress the backward motion, and a reso-
nant mode SDM to improve the output performances. The authors present many
solutions for improving the performances of stick-slip piezoelectric actuators.

Chapter 5 models piezoceramic actuators for potential applications in future
control. It develops a full electro-mechanical model of piezoceramic actuators



based on previous studies and determines the parameters of this model. The output
of the model agrees well with the experimental data, verifying the validity of the
proposed model.

Chapter 6 proposes a coupled suspension system and piezoelectric model to predict
the potential of harvested electric power in vehicle suspension systems. It investigates
the performance of the piezoelectric material PZT-5H in respect to harvesting energy
based on energy density and electric power density.

Chapter 7 presents the applications of piezoelectric actuators in microfluidic
technology. It discusses some structures and operating principles of single-chamber
and multi-chamber piezoelectric micropumps and demonstrates their application
in a chip water-cooling system.

Chapter 8 focuses on the roles of piezoelectric ultrasonic motors (USMs) in the
Industry 4.0 era. It discusses their novel working principles, illustrates examples
for their effective utilization, and analyzes the key Industry 4.0 technologies for
improving their performance.

I am very grateful for the help of several colleagues who contributed to this book,
which we hope will assist students and researchers in their work, as well as contribute
to new developments in the field of piezoelectric actuators.

Hu Huang

School of Mechanical and Aerospace Engineering,
Jilin University,

Changchun, China

Jianping Li

College of Engineering,
Zhejiang Normal University,
Jinhua, China

XIvV
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Chapter 1

Doping Effect on Piezoelectric,
Magnetic and Magnetoelectric
Properties of Perovskite—
Ferromagnetic Magnetoelectric
Composites

Rashed A. Islam

Abstract

This chapter explains the effect of compositional modification on the magneto-
electric coefficient in sintered piezoelectric — magnetostrictive composites. It was
found that 15 at% doping of Pb(Zn;,3Nb,,3) O3 [PZN] in Pb(Zr 5,Tio 48) O3 [PZT]
enhances the piezoelectric and magnetoelectric properties of a PZT — 20 at%

Nig gZng,Fe;04 [NZF] composite. The effect of doping on the ferromagnetic phase
was also investigated. With increases in Zn concentration, it was found that the
coercive field and Curie temperature of Ni¢ yZn,Fe;04 [NZF] decreases, while its
saturation magnetization has a maxima at 30 mole% Zn. X-ray diffraction revealed
that the lattice constant of NZF increases from 8.32 A for 0 at% Zn to 8.39 A for 50 at%
Zn. The magnetoelectric coefficient was found to have a maxima of 144 mV/cm.Oe at
30 at% Zn. To understand better, the effect of 40% (by mole) Zn substitution on
structural, piezoelectric, ferromagnetic and magnetoelectric properties of Pb

(Zro 5,Tig 48) O3 - CoFe;04 (PZT - CFO) sintered composite is also explained. X-ray
diffraction of Cog ¢Zng 4Fe;04 (CZF) showed the shift in almost all diffraction peaks to
lower diffraction angle confirming the increase in lattice parameter in all three direc-
tion from 8.378 (for CFO) to 8.395 A for (Co,Zn)Fe,O, (CZF). SEM and TEM results
showed defect structure (cleavage, twins, strain fields) in the CZF particle, which is a
clear indication of misfit strain developed due to lattice expansion. Magnetic properties
measured over temperature (5 K-1000 K) showed increased magnetization but lower
magnetic Curie temperature in PZT - CZF particle. Magnetoelectric coefficient mea-
sured as function of ferrite concentration showed an increase of more than 100% after
doping the CFO phase with 40% Zn. This enhancement can be attributed to increase in
the lattice strain, magnetic permeability and decrease in coercivity.

Keywords: piezoelectric constant, dielectric constant, ferromagnetic,
magnetoelectric coefficient, misfit strain

1. Introduction

Magnetoelectric [ME] particulate composites combine the magnetostrictive and
the piezoelectric properties of materials, through product tensor properties [1].

3 IntechOpen
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Multiferroic magnetoelectric materials possess two or more ferroic properties such
as ferroelectricity, ferromagnetism and ferroelasticity [2-4]. The spin lattice struc-
ture in a magnetoelectric composite can be directly related to (i) linear or non-linear
shape change in magnetostrictive phase under alternative magnetic field,

(ii) polarization change in piezoelectric phase through field induced alternating
stress—strain and finally (iii) charge developed in the piezoelectric phase due to this
alternating stress [1, 5, 6]. The interrelationship between ferroelectricity and mag-
netism allows magnetic control of ferroelectric properties and vice-versa. Single
phase magnetoelectrics such as Cr,05, BiFeO3, YMnO3 etc. exhibit poor combina-
tion of electric and magnetic properties at room temperature [7-9]. On the other
hand, two-phase magnetoelectric (ME) materials provide large coupling and may
play important role in future magnetoelectric devices [10]. Another important issue
that can be very influential not only in nanostructures or multilayer structure but
also in bulk ceramic composite is the interface chemistry. Migration of mobile
atoms (from ferroelectric and magnetic phases) through the interface causes ferro-
electric and magnetic instability and alters the interface chemistry, which affects
the interface magnetoelectric properties [10, 11]. There are lot of advantages that
sintered particulate offers, compared to in-situ composites (i.e. unidirectionally
solidified of BaTiO3 — CoFe,0,), such as they are cost effective to produce, fabrica-
tion is easy and finally and most importantly the process parameters can be con-
trolled much better. In terms of ME responses, laminate magnetoelectric
composites gained a lot of popularity and can be fabricated by attaching piezoelec-
tric layer between two layers of magnetostrictive discs or plates. Sintered particu-
late composites exhibits low resistivity, defects, diffusions at the interface and
incompatibility of elastic compliances and mismatch in coefficient of thermal
expansion. As a result, sintered composites show inferior ME responses compared
to laminated composites. Therefore, it is essential to augment the composition,
grain size, grain orientation, and sintering conditions in order to enhance the Mag-
netoelectric properties of the sintered composites.

The composites exploit the product property of the materials [12-14] where the
ME effect can be realized by mixing individual piezomagnetic and piezoelectric
phases or individual magnetostrictive and piezoelectric phases. In early 70s,
researchers at Philips Laboratories demonstrated ME composites [15-18] by unidi-
rectional solidification of eutectic composition of BaTiO3 — CoFe,0,. The results
showed a high ME voltage coefficient dE/dH of 50 mV/cmeOe with 1.5 wt % of
excess of TiO, [15]. Later an even higher ME coefficient of 130 mV/cmeOe was
obtained in eutectic composition of BaTiO3-CoFe,0, by unidirectional solidification
[17]. Currently, various particulate composites consisting of piezoelectric and mag-
netostrictive materials with different connectivity schemes including “3-0” and
“2-0” have been reported, using LiFesOg, NiFe,04, (Ni,Zn)Fe,04, CoFe,0,,
CuFe,0, as magnetostrictive materials and BaTiOs, Pb(Zr,Ti)O; as piezoelectric
phase [15-24].

The figure of merit for a ferromagnetic-ferroelectric composite is large
magnetoelectric coefficient (i.e., susceptibility) given as:

Figure or merit = /u¢; (1)

Here p = ferromagnetic permeability and ¢ is the dielectric permittivity. It is
eminent from Eq. (1) that a high dielectric constant piezoelectric phase and a high
permeability magnetic phase would produce a composite with optimum ME
response if we can keep the high resistivity, low interface defects and lower rate of
interface diffusion. Literatures and experimental review showed that the Nickel
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Ferrites are stable in PZT up to 1250°C and offers higher permeabilities. Also in
terms of resistivity and loss, Ni based ferrite are preferable over Mn based ferrite,
because Ni based Ferrites have higher electric resistivity and lower dielectric loss.

2. Principles of magnetoelectricity

The thermodynamic consideration of magnetoelectric effect is obtained from the
expansion of free energy of the system in terms of magnetic and electric field, such as.

G(E,H) = G, — P._E — M,_H — = 1;(E)_E;_E; — > x;(H)_H;_H; — a;_E;_H,
(2)

where and are the electric field and magnetic field respectively. Differentiation
of Eq. (2) gives us polarization and magnetization as following:

6G

P = _(E) = Ps + yyEj + oH; (3)
6G

Mi:_(ﬁ> :Ms+){inj+aijEj (4)

Here a;; is the magnetoelectric tensor. Magnetoelectric effect combines two
important materials property, permittivity and permeability, and for a single-phase
material they define the upper limit of a;; as following.

aij <\ [€ij;; (5)

Single phase multiferroic materials shows either low permeability or low
permittivity or both. As a result, the magnetoelectric coupling is small. For high
response dual phase magnetoelectric materials, combination between ferroelectric
and ferromagnetic phase need to be established via strain. Piezoelectric coefficient
(d33/d3;) defines the materials property that converts applied stress in to propor-
tional electric charge. The linear equations for a piezoelectricity and magnetostric-
tions are given as:

D3 = €§3E3 +d33T; (6)
S3 = dyE; + 55T (7)
S=s"T 4+ 4qH (8)
B=gqT +u"H 9)

where

D = the dielectric displacement,

E = electric field,

T = stress,

S = strain,

€ = permittivity,

s = elastic compliance,

d = is piezoelectric charge constant.
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B = magnetic induction.

q = piezo magnetic coefficient.
p = permeability and.

H = magnetic field.

Magnetoelectric coefficient of a composite can be described in direct notation of
tensors as:

T=cS—e"E—aS™ (10)
D =eS+¢E+ aH (11)
B = u(e,E,H)H (12)

where o, c and K are the stress, stiffness constant at constant field and dielectric
constant at constant strain respectively. It was found in the literatures that ME
coefficient can be varied by piezoelectric and piezomagnetic coefficients. Elastic
compliances (s) of piezoelectric and magnetostrictive phases are found to be
another critical parameter that affects the ME coefficient. According to Srinivasan
et al., the ME coefficient can be written as:

OFs _ —25, g0
SHy  (sm 4 sm)elPor 4 (£, + &) elsPom — 2(d) %0,

(13)

where

db, = piezoelectric coefficient,

v™and v? = volume of magnetic and piezoelectric phase,
t"and #” = thickness of magnetic and piezoelectric phase,
si;, 57, = the elastic compliances for piezoelectric phase,
s7;, 5T, = elastic compliances for magnetostrictive phase,
qu1 = piezomagnetic coefficient of the magnetic phase and.

853’13 = permittivity of the piezoelectric phase.

Further derivation for the magnetoelectric coefficient in T — T mode of Eq. (13)
was done by Dong et al. and was expressed as:

n(1—n)Ads3mds1 5831,

= (14)
T-T Sh[nSh(1— kgl) +(1—n)Si]

v
dH

where

p = a constant related to DC magnetic field (<1),

n = the ratio of magnetostrictive layer thickness to the composite thickness,
d = the piezoelectric strain constant,

s = the elastic constant,

g = the piezoelectric voltage constant,

A = the cross-sectional area of the laminate and.

k = is the electromechanical coupling factor.

It is quite clear from the Eq. 14 that the ME coefficient is directly related to
piezoelectric constant (ds;) and piezomagnetic coefficient (qy1). d1§1 which is
related to dielectric permittivity [d3; = k3, (s5;¢];)] and qqy is related to permeability

[q11,m = P33.533.A33).
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3. Effect of doping

As is well known that compared to BaTiO3, PZT has stronger piezoelectric and
dielectric properties, higher Curie temperature, higher resistivity and lower
sintering temperature. Doping in PZT can be done by adding acceptor dopants
(Fe, Mn, Ni, Co) or donor dopants (La, Sb, Bi, W, Nb) in order to make it piezo-
electrically hard or a soft. Hard piezoelectric materials can be characterized as
decreased dielectric constant and loss, lower elastic compliance, lower electrome-
chanical coupling factor, and lower electromechanical losses compared to undoped
PZT. Soft piezoelectric materials exhibit increased dielectric constant, dielectric
loss, elastic compliance, electromechanical coupling factor, and electromechanical
losses. Table 1 shows a comparison chart how the physical, dielectric and piezo-
electric properties vary between soft and hard piezoelectric materials.

The open circuit output voltage (V), under an applied force of a ceramic is
given as:

.F.

V=Ei=—g Xit=-4" d (15)
where
t = the thickness of the ceramic,
E = the electric field, and.
g = the piezoelectric voltage coefficient given as:

d
= 1
§= X (16)

where £* is the dielectric constant under constant stress condition.
The charge (Q) generated on the piezoelectric ceramic is given by the relation:

eXe,A
vV — 0 = C (17)
t

where

C = the capacitance and (18)
Properties Soft Piezoelectric Hard Piezoelectric
Electrical Resistance Higher Lower
Permittivity Higher Lower
Dielectric Constants Superior Inferior
Dielectric Loss Higher Lower
Piezoelectric Constants Superior Inferior
Coercive Field Lower Higher
Mechanical Quality Factor Lower Higher
Electromechanical Coupling Factor Larger Smaller
Linearity Poor Better

Table 1.

Comparison of Dielectric and Piezoelectric properties between Soft and Hard Piezoelectric Materials.
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It can be inferred from Eq. (17) that a piezoelectric plate can behave like a
parallel plate capacitor at low frequencies. From here it can be derived that under ac
stress, electric energy generated is given as:

1
= _CV?
U=s5C
or energy per unit volume,
1 F\?
—~do)- [~ 1
u=;ldg) (A) (19)

Eq. (15) and (19) conclude that under a fixed AC mechanical stress, piezoelectric
material with high (d.g) product and high piezoelectric voltage (g) constant will
generate high voltage and high power for a fixed area and thickness. In the case of
magnetoelectric composite, the force is applied on the piezoelectric phase due to
magnetostriction through elastic coupling, therefore the high energy density piezo-
electric material will lead to higher response.

Nickel and cobalt ferrites have the advantage of higher resistivity and increased
permeability. Cobalt ferrite has higher magnetization but also has higher coercivity
compared to nickel ferrite. In order to increase the resistivity, permeability, and
magnetization, doping of zinc in to ferrite is beneficial but it also reduces its
magnetic Curie temperature. The theory behind this is, Zn*? replaces Fe*> on the
tetrahedral sites as it is added to the spinel structure and Fe*> occupies the vacant
octahedral sites emptied by Co*”. As a result, there will be no unpaired electrons
for Zn*?, Co*? has one and Fe*3 has five. Hence the outcome of it is increase in
magnetization of Zn-doped ferrites.

4. Synthesis and fabrication

Pb(Zr¢ 5:Tio.45) O3 (PZT), 0.85[Pb(Zr(.5,Tig.45) O3] — 0.15[Pb(Zn4/3Nb,/3) O3
[PZT (soft)], Pb(Zros6Tio.44) O3 — 0.1 Pb[(Zng.g/3 Nig.2/3)Nby/3]O3 + 2 (mol %)
MnO, [PZT (hard)], Ni x)ZnyFe;O4 [NZF] (where x varies from 0 to 0.5) and
Co(1.y)ZnyFe,04 [CZF], were synthesized using mixed oxide route. PZT, NZF and
CZF powders were calcined at 750°C for 2 hrs and 1000°C for 5 hrs, respectively in
order to make sure that inorganic oxides react to each other. Powder X-ray diffrac-
tions patterns were taken using Siemens Krystalloflex 810 D500 diffractometer to
make sure that the pure perovskite and pure spinel structure was formed out of
PZT/PZT (soft)/PZT (hard) and NZF/CFO/CZF. The PZT and NZF powders were
then mixed together as 0.8 PZT — 0.2 NZF and compacted. CFO/CZF powders were
mixed in PZT with stoichiometric ratio of 3, 5, 10, 15 and 20 mole percents. After
homogeneous mixing using ball mill, powder was pressed using a hardened steel die
having diameter of 12.7 mm under a pressure of 2 ksi and then cold isostatically
pressed under pressure of 40 ksi. This was followed by pressure-less sintering in air
at 1150°C for 2 hrs, resulting in consolidated ceramic composites. XRD patterns of
sintered samples showed only two phases (PZT and CFO/CZF). Ag/Pd paste was
painted manually on top and bottom of the sintered disc using a paint brush and
heated for an hour at 825° C. The polarization process was done in a heated (120°C)
silicone oil bath. D.C. electrical field of 2.5 kV/mm for 20 minutes was applied for
the poling process. Dielectric constant as a function of temperature was measured
using HP 4274A LCR meter (Hewlett Packard Co. USA). Magnetization as a func-
tion of temperature was measured using Quantum Design physical properties



Doping Effect on Piezoelectric, Magnetic and Magnetoelectric Properties of Perovskite...
DOI: http://dx.doi.org/10.5772 /intechopen.95604

measurement system from room temperature to 900 K. Transmission electron
microscopy (TEM) was conducted by using JEOL 1200EX machine with an accel-
erated voltage of 120 kV.

5. Results and discussions

Figure 1(a) [25] Compares the polarization of undoped, hard and soft PZT. The
max polarizations observed were 14.61, 23.54 and 31.65 pC/cm? respectively for
these three groups. It was also recorded that elastic compliance (S;;) of these three
compositions are 1.74 x 10~ (soft), 1.37 x 10~ ™ (hard) and 1.11x 10 ™ (undoped)
m?/N respectively. Due to the presence of metal vacancies, soft PZT’s have higher
polarizations per unit field applied, resulting in enhancement in both the dielectric
and the piezoelectric susceptibilities.

An increase in piezoelectric constant (ds3) (from 75 to 105 pC/N) and increase in
dielectric constant (from 642 to 914) was observed when an undoped PZT was
doped with PZN to make it soft. These increase in dielectric and piezoelectric
properties clearly reflected in Magnetoelectric coefficient of PZT (soft) — 20 NZF
composite 2 = 186.5 mV/cm.Oe. as observed in Figure 1(b). Due to increase in
electromechanical coupling, smaller coercive field, and superior dielectric and pie-
zoelectric properties Soft PZTs show larger ME voltage coefficient compared to
hard (154 mV/cm.Oe) or undoped PZT (128 mV/cm.Oe).

Microstructure of PZT (undoped) — 20NZF and PZT (soft) — 20NZF composites
were dense with the measured densities of >95% [25]. And the average grain size of
the PZT - 20NZF composite was about 800 - 850 nm, whereas that of PZT (soft) -
20 NZF was smaller and the average ranges between 650 and 700 nm. Doping of
PZN in PZT reduces the grain size as both the composite were sintered at 1150°C for
2 hours. In one of our previous studies it was shown that above 600 nm, the ME
coefficient does not change much with increase in grain size [26]. So, both PZT
(undoped) — 20NZF and PZT (soft) — 20NZF composites have optimum grainsize in
terms of ME coefficient. Besides the grainsize reduction, the resistivity of PZT
increases upon doping with PZN, as lower leakage currents were observed after
poling (Figure 2).

Figure 3 [25] shows the saturation magnetization (M), coercive field (H.) and
magnetic Curie Temperature of the PZT — 20NZF composite as a function of Zn
doping in NZF. It is clearly observed that the coercive field starts to drop as we
increase the Zn doping in NZF. On the other hand, saturation magnetization
becomes optimum (0.72 emu/gm) at around 30% Zn doping in NZF and then starts

NE 40 . , @ 300 — : : .
*  PZT-20NZF
a) ]

G | . pzr(sof)- 20nzF (@ o —+—PZT - 20 NZF (b)
— 30| & pzZT(Hard) - 20NZF = 250 | | —=— PZT (soft) - 20 NZF 4
O 5f ] 1 —4— PZT (hard) - 20 NZF
2 2 L © 200} Freq: 1KHz 1

= 15f : g g - Room Temp. _==""" """,
92 1w E 150 | W . .
‘E; 5 ~ SA Lo~
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Figure 1.
(a) Polarization vs. electric field loop and (b) ME coefficient vs. DC bias of different compositions of PZT — 20
NZF composites [25].
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Figure 2.
Microstructure of (a) PZT — 20 NZF and (b) (0.85PZT —0.15 PZN) — 20 NZF [25].
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Magnetic properties as a function of Zn doping. (a) M, and H, vs. Zn concentration and (b) magnetization vs.
temperature [25].

to drop off with increase in Zn doping. In terms of Ferromagnetic Curie Tempera-
ture, it started to drop from 850 K to 549 K as the Zn concentration was increased
from 0 to 50 mole %.

Figure 4(a) [25] Shows the hkl = (400) diffraction peak for NZF composites as a
function of Zn concentration. The (400) peak started to shift towards lower Bragg
angles as Zn concentration was increased which indicated an enlargement of lattice
parameters. From Bragg’s law, we determine a 0.9% lattice expansion (8.32 A for
NiFe,0, and 8.394 A for Nig 5Zng sFe;04) with this change in crystal chemistry.
Figure 4(b) shows the ME voltage coefficient as a function Zn concentration in PZT
- 20 NZF. 30 at% Zn concentration in NZF showed the maximum value of 2 =
138 mV/cm.Oe, whereas 0 at% Zn concentration in NZF (pure Ni ferrite) has a
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Figure 4.
Effect of Zn concentration on (a) peak shift of 400 peaks and (b) magnetoelectric coefficient of PZT — 20
NZF [25].
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maximum value of 112 mV/cm.Oe. With Zn concentration above 30%, the ME
coefficient dropped notably, reaching a value of 60 mV/cm.Oe for 50 at% Zn.
Saturation magnetization and magnetoelectric responses as a function of Zn con-
centration in NZF was found to have similar effect because permeability p is directly
related to magnetization M, viap =1+ 47:%. Furthermore, the changes in the ME
coefficient with Zn concentration depends on the change in effective piezomagnetic
coefficient (ds3 m = M33-533-A33) which is directly related to the permeability.

Figure 5 (a-c)show the density, dielectric constant and piezoelectric constant as
a function of mole percent ferrite in the composite for two different compositions.
It is clear that as the ferrite concentration increases, density, dielectric constant and
piezoelectric constant decreases. All the compositions showed more than 98% of the
theoretical density and the microstructural analysis confirmed this measurement.
For PZT - CFO, there is a slight increase in density from 3-5% concentration which
can be attributed to better sintering as the.

ferrite becomes more homogenized in the matrix. The density increase was also
observed when the composition changed from 10-15% for CFO in PZT - CFO
composite. This can be explained by grain coarsening of PZT. As the CFO content
increases from 10-15% there is slight increase in dielectric constant and then with
further increase in ferrite concentration, dielectric constant starts to drop. It is well-
known that grain coarsening has direct effect on dielectric properties, whereby,
dielectric constant increases with larger grain size. There was no significant differ-
ence in piezoelectric data between CFO and CZF based ferrite composites with
ferrite concentration.
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(a), (b) and (c) The density, dielectric constant and piezoelectric constant as a function of mole percent ferrite.
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A comparison between PZT — CFO and PZT — CZF in terms of room temperature
magnetic properties is presented in Figure 6(a) and (b) for 3% and 5% ferrite
concentration. In both the cases, a considerable difference in coercivity between
CFO and CZF particles was observed. For 3% ferrite concentration the saturation
magnetization of CFO was slightly higher than CZF but the coercivity was much
lower (33 Oe compared to 263 Oe). For 5% CFO and CZF concentration, coercive
fields of 53 and 288 Oe were measured and the saturation magnetization of CFO
particle (76.6 memu) was slightly lower than the CZF particle (88.54 memu).
Figure 6(c) and (d) show the magnetization of PZT - 5 CFO and PZT - 5 CZF
composites from 5 K to 300 K and from 310 K to 1000 K respectively. It is quite
interesting to observe that the magnetization for both the composites start to drop
from 5 K to 300 K. The drop for PZT - 5CFO is linear - 0.04 emu to 0.035 emu and
for PZT — 5CZF is non -linear 0.075 to 0.065 emu respectively for 70 mg of sample
weight. There is a slope change in the PZT - CZF magnetization curve at around
150 K — which is close to the curie temperature of ZnFe;O,4. From 150 Kto 5K - an
increased slope was observed. Below the curie temperature, Zn ferrite also contrib-
uted to the magnetization curve. Besides the increase in magnetization in subzero
temperature for both the composites can also be explained by the atomic vibration
of the crystal lattice. As the temperature starts to drop below the room temperature
and approaches the absolute zero temperature, the atomic vibration is seized,
resulting in much stable crystal lattice, which gives us accurate measurement of the
magnetization. At high temperature (from 310 to 1000 K) the magnetization of
PZT - CFO starts to increase and then decrease to zero at Curie temperature, which
is almost 750 K. The PZT — CZF Curie temperature was recorded at 450 K. This drop
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Figure 6.
(a) and (b). Hysteresis loop for PZT — CFO and PZT — CZF. (c) and (d): the magnetization of PZT — 5 CFO
and PZT - 5 CZF composites.

12



Doping Effect on Piezoelectric, Magnetic and Magnetoelectric Properties of Perovskite...
DOI: http://dx.doi.org/10.5772 /intechopen.95604

in Curie temperature from 750 to 450 K is due to the substitution of Zn on the cobalt
site. The substitution of Zn** for Fe>* reduces the Curie temperature of the ferrite
[6, 7, 9]. On the other hand, increasing the zinc content of cobalt-zinc ferrites
increases their lattice parameter while decreasing the saturation magnetization
above 50% Zn due to augmented B-B interaction followed by reduced A-B
interaction. Also, the presence of Co®" ion in the cobalt-zinc ferrite hastens the
Co** + Fe**e Co®* + Fe?* exchange reaction in octahedral sites, while tetrahedral
sites are preferentially occupied by zinc cations. Tetrahedral sites in the spinel
structure are suitable for cationic radii in the range of 0.58 A to 0.67 A, while
octahedral sites can accept cations with radii in the range of 0.70 A to 0.75 A [22].
Therefore, in the unit cell structure, Co?* (0.72 A) and Fe?*(0.75 A) may replace
Zn%*(0.74 A), while Co®*(0.63 A) can exchange sites with Fe**(0.64 A). This
exchange in Co-Zn ferrite system, the substitution of non-magnetic zinc in place of
ferromagnetic cobalt leads to a decrease in Curie temperature owing to diminishing
A-B super exchange interaction.

Figure 7 shows the XRD pattern for CFO and CZF particles. Inset shows magni-
fied 311 peaks for CFO and CZF particles respectively. The shift in peaks to lower
angle for CZF particles is clearly noticeable which results in a larger unit cell size for
CZF particles. The increase in unit cell can induce strain. Strain can be revealed as
strain fields or cleavage or other defects inside the microstructure. Figure 8 shows
the ME coefficient as a function.

of ferrite concentration. For PZT — CFO the maximum ME coefficient of 25 mV/
cm.Oe was recorded at 15% ferrite concentration, which drops again for 20%
ferrite. The measured ME coefficient is quite low compared to the PZT — Nickel
ferrite composites. Cobalt ferrite has a very high coercive field compared to the
nickel ferrite composition. Thus, a high DC bias field is necessary to obtain the peak
ME coefficient. Another contributing factor is the initial permeability. Cobalt ferrite
has lower initial permeability than the nickel ferrite which contributes towards
lower ME coefficient.

Figure 9(a) and (b) show the SEM images of the microstructure of the PZT-
20CFO and PZT - 20CZF samples sintered at 1125°C respectively. Dense micro-
structures for both compositions were obtained and the sintered samples had grain
size of 1 to 1.5 pm. Elemental analysis using the EDX showed that CFO and CZF
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Figure 7.
XRD patterns for CFO and CZF particles.
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(a) and (b): SEM images of the microstructuve of the PZT-20CFO and PZT — 20CZF.

grains are distributed in the piezoelectric matrix. Figure 10(a) and (b) shows the
bright field TEM images of the sintered.

PZT -20 CFO and PZT - 20 CZF samples respectively. Compared to PZT - CFO,
PZT - CZF sintered samples were found to consist of twin boundaries, cleavage, and
strain fields at the interface of PZT and CZF grains. These defects develop to
accommodate the mismatch in the PZT and CZF lattices, as ferrite (CFO/CZF)
lattice parameters are more than double the lattice parameter of the PZT lattice. The
lattice parameter increases by 0.2% for 40% Zn doped sample as observed in the
XRD patterns. In the inset, diffraction pattern of a PZT grain is shown. No
superlattice diffraction spots were observed near the first order diffraction spots,
which indicate less intense diffusion level. From the SAED diffraction pattern the
lattice parameter a and c are calculated as 4.05 and 4.132 A, hence the c/a ratio is
1.02. Larger width domain patterns were also observed near the interface, which is
characteristic of 90° domains. Besides that, intergranular heterogeneity in domain
width is observed all over the structure especially near the interface. The observed
defects in PZT - 5% CZF are in line with the SEM images. A finer scale domain
structure, which usually has striation like morphology and periodically spaced was
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Figure 10.
(a) and (b): bright field TEM images of the sintered PZT — 20 CFO and PZT - 20 CZF.

observed in this structure away from the interface. These finer domains appear
when the stress is relieved from the structure. It can be inferred that near the
ferroelectric — ferromagnetic interface, the stress is higher and defects are observed
due to strain mismatch, whereas the area away from the interface has lower stress.

6. Conclusion

In summary, it is understood from the experimental studies that the magneto-
electric coefficient (2£) of a composite can be increased, using individual phases
with higher piezoelectric and higher magnetization values. It was found that the
soft piezoelectric phase can increase the ME value and higher Zinc doping was
found to improve the magnetoelectric response of PZT — CFO based magnetoelec-
tric composite. The coercive field of the CZF particles was lower than the CFO
particles, which contributes towards the easy reversal of magnetic domain under
AC magnetic field. The addition of Zn, contributes to the increase in saturation
magnetization and hence the permeability. It has already reported that with high
magnetic permeability inside the ferromagnetic material, magnetic flux strength
increases and hence it helps to increase the effective piezomagnetic coefficient
(dA/dH). This increase in piezomagnetic coefficient helps to improve the magneto-
electric coefficient of the composites.
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Chapter2

Parasitic Motion Principle (PMP)
Piezoelectric Actuators: Definition
and Recent Developments

Lin Zhang and Hu Huang

Abstract

Stepping piezoelectric actuators have achieved significant improvements to
satisfy the urgent demands on precision positioning with the capability of long
working stroke, high accuracy and micro/nano-scale resolution, coupled with the
merits of fast response and high stiffness. Among them, inchworm type, friction-
inertia type, and parasitic type are three main types of stepping piezoelectric actua-
tors. This chapter is aimed to introduce the basic definition and typical features of
the parasitic motion principle (PMP), followed by summarizing the recent devel-
opments and achievements of PMP piezoelectric actuators. The emphasis of this
chapter includes three key points, the structural optimization, output characteristic
analysis and performance enhancement. Finally, the current existing issues and
some potential research topics in the future are discussed. It is expected that this
chapter can assist relevant researchers to understand the basic principle and recent
development of PMP piezoelectric actuators.

Keywords: parasitic motion principle, piezoelectric actuator, long working stroke,
flexure hinge-based compliant mechanism, backward motion

1. Introduction

Nowadays, long working stroke precision positioning systems with micro-to-nano
resolution are significantly demanded in many scientific studies and industrial fields
[1-3]. Most of the conventional actuators can hardly satisfy the requirements on
positioning resolution for precision positioning systems, such as hydro-motors,
direct/alternating current motors, pneumatic elements, et al., even with the merits of
large output capability, fast response, and long working stroke [4-6].

The piezoelectric actuator is one of the potential alternatives for high-resolution
precision positioning systems [7-10]. Up to now, various of piezoelectric-driven
positioning systems with flexure hinge-based compliant mechanisms have been
developed and widely applied in many scientific and industrial applications, such
as atomic force microscopy (AFM) [11-13], fast tool servo (FTS) single-point
diamond turning [14-16] and optical adaptive mirror [17-19], et al. Generally,
restricted by the inverse piezoelectric effect of current piezoelectric materials, the
displacement of a single piezoelectric element is limited within tens of nanometers
to several micrometers [20]. The applications of such positioning stages are only
employed within limited scopes due to micro-scale working stroke. In order to
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extend the working stroke of piezoelectric elements, several methods have been
proposed and investigated [21-23], which can be classified according to the motion
principle into the direct-driven principle, ultrasonic principle, and stepping
principle. Direct-driven principle is the initial application in piezoelectric actuators.
With the assistance of flexure hinge-based compliant mechanisms, it is found that
the working stroke can be amplified up to several times of the original displacement
of a single piezoelectric element. The maximum working stroke is extended to tens
of micrometers [24-26]. However, it is still not long enough for most of the applica-
tions, and furthermore complicated flexure hinge-based compliant mechanisms
deteriorate the static and dynamic characteristics of the piezoelectric actuators,
reducing structural stiffness and intrinsic resonant frequency. Therefore, the
direct-driven principle gradually loses its popularity in the recent years. Ultrasonic
principle utilizes the resonance of stators to drive the slider/rotor. However, the
interfacial wear and heat generation are lack of adequate solution to date, especially
in high-speed & full-load motion [27, 28]. Stepping principle realizes the long
working stroke by step displacement accumulation. By this way, high-precision
positioning accuracy can be achieved in long working stroke. Hence, stepping
principle has attracted much attention in the piezoelectric actuator development in
the recent decades.

Various of stepping piezoelectric actuators can be further classified into three
motion types, involving inchworm type, friction-inertia type, and parasitic type
[3, 29-31]. Inchworm type, as a kind of bionic driving type, mimics the motion
principle of inchworms in nature, which alternates the clamping and driving units
to move forward and backward. Thus, its control strategy, structural assembly and
the motion sequence are generally complicated. Friction-inertia type refers to a
kind of spontaneous jerking motion that can occur, while two mass blocks alternate
between sticking to each other and sliding over each other, with a corresponding
tuning the friction and inertia forces. Compared with the inchworm type, the basic
structure and control system of friction-inertia type are largely simplified but
associated with loss on loading capability.

Parasitic type is a new solution to acquire both long working stroke and large
output capability by adopting the parasitic motion of flexure hinge-based compli-
ant mechanisms, which is commonly restricted in previous designs [32, 33]. Up to
now, tens of PMP piezoelectric actuators based on various of flexure hinge-based
compliant mechanisms have been developed with great success and achievement
on improving working stroke and output capability. The purpose of this chapter
is to introduce the basic parasitic motion principle, review the developments and
achievements in recent years, and finally point out some potential issues and
current challenges in this research.

2. Introduction to the parasitic motion principle

Different from other kinds of motion principles, the parasitic principle belongs
to akind of dependent motion, which generally accompanies with an independent
motion, as illustrated in Figure 1(a). When a load F is applied at the end of a
cantilever beam, it will be bent with two motion components in x and y direc-
tions. The motion component in y direction is the major motion, which is directly
induced by the load F, while the motion component in x direction is called as the
parasitic motion. It simultaneously occurs with the major motion, which is gener-
ally regarded as an undesired motion component in previous studies. In general, the
parasitic motion is much smaller than the major motion, but this dependent motion
may deteriorate positioning accuracy and lead to more issues in calibration. On the
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Figure 1.

Schematic diagrams of the parasitic motion principle: (a) genevation of parasitic motion when bending a
cantilever, (b) saw-tooth wave control signal, and (c) motion principle of the PMP piezoelectric actuator in
one step [23].

other hand, if the parasitic motion of flexure hinge-based compliant mechanisms
can be appropriately adopted in the design of piezoelectric actuators, it can be
employed as a motion task by utilizing lower degree of freedom (DOF) with easier
control, lower cost, less complexity of kinematics and simple structure. By employ-
ing specially designed control signal, for instance, the saw-tooth wave as shown in
Figure 1(b), applied to the piezoelectric element, the relative displacement is real-
ized, and thus the stepping motion is achieved. Therefore, the PMP piezoelectric
actuator becomes popular since its emergence in recent years.

Figure 1(c) shows the motion principle in one step of the PMP piezoelectric
actuator. This kind of actuators is generally consisted of two sections, the stator
and the slider/rotor. At the initial step (1), the stator and the slider are in separated
state with an initial gap 8 between each other. Then, in step (2), with a moment/
force slowly applied to the flexure hinge-based compliant mechanism, the initial
gap & is filled, leading to an initial contact between the stator and the slider/rotor.
Afterwards, in step (3), both the major motion and parasitic motion increase with
deformation of the flexure hinge-based compliant mechanism. The slider/rotor
moves in the same direction with the parasitic motion. Finally, after the slider/rotor
moves to the forward displacement/angle in one step, the moment/force is suddenly
removed, and the flexure hinge-based compliant mechanism recovers to its initial
state and gets ready for the next cycle. In this process, as the stator still contacts
with the slider/rotor, a backward motion would generally appear in the final step.
Therefore, the PMP piezoelectric actuator could move with one-step displacement
AS, the one-step forward displacement minus the backward motion. By cycling from
step (1) to step (4), the long working stroke can be easily achieved.

3. Similarities and differences with other stepping principles

Inchworm type, friction-inertia type, and parasitic type are three main kinds of
motion types in stepping principle to realize long working stroke. Inchworm type,
as a kind of bionic principle, employs the driving units and clamping units to obtain
long working stroke. The utilization of clamping units facilitates the enhancement
on output capability for piezoelectric actuators. In general, the inchworm type
actuator consists of three separate parts, one driving unit and two clamping units.
The moving processes of the inchworm type piezoelectric actuator are presented in
Figure 2.
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Figure 2.
Motion principle of the inchworm type actuator: (a) moving principle of inchworm in nature [34], and
(b) bionic stepping motion principle of inchworm type piezoelectric actuators.

Figure 3 shows the schematic diagram of friction-inertia type motion principle.
The motion principle for the friction-inertia type follows the law of momentum
conservation. A piezoelectric stack or piezoelectric bimorph, between two objects
with different weights, is driven by a special control signal. At the initial step (1),
the piezoelectric element is in its original status and connects two blocks. Then,
in the step (2), the piezoelectric element extends gradually with the increase of
driving voltage, and one block follows the movement of the piezoelectric element
due to the static friction. In this process, there is no relative motion between the
two objects. Afterwards, in step (3), the driving voltage suddenly drops to zero and
the piezoelectric element loses power. It quickly recovers to the initial status, but
the moving block remains in its position due to the inertial force. Following these
steps, a small displacement occurs in this process. Based on the moving process,
the friction-inertia actuator involves two motion types: impact-friction type and
stick-slip type [3]. The main difference from impact-friction type is that, in stick—
slip type, one end of the driving element is connected to the base and the other end
drives the mass block by surface friction.

These three motion principles have some similarities and differences. According
to the previous research, the performance comparison of these three motion types
of stepping principle piezoelectric actuators is listed in Table 1. From the list, the
inchworm type piezoelectric actuators dominate the high resolution and large
output capability, but the free-load motion velocity is lower than its counterparts.
Whereas, the friction-inertia type and parasitic type piezoelectric actuators have
superiorities on motion speed and control system but deficiency on the output
capability.

Compared with the inchworm type piezoelectric actuator, the structure of the
PMP piezoelectric actuator is compact and its control strategy is quite simple. The
parasitic motion completes the actions of clamping and driving in inchworm type
motion. The re-clamping in the inchworm type is neglected in the parasitic type
motion. Therefore, the difficulty and complexity on control system drop down
but the output load capability is sacrificed to some extent. As a similar motion like
friction-inertia type, the main difference is on the interaction between the driver
and the slider/rotor. In PMP piezoelectric actuators, the normal clamping force,
as well as the friction, between the driver and the slider/rotor becomes large as the
voltage increases, while the forces are generally maintained the same in friction-
inertia type piezoelectric actuator. All in all, the parasitic motion principle can be
treated as a combination of inchworm principle and friction-inertia principle to
some extent. It simplifies the structures and control strategy of inchworm principle,
and exceeds the output capability of friction-inertia motion principle by increasing
the clamping force.

24



Parasitic Motion Principle (PMP) Piezoelectric Actuators: Definition and Recent Developments
DOI: http://dx.doi.org/10.5772/intechopen.96095

Block Driving unit Block Block

Initial Driving unit
position (M 4 ¢

Slow )
cxtcnslon : @ ‘_'_’
_’ AS
> <« r (3)

(@

Rapid
retreat

€))

Figure 3.
Motion principles of two friction-inertia types actuators: (a) impact-drive type, and (b) stick—slip type [3].

Type Positioning Carrying Motion Control
resolution capability speed strategy
Inchworm High High Slow Complex
Friction-inertia Middle low Fast Simple
Parasitic Middle Middle Fast Simple
Table 1.

Performance comparison of three motion types of stepping principle piezoelectric actuators.

4. Developments and achievements

In 2012, Huang et al. was the first one proposing the PMP piezoelectric actuator
by using two microgrippers [23]. The three-dimension (3D) model of the actuator
is shown in Figure 4(a). A slider is parallelly placed between two elastic clampers.
In most cases, the micro-gripper is employed to precisely manipulate micro/nano-
scale objects. However, with the major motion Ax clamping the objects, a parasitic
motion Ay pulls the slider to move a minor distance being vertical to the clamping
direction. Driven by the saw-tooth wave, a long working stroke was accumulated
by step-by-step motion. Various of experiments were conducted with 25V ~100 V
driving voltages and 1 Hz ~ 5 Hz driving frequencies to prove the practicability of
the proposed driving mechanism. In another research, as shown in Figure 4(b), a
more compact linear parasitic motion positioning stage consisting of one compact
micro-gripper and one piezoelectric element was developed by Huang et al. [35].
The experiments indicated the linear positioning stage can achieve forward and
reverse movements with different driving saw-tooth waves, as well as movement
velocities and stepping displacement.

By utilizing various of flexure hinge-based compliant mechanisms, some novel
kinds of piezoelectric actuators based on parasitic motion are developed. Figure 5
illustrates novel PMP piezoelectric actuators with bridge-type flexure hinge-based
compliant mechanism. This type of flexure hinge-based compliant mechanism is a
novel kind of structure used in piezoelectric actuators, which not only amplifies the
output displacement but generates coupled motion component as well. The motion
principle of the bridge-type flexure hinge-based compliant mechanism is shown in
Figure 5(a). Li et al. introduced both linear and rotary PMP piezoelectric actuators
based on such mechanism [36, 37], as shown in Figure 5(b) and (c). The parasitic
motion of the bridge-type flexure hinge-based compliant mechanism was theoreti-
cally analyzed and numerically simulated by the elastic-beam theory (EBT), rigid-
body method (RBM) and finite element method (FEM), respectively. Dual-servo
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PMP piezoelectric actuators designed by using the bridge-type flexure hinge-based compliant mechanism:
(a) working principle, (b) bidirectional linear actuator by Li et al. [37], and (c) rotary actuator by Li et al. [36].

control strategy was introduced to achieve long working stroke and nano-scale reso-
lution positioning within one single step. Experiments showed that the maximum
velocity of 7.95 mm/s was achieved for the linear actuator with the driving voltage
of 100 V at a driving frequency of 1000 Hz, while the rotary actuator can reach
32000 prad/s with the driving voltage of 100 V at a driving frequency of 100 Hz.
Wang et al. proposed a bidirectional complementary-type actuator, which utilized
parasitic motion in the longitudinal deformation for driving and clamping [38].
Compared with the current existing prototypes, it reduced the motion coupling to
4%, and optimized the step consistency and driving capability to a large extent.
After that, several different PMP piezoelectric actuators are proposed by
employing different flexure hinge-based compliant mechanisms, i.e. asymmetric
flexure hinge-based compliant mechanism, parallelogram flexure hinge-based
compliant mechanism and trapezoid flexure hinge-based compliant mechanism.
In comparison with the bridge-type flexure hinge-based compliant mechanism,
the asymmetric flexure hinge-based compliant mechanism has simple structure
with high stiffness. Li et al. proposed an asymmetric flexure hinge-based compliant
mechanism, as shown in Figure 6(a), to amplify the parasitic motion in the PMP
piezoelectric actuator [39]. By introducing the asymmetric flexure hinge-based
compliant mechanism, the resolution of the proposed linear PMP piezoelectric
actuator was improved to 0.68 pm. The maximum speed can reach 4.676 mm/s
and the maximum output load was enhanced to 91.3 g. Another linear actuator
was proposed by Li et al., as shown in Figure 6(b). The lever-type piezoelectric
actuator could achieve bidirectional motion driven by a single piezoelectric element
[40]. Under the symmetry of 20% and 80%, the maximum forward velocity was
7.69 mm/s and maximum reverse velocity was 712 mm/s, respectively. Gao et al.
presented a PMP piezoelectric actuator based on an asymmetrical flexure hinge-
based compliant mechanism [41], as shown in Figure 6(c). The authors designed
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four bars with different thickness right-circle flexure hinges to achieve improve-
ment on output speed and efficiency. Simulations were employed to optimize the
structure parameters and the experimental results indicated that the maximum
velocity of the proposed piezoelectric actuator reached 15.04 mm/s under the
driving voltage of 100 V at a driving frequency of 490 Hz.

Parallelogram flexure hinge-based compliant mechanism is another widely used
structure in PMP piezoelectric actuators. Due to its simple structure and flexible
design, it gains popularity in studies. Li et al. first introduced the parallelogram
flexure hinge-based compliant mechanism in the PMP piezoelectric actuators
and characterized the performance of the proposed actuator [42], as shown in
Figure 7(a). In the case, the maximum free-load motion speed of the proposed
PMP piezoelectric actuator was 14.25 mm/s under the driving voltage of 100 V ata
driving frequency of 2000 Hz. Some modified parallelogram structures were also
proposed with improved driving capability by Li et al. [43, 44]. By combining the
parallelogram flexure hinge-based compliant mechanism and asymmetrical flexure
hinge-based compliant mechanism, several different PMP piezoelectric actuators
were developed, as shown in Figure 7(b) and (c). The parasitic motion was charac-
terized by EBT and FEM, and the experiments proved the feasibility of the proposed
piezoelectric actuator and simplification of walking type for piezoelectric actua-
tors. Furthermore, Gao et al. developed another modified parallelogram flexure
hinge-based compliant mechanism in PMP piezoelectric actuators [45]. By adopting
different stiffness flexure hinges, parasitic motion displacement was amplified, and
the working performance was investigated by a prototype, as shown in Figure 7(d).

The special mechanical properties of the trapezoid flexure hinge-based compli-
ant mechanism attract the attention from researchers. By adjusting the structural
parameters, various kinds of trapezoid flexure hinge-based compliant mechanism
with different mechanics characteristics can be obtained. Some of them can easily
bring in the parasitic motion in the deformation. Li et al. investigated the possibil-
ity of introducing trapezoid flexure hinge-based compliant mechanism into PMP
piezoelectric actuators [46], and manufactured a prototype to study the kinematic
properties of the proposed PMP piezoelectric actuator. The design of the PMP
piezoelectric actuator is shown in Figure 8(a). The right-circular flexure hinges
with different thickness were employed in the prototype design of the trapezoid
flexure hinge-based compliant mechanism, which had the capability to achieve the
parasitic motion. The moving process was characterized and verified by theoreti-
cal calculation, numerical simulation and experiments. The experimental results
indicated that the maximum speed was 180 pm/s with the driving voltage of 100 V
at a driving frequency of 220 Hz. Cheng et al. analyzed the trapezoid flexure
hinge-based compliant mechanism and applied such structure into the development
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flexure structure by Li et al. [46], and (b) right-circular flexure structure by Cheng et al. [47].

of PMP piezoelectric actuators [47]. They attempted to optimize the asymmetrical
flexure hinge-based compliant mechanism to achieve large static friction force in
slow extension phase while low kinetic friction force in quick backward phase. The
prototype was fabricated to confirm the proposed structure. The maximum speed
and maximum output load were 5.96 mm/s and 3 N under the driving voltage of
100 V at a driving frequency of 500 Hz. Another research employing a modified
trapezoid flexure hinge-based compliant mechanism was developed by Lu et al.
[48], which achieved high speed at lower driving frequency.

Apart from the most used flexure hinge-based compliant mechanism in PMP
piezoelectric actuators, some other structures are also introduced to enhance the
parasitic motion. The symmetrical flexure hinge-based compliant mechanism was
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applied into the PMP piezoelectric actuator by Yao et al. [49]. The design of the
actuator is shown in Figure 9(a). The structural characteristics and motion dis-
placement were theoretically analyzed and predicted by FEM. The motion principle
of the coupled symmetrical flexure hinge-based compliant mechanism is shown in
Figure 9(b). With the assistance of the coupled symmetrical flexure hinge-based
compliant mechanism, the developed PMP piezoelectric actuator achieved notable
improvement on kinematic performance and large output capability. The experi-
ments showed that the minimum step displacement was 0.495 pm under the input
driving voltage of 30 V at a driving frequency of 1 Hz and the maximum speed
was 992.4 pm/s with the input driving voltage of 120 V at a driving frequency of
400 Hz. Lu et al. developed another kind of coupled symmetrical flexure hinge-
based compliant mechanism for linear PMP piezoelectric actuators [50]. The FEM
simulation under static load is shown in Figure 9(c). The feasibility of the designed
structure was confirmed by the numerical simulation and experiment.

Besides the aforementioned PMP piezoelectric actuators, Li et al. investigated
a “Z-shaped” symmetric flexure hinge-based compliant mechanism in the PMP
piezoelectric actuator [51]. Since the symmetric flexure hinge-based compliant
mechanisms were rotated with an angle of 0 = +20° to the slider, coupled motion
could be achieved inx and y directions. Figure 10(a) shows the 3D model of the
PMP piezoelectric actuator. In this case, the system statics and kinetic models were
established for better understanding the static and dynamic performances of the
proposed linear PMP piezoelectric actuator. Furthermore, a triangular structure
with flexure hinge-based compliant mechanism was proposed by Zhang et al. [52],
as shown in Figure 10(b). Compared to the existing actuators with similar motion
principle, the proposed triangular flexure hinge-based compliant mechanism had the
capability to amplify the clamping force as well as the driving force. The proposed
actuator achieved several times larger driving force and higher free-load motion
speed with similar or even lower driven voltage. Besides these linear PMP piezoelec-
tric actuators, several kinds of rotary PMP piezoelectric actuators with triangular
structure were proposed by Zhang et al. to confirm the possibility of the proposed
flexure hinge-based compliant mechanism in PMP piezoelectric actuators [53].
To enhance the load capability for both forward and backward motions, a shared
driving foot flexure hinge-based compliant mechanism, equipped with two piezo-
electric stacks, was proposed by Zhang et al. [54]. The 3D model and the working
principle are shown in Figure 10(c). Experimental results indicated that the actuator
could achieve a free-load maximum forward and backward speed up to 18.6 mm/s
and 16.0 mm/s, respectively. The output capacity was largely improved to 2.0 kg for
the both driving directions. Zhang et al. developed a linear piezoelectric actuator
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PMP piezoelectric actuators with coupled symmetrical flexure hinge-based compliant mechanism: (a) linear
piezoelectric actuator by Yao et al. [49], (b) motion principle of the symmetrical flexure hinge-based compliant
mechanism, and (c) FEM simulation by Lu et al. [50].
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with mode conversion flexure hinge-based compliant mechanism [55], as shown in
Figure 10(d). The mode conversion flexible hinge with a structure of chutes achieved
lateral motion and constant phase difference with symmetrical waveform. Different
parameters of the chutes were analyzed by FE simulation and experiment. The
experimental results showed good agreement with the simulation analysis.

More recently, some compact flexure hinge-based compliant mechanisms are
introduced into the PMP piezoelectric actuators to enhance the performances.
Wang et al. reported a rotary piezoelectric actuator with centrosymmetric flexure
hinge-based compliant mechanism [56]. The structure of the proposed piezoelectric
actuator is presented in Figure 11(a). The motion principle was analyzed by FEM,
which was further confirmed by the experiment. Both the output capability and
moving resolution of the proposed actuator were improved, and the clockwise and
anticlockwise rotations can be switched by adjusting the driving voltage waveform.
Besides the rotary PMP piezoelectric actuator, another linear PMP piezoelectric
actuator was then introduced to confirm the feasibility of bidirectional PMP piezo-
electric actuator [57]. The structure of the bidirectional piezoelectric actuator is
illustrated in
Figure 11(b). Furthermore, by employing two lever-type flexure hinge-based
compliant mechanism, Li et al. developed a 2-DOF piezoelectric-driven precision
positioning stage by using parasitic motion [58]. As shown Figure 11(c), the stage
consisted of two layers with the same driven structures and the L-shape flexure
hinges made the structure compact with piezoelectric stacks being parallel to the
slider. The prototype achieved relatively large output displacement over 1,600 pm
with good linearity. Wang et al. developed a high-velocity rotary parasitic type
piezoelectric positioner [59]. A compact rotational symmetric flexure mechanism
with self-centering function was employed to generate parasitic motion to drive
the rotor, as shown in Figure 11(d). The experimental results showed the proposed
positioning stage achieved the maximum speed of 151.4 mrad/s, which was much
greater than most of the current reported non-resonant piezoelectric positioner.
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PMP piezoelectric actuators designed by using (a) centrosymmetric flexure hinge-based compliant mechanism
for rotary actuator [56], (b) two lever-type flexure hinge-based compliant mechanism for linear actuator [57],
(c) “L-shape” compact 2-DOF actuator [58], and (d) rotational symmetric flexure hinge-based compliant
mechanism for rotary actuator [59].

In order to obtain better understanding of the motion characteristics, some
in-depth research is conducted to clarify the nature in some phenomena, such as
backward motion and interfacial interaction. Huang et al. firstly investigated the
non-linearity and backward motion in one step of a rotary PMP piezoelectric actua-
tor [60], as shown in Figure 12(a). The analysis indicated that the non-linearity in
one step was due to the fit-up gap of the bearing and the self-deformation of the
flexible micro-gripper when contacted with the slider, while the backward motions
was attributed to the non-ideal driving wave. Furthermore, the characteristics of a
linear PMP piezoelectric actuator were also investigated [61], and a dynamics model
was provided for system control and optimization. Taking some potential factors,
such as the coupling angle, the driving signal symmetry, the mover mass and the
preload force, into consideration, the model analyzed the influences of these factors
on the output, such as the step length, the backward ratio and the maximum load.
Based on the characterization and analysis of the PMP piezoelectric actuators,
some strategies were introduced to suppress the backward motion. Huang et al.
employed two piezoelectric stacks to realize the synergic motion principle [62]. One
of the piezoelectric stacks was used for driving and the other was used for lifting, as
shown in Figure 12(b). By theoretical analysis and experiments, the actuator could
achieve stepping displacement without backward motion with the aid of synergic
driving principle. Another strategy on suppression of backward motion in PMP
piezoelectric actuators was by means of the sequential control method [63]. As
shown in Figure 12(c), two flexure-based hinge mechanisms with different dis-
placement amplification rates inx and y directions were responsible for driving and
lifting, respectively. Compared with some conventional PMP piezoelectric actua-
tors, the backward motion was suppressed under the sequential control method.

Up to now, more detailed phenomena in PMP piezoelectric actuators are focused
and analyzed to enhance the performances. Wang et al. investigated the influence
of initial gap on the one-stepping characteristics of PMP piezoelectric actuators
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Mechanism investigations and further improvement on (a) non-linear and backward motion in rotary
actuator [60], (b) synergic motion principle by two piezoelectric stacks [62], and (c) sequential control method
to suppress the backward motion [63].

[64]. The experimental results showed that the initial gap significantly affected
the output characteristics. As shown in Figure 13(a), the previous sudden return
(backward motion) transformed into sudden jump, and between them, there was a
transition stage, i.e. smooth motion. Another study on preloading was conducted by
Yang et al. [65]. By varying the preloading between the flexure hinge-based compli-
ant mechanism and slider, the piezoelectric actuator worked under two different
motion modes. Under the new motion mode, the output performances were studied
with different initial gaps, driving voltages, driving frequencies, and vertical loads.
In addition, the contact force was also measured in PMP piezoelectric actuator by
Xuetal. [66], as shown in Figure 13(b). Since the contact force has never been
quantitatively detected, it is difficult for keeping the performance uniformity of
such actuator in previous studies. By integrating a cantilever beam into the driving
unit for measuring the contact force, the actuator could optimize the loading capac-
ity and motion stability by adjusting driving voltage and frequency. The experi-
ments verified the feasibility, and the corresponding actuator was applicable.
Parasitic type piezoelectric actuator is a novel member in the family of stepping
actuators. Thus, there is still a lot of research to be done to make the underlying
mechanism clear, optimize the structure & control strategy, and enhance the output
performances. Although several potential issues have been solved and some achieve-
ments have been obtained, the PMP piezoelectric actuators are still far from mass
production and wide applications in industry. For example, the nature of the inter-
facial interaction, compact & simple structures to suppress the backward motion
and many related issues are still the stumbling blocks on the way to completion.

5. Issues and future directions

With the introduction of stepping motion principle into piezoelectric actuators,
positioning systems are capable to achieve long working stroke and micro-to-nano
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positioning resolution. Three motion types of stepping piezoelectric actuators are
mostly utilized, inchworm type, friction-inertia type and parasitic type. As one
of the most important types, parasitic type showcases the flexibility and massive
potential in practical applications in future research and industry. In comparison
with the inchworm type piezoelectric actuator, the structure and control strategy
of the system are simpler, and it is much easier to obtain high free-load speed.
Therefore, further research and efforts should be made to overcome the existing
issues in PMP piezoelectric actuators, i.e. backward motion, to satisfy the require-
ments from general and specific applications, and enhance their adaptation in
different conditions.

For the PMP piezoelectric actuators, which have superiorities on simple
structure and control system, the low output load and intrinsic backward
motions are long-existing issues due to the motion principle. Although some
studies attempt to address these issues, some other issues come with the solution.
For example, the suppression of backward motion came with increasing com-
plexity of structure and control system. It is now still far from the complete to
overcome these issues. Therefore, the studies on improvement of output capa-
bility and deep understanding on suppression of backward motion should be
further conducted. Furthermore, since the relative motion exists in the parasitic
type motion, the wear and tear damages can not be neglected, which will reduce
the reliability and stability of the actuator in service. So, the deep understand-
ing and optimization of the interfacial interaction between the flexure and the
slider/rotor is another topic in future research. Finally, the multi-direction,
integration and minimization of PMP piezoelectric actuators become vital for
future applications. Only those which combine long stroke, large load, compact
size and integrated system will gain popularity in the future precision-actua-
tor market.
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6. Conclusions

This chapter reviews the recent developments and achievements on PMP piezo-
electric actuators. Combined with stepping motion principle, the PMP piezoelectric
actuator acquires the capabilities on long working stroke and relatively large output
capability, which breaks through the long-standing obstacles on micrometric work-
ing stroke of single piezoelectric element. In addition, some novel flexure-based
hinge mechanisms are introduced to enhance the performances of the parasitic
type motion, which not only extend the motion displacement in one step but also
improve the motion stability in long working stroke. In addition, the underlying
potential issues, i.e. backward motion and contact force, are investigated to under-
stand the nature of the mechanism. By utilizing theoretical analysis and FE simula-
tion, novel structures and driving strategies are applied to suppress the backward
motion and improve the motion speed by adjusting interfacial interaction. These
prototypes demonstrate better performances than previous parasitic type actuators,
verifying the feasibility of the proposed methods. However, further studies should
be conducted for improving the performances and overcoming current issues to
satisfy the increasing demands for precision positioning and related applications.

Acknowledgements

This work was supported by the National Natural Science Foundation of China
(Grant No. 52075221), the Young Elite Scientists Sponsorship Program by CAST
(YESS) (Grant No. 2017QNRC001), and the Fundamental Research Funds for the
Central Universities (2019-2021).

Conflict of interest

The authors declare no conflict of interest.

Author details
Lin Zhang' and Hu Huang™*
1 Department of Mechanical Engineering, Keio University, Yokohama, Japan

2 Key Laboratory of CNC Equipment Reliability, Ministry of Education, School of
Mechanical and Aerospace Engineering, Jilin University, Changchun, Jilin, China

*Address all correspondence to: huanghu@jlu.edu.cn

IntechOpen

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium,

provided the original work is properly cited.

34



Parasitic Motion Principle (PMP) Piezoelectric Actuators: Definition and Recent Developments

DOI: http://dx.doi.org/10.5772/intechopen.96095

References

[1] Zhang X and Xu Q. Design,
fabrication and testing of a novel
symmetrical 3-DOF large-stroke
parallel micro/nano-positioning stage.
Robotics and Computer-Integrated
Manufacturing 2018; 54: 162-172.
DOIL: https://doi.org/10.1016/j.
rcim.2017.11.006.

[2] Fleming AJ. A review of nanometer
resolution position sensors: Operation
and performance. Sensors and
Actuators A: Physical 2013; 190: 106-
126. DOL: https://doi.org/10.1016/].
sna.2012.10.016.

(3] LiJ, Huang H and Morita T. Stepping
piezoelectric actuators with large
working stroke for nano-positioning
systems: A review. Sensors and
Actuators A: Physical 2019; 292:

39-51. DOI: https://doi.org/10.1016/j.
sna.2019.04.006.

[41D.S,A.Pand D. P, etal. A New Type
of Motor: Pneumatic Step Motor. IEEE/
ASME Transactions on Mechatronics
2007; 12: 98-106. DOI: 10.1109/
TMECH.2006.886258.

[51]. K, S. Cand K. C, et al. Position
Estimation Using Linear Hall Sensors
for Permanent Magnet Linear Motor
Systems. Ieee Transactions On Industrial
Electronics 2016; 63: 7644-7652. DOI:
10.1109/TIE.2016.2591899.

[6] Gradl C, Plockinger A and

Scheidl R. Sensorless position control
with a hydraulic stepper drive —
Concept, compression modeling

and experimental investigation.
Mechatronics 2016; 35: 91-101.

DOL: https://doi.org/10.1016/j.
mechatronics.2016.01.004.

[71Li]J, Zhao Hand QuH, etal. A
piezoelectric-driven rotary actuator by
means of inchworm motion. Sensors
and Actuators A: Physical 2013; 194:

35

269-276. DOL: https://doi.org/10.1016/j.
sna.2013.02.020.

[8] LiJ, Zhao H and Shao M, et al.
Design and experimental research of an
improved stick—slip type piezo-driven
linear actuator. Advances in Mechanical
Engineering 2015; 7: 757550584. DOLI:
10.1177/1687814015595016.

[9] Li], Zhao H and Shao M, et al.
Design and experiment performances
of an inchworm type rotary actuator.
Review of Scientific Instruments 2014;
85: 85004. DOI: 10.1063/1.4892998.

[10] Zhao H, FuLand Ren L, etal.
Design and experimental research of
a novel inchworm type piezo-driven
rotary actuator with the changeable
clamping radius. Review of Scientific
Instruments 2013; 84: 15006. DOI:
10.1063/1.4788736.

[11] M. WF, S. ORM and A. JF. Q
Control of an Atomic Force Microscope
Microcantilever: A Sensorless Approach.
Journal of Microelectromechanical
Systems 2011; 20: 1372-1381. DOI:
10.1109/JMEMS.2011.2168809.

[12] Zhao J, Gong W and Cai W, et al.
Piezoelectric bimorph-based scanner in
the tip-scan mode for high speed atomic
force microscope. Review of Scientific
Instruments 2013; 84: 83706. DOI:
10.1063/1.4818976.

[13] Ruppert MG, Moore SI and
Zawierta M, et al. Multimodal atomic
force microscopy with optimized higher
eigenmode sensitivity using on-chip
piezoelectric actuation and sensing.
Nanotechnology 2019; 30: 85503. DOI:
10.1088/1361-6528/aae40b.

[14] Syahputra HP, Ko TJ and

Chung BM. Development of 2-axis
hybrid positioning system for precision
contouring on micro-milling operation.
Journal of Mechanical Science and



Piezoelectric Actuators - Principles, Design, Experiments and Applications

Technology 2014; 28: 691-697. DOI:
10.1007/s12206-013-1132-5.

[15] Zhu Z, Zhou X and Liu Z, et al.
Development of a piezoelectrically
actuated two-degree-of-freedom
fast tool servo with decoupled
motions for micro—/nanomachining.
Precision Engineering 2014; 38: 809-
820. DOL: https://doi.org/10.1016/j.
precisioneng.2014.04.009.

[16] Huang P, Wu X and To S, et al.
Deterioration of form accuracy induced
by servo dynamics errors and real-

time compensation for slow tool servo
diamond turning of complex-shaped
optics. International Journal of Machine
Tools and Manufacture 2020; 154:
103556. DOI: https://doi.org/10.1016/j.
ijmachtools.2020.103556.

[17] Koyama D, KashiharaY and
Hatanaka M, et al. Movable optical lens
array using ultrasonic vibration. Sensors
and Actuators A: Physical 2016; 237:
35-40. DOL: https://doi.org/10.1016/j.
sna.2015.11.009.

[18] Schneider F, Draheim J and

Miiller C, et al. Optimization of an
adaptive PDMS-membrane lens with
an integrated actuator. Sensors and
Actuators A: Physical 2009; 154:
316-321. DOL: https://doi.org/10.1016/j.
sna.2008.07.006.

[19] Lemke F, Weber PM and Philipp K,
et al. Piezo-actuated adaptive prisms
for continuously adjustable bi-axial
scanning. Smart Materials and
Structures 2020; 29: 95004. DOI:
10.1088/1361-665%/ab8a00.

[20] Huang H, Zhao H and Fan Z, et al.
Analysis and experiments of a novel and
compact 3-DOF precision positioning
platform. Journal of Mechanical Science
and Technology 2013; 27: 3347-3356.
DOI: 10.1007/s12206-013-0856-6.

[21] Chiang M, Development of
X-Y Servo Pneumatic-Piezoelectric

36

Hybrid Actuators for Position Control
with High Response, Large Stroke
and Nanometer Accuracy, Sensors,
2010.10.3390/s100402675

[221F.W,C.LandY.T, etal.

Design of a Piezoelectric-Actuated
Microgripper With a Three-Stage
Flexure-Based Amplification. IEEE/
ASME Transactions on Mechatronics
2015; 20: 2205-2213. DOI: 10.1109/
TMECH.2014.2368789.

(23] Huang H, Zhao H and Yang Z, et al.
A novel driving principle by means of
the parasitic motion of the microgripper
and its preliminary application in the
design of the linear actuator. Review of
Scientific Instruments 2012; 83: 55002.
DOI: 10.1063/1.4711869.

[24] Yao Q, Dong J and Ferreira PM.
Design, analysis, fabrication and
testing of a parallel-kinematic
micropositioning XY stage.
International Journal of Machine

Tools and Manufacture 2007; 47:
946-961. DOL: https://doi.org/10.1016/].
ijmachtools.2006.07.007.

[25] Y. L and Q. X. A Totally Decoupled
Piezo-Driven XYZ Flexure Parallel
Micropositioning Stage for Micro/
Nanomanipulation. IEEE Transactions
On Automation Science and
Engineering 2011; 8: 265-279. DOLI:
10.1109/TASE.2010.2077675.

[26] Bhagat U, Shirinzadeh B and
Clark L, et al. Design and analysis
of anovel flexure-based 3-DOF
mechanism. Mechanism and
Machine Theory 2014; 74: 173-187.
DOIL: https://doi.org/10.1016/].
mechmachtheory.2013.12.006.

[27] Arabaci T, Cicek Y and Dilsiz A, et
al. Influence of tip wear of piezoelectric
ultrasonic scalers on root surface
roughness at different working
parameters. A profilometric and atomic
force microscopy study. International
Journal of Dental Hygiene 2013; 11



Parasitic Motion Principle (PMP) Piezoelectric Actuators: Definition and Recent Developments

DOI: http://dx.doi.org/10.5772/intechopen.96095

69-74. DOI: https://doi.org/10.1111/
idh.12003.

[28] Shiyang L and Ming Y. Analysis
of the temperature field distribution
for piezoelectric plate-type ultrasonic
motor. Sensors and Actuators

A: Physical 2010; 164: 107-115.

DOIL: https://doi.org/10.1016/].
sna.2010.09.009.

[29] Gao X, Yang ] and Wu ], et al.
Piezoelectric Actuators and Motors:
Materials, Designs, and Applications.
Advanced Materials Technologies
2020; 5: 1900716. DOT: https://doi.
org/10.1002/admt.201900716.

[30] Zhang ZM, An Q and Li JW,

et al. Piezoelectric friction—inertia
actuator—a critical review and
future perspective. The International
Journal of Advanced Manufacturing
Technology 2012; 62: 669-685. DOI:
10.1007/s00170-011-3827-z.

[31] Peng Y, Peng Y and Gu X, etal.
A review of long range piezoelectric
motors using frequency leveraged
method. Sensors and Actuators

A: Physical 2015; 235: 240-255.

DOIL: https://doi.org/10.1016/j.
sna.2015.10.015.

[32] Mathieu F, Larramendy F

and Dezest D, et al. Reducing

parasitic effects of actuation and
sensing schemes for piezoelectric
microelectromechanical resonators.
Microelectronic Engineering 2013; 111:
68-76. DOI: https://doi.org/10.1016/j.
mee.2013.01.057.

[33] Hwang D, Lee MG and Kim H, et

al., Precision XY Positioning Stage With

Coupled Flexures and Piezo Actuators
for Avoiding Parasitic Tilt Error, 2009,
pp. 541-545.10.1115/MSEC2009-84094

[34] Ueno S, Takemura K and
Yokota S, et al. Micro inchworm robot

using electro-conjugate fluid. Sensors
and Actuators A: Physical 2014; 216:

37

36-42. DOL: https://doi.org/10.1016/].
sna.2014.04.032.

[35] Huang H and Zhao H. Forward
and Reverse Movements of a Linear
Positioning Stage Based on the
Parasitic Motion Principle. Advances
in Mechanical Engineering 2014; 6:
452560. DOI: 10.1155/2014/452560.

[36] Li], Zhou X and Zhao H, et al.
Design and experimental tests of a dual-
servo piezoelectric nanopositioning
stage for rotary motion. Review of
Scientific Instruments 2015; 86: 45002.
DOI: 10.1063/1.4918295.

[371). L, X. Zand H. Z, et al.
Development of a Novel Parasitic-
Type Piezoelectric Actuator. IEEE/
ASME Transactions on Mechatronics
2017; 22: 541-550. DOI: 10.1109/
TMECH.2016.2604242.

[38] Wang Y and Yan P. A novel
bidirectional complementary-type
inchworm actuator with parasitic
motion based clamping. Mechanical
Systems and Signal Processing
2019; 134: 106360. DOI: https://doi.
org/10.1016/jymssp.2019.106360.

[39] LiJ, CaiJ and Wen J, etal. A
parasitic type piezoelectric actuator
with the asymmetrical trapezoid
flexure mechanism. Sensors and
Actuators A: Physical 2020; 309:
111907. DOI: https://doi.org/10.1016/j.
sna.2020.111907.

[40] LiY, Li H and Cheng T, et al.
Note: Lever-type bidirectional
stick-slip piezoelectric actuator with
flexible hinge. Review of Scientific
Instruments 2018; 89: 86101. DOI:
10.1063/1.5038640.

[41] Gao Q, HeM and Lu X, et al.
Simple and high-performance
stick-slip piezoelectric actuator
based on an asymmetrical flexure
hinge driving mechanism. Journal
of Intelligent Material Systems and



Piezoelectric Actuators - Principles, Design, Experiments and Applications

Structures 2019; 30: 2125-2134. DOLI:
10.1177/1045389X19862376.

[42] Li], Zhou X and Zhao H, et al.
Design and experimental performances
of a piezoelectric linear actuator

by means of lateral motion. Smart
Materials and Structures 2015; 24: 65007.
DOI: 10.1088/0964-1726/24/6/065007.

[43]]. W, N. W and R. W, et al. A Novel
Linear Walking Type Piezoelectric
Actuator Based on the Parasitic Motion
of Flexure Mechanisms. IEEE Access
2019; 7: 25908-25914. DOI: 10.1109/
ACCESS.2019.2900381.

[44] Wan N, Wen J and Hu Y, et al. A
parasitic type piezoelectric actuator
with an asymmetrical flexure hinge
mechanism. Microsystem Technologies
20205 26: 917-924. DOI: 10.1007/
s00542-019-04627-5.

[45] GaoQ,LiYand Lu X, etal. A
piezoelectric stick-slip linear actuator
with a rhombus-type flexure hinge
mechanism by means of parasitic
motion. Review of Scientific
Instruments 2019; 90: 96102. DOI:
10.1063/1.5082856.

[46] LiJ, Chen S and Zhao G, etal. A
linear piezoelectric actuator with the
parasitic motion of equilateral triangle
flexure mechanism. Smart Materials
and Structures 2019; 29: 15015. DOI:
10.1088/1361-665%/ab545d.

[47]1 T. C,M.Hand H. L, et al. A Novel
Trapezoid-Type Stick—Slip Piezoelectric
Linear Actuator Using Right Circular
Flexure Hinge Mechanism. Ieee
Transactions On Industrial Electronics
2017; 64: 5545-5552. DOI: 10.1109/
TIE.2017.2677318.

[481X.L,Q.GandY.L,etal. A

Linear Piezoelectric Stick-Slip
Actuator via Triangular Displacement
Amplification Mechanism. IEEE Access
2020; 8: 6515-6522. DOI: 10.1109/
ACCESS.2019.2963680.

38

[49]1].Y,]J. Cand Y. H, et al. An
Umbrella-Shaped Linear Piezoelectric
Actuator Based on Stick-Slip Motion
Principle. IEEE Access 2019; 7:
157724-157729. DOI: 10.1109/
ACCESS.2019.2947449.

[50] Lu X, Gao Q and Gao Q, et al.
Design, modeling, and performance of
a bidirectional stick-slip piezoelectric
actuator with coupled asymmetrical
flexure hinge mechanisms. Journal

of Intelligent Material Systems and
Structures 2020; 31: 1961-1972. DOI:
10.1177/1045389X20942325.

[51]]. L, H. H and H. Z. A Piezoelectric-
Driven Linear Actuator by Means of
Coupling Motion. Ieee Transactions On
Industrial Electronics 2018; 65: 2458-
2466. DOI: 10.1109/TIE.2017.2740828.

[521Y.Z,Y.Pand Z. S, et al. A Novel
Stick—Slip Piezoelectric Actuator Based
on a Triangular Compliant Driving
Mechanism. Ieee Transactions On
Industrial Electronics 2019; 66: 5374-
5382. DOI: 10.1109/TIE.2018.2868274.

[53] Zhang Y, Wang M and Cheng Y, et
al. A stick-slip/inchworm hybrid rotary
piezo motor based on a symmetric
triangular driving mechanism. Applied
Physics Letters 2019; 115: 131904. DOI:
10.1063/1.5119000.

[54] Zhang Y, Wang M and FanY, et al.
Improving load capacity of stick-slip
actuators in both driving directions via
a shared driving foot. Smart Materials
and Structures 2019; 28: 65004. DOI:
10.1088/1361-665x/ab1428.

[55] Zhang X, YuY and Gao Q, etal. A
stick-slip linear piezoelectric actuator
with mode conversion flexible hinge
driven by symmetrical waveform. Smart
Materials and Structures 2020; 29:
55035. DOI: 10.1088/1361-665x/ab7f42.

[56] Wang Y, Xu Z and Huang H. A
novel stick-slip piezoelectric rotary
actuator designed by employing



Parasitic Motion Principle (PMP) Piezoelectric Actuators: Definition and Recent Developments

DOI: http://dx.doi.org/10.5772/intechopen.96095

a centrosymmetric flexure hinge
mechanism. Smart Materials and
Structures 2020; 29: 125006. DOI:
10.1088/1361-665x/abb98c.

[57] WangJ, QinFand LiL, etal. A
linear piezoelectric actuator with

high flexibility flexible mechanism
designed by the bidirectional parasitic
motion principle. Review of Scientific
Instruments 2020; 91: 45005. DOI:
10.1063/5.0003382.

[58] Li X, Wang X and Sun'W, et

al. A compact 2-DOF piezo-driven
positioning stage designed by using
the parasitic motion of flexure hinge
mechanism. Smart Materials and
Structures 2019; 29: 15022. DOI:
10.1088/1361-665x/ab547f.

[59] Wang J, Huang H and Zhang S,
etal. Development and analysis of a
stick-slip rotary piezoelectric positioner
achieving high velocity with compact
structure. Mechanical Systems and
Signal Processing 2020; 145: 106895.
DOI: https://doi.org/10.1016/j.
ymssp.2020.106895.

[60] Huang H, Li ] and Zhao H, etal. On
the correlation between the structure
and one stepping characteristic

of a piezo-driven rotary actuator.
Microsystem Technologies 2016;
22:2821-2827. DOI: 10.1007/
s00542-015-2670-9.

[61] Wang J, Huang H and Wang Z, et al.
Development and analysis of a dynamic
model for parasitic motion principle
piezoelectric actuator. Mechanical

Systems and Signal Processing 2021; 147:

107079. DOI: https://doi.org/10.1016/j.
ymssp.2020.107079.

[62] Fan H, Tang J and Li T, et al. Active
suppression of the backward motion
in a parasitic motion principle (PMP)
piezoelectric actuator. Smart Materials
and Structures 2019; 28: 125006. DOI:
10.1088/1361-665x/ab4e07.

39

[63] Tang J, Fan H and Liu J, et al.
Suppressing the backward motion

of a stick-slip piezoelectric actuator
by means of the sequential control
method (SCM). Mechanical Systems
and Signal Processing 2020; 143:
106855. DOI: https://doi.org/10.1016/].
ymssp.2020.106855.

[64] Wang X, Huang H and

Fan H, et al. Evolution of one-
stepping characteristics of a stick-slip
piezoelectric actuator under various
initial gaps. Sensors and Actuators

A: Physical 2019; 295: 348-356.

DOIL: https://doi.org/10.1016/j.
sna.2019.06.023.

[65] Yang Z, Zhou X and Huang H, et
al. A new motion mode of a parasitic
motion principle (PMP) piezoelectric
actuator by preloading the flexible
hinge mechanism. Sensors and
Actuators A: Physical 2019; 295: 396-
404. DOL: https://doi.org/10.1016/j.
sna.2019.06.025.

[66] Xu Z, Huang H and Dong J. A
stick-slip piezoelectric actuator with
measurable contact force. Mechanical
Systems and Signal Processing

2020; 144: 106881. DOI: https://doi.
org/10.1016/jymssp.2020.106881.






Chapter 3

Principle, Design and Future of
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Actuators
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Abstract

The inchworm type piezoelectric actuator is one novel actuator to ensure a large
working stroke with high resolution which has attracted the continuous attentions
from researchers all over the world. In this study, the motion principle of the inch-
worm type piezoelectric is discussed: the “walker” pattern, the “pusher” pattern
and hybrid “walker-pusher” pattern. The classification (linear, rotary and multi-
DOF) and development are introduced in details, some significant researches are
illustrated. Finally, the future direction of inchworm type piezoelectric actuators
is pointed out according the development of inchworm type piezoelectric actua-
tors. This study shows the clear principle, design and future of inchworm type
piezoelectric actuators which is meaningful for the development of piezoelectric
actuators.

Keywords: piezoelectric actuator, inchworm, large stroke, high resolution

1. Introduction

Up to now, researchers have developed a variety of micro/Nano driving and
positioning platforms based on piezoelectric materials. Among the developed
piezoelectric platforms, many of them have been applied for biological cell manipu-
lation, atomic manipulation, micro/nano indentation, aerial photography and
other systems with great application results [1, 2]. However, the working stroke
of piezoelectric components is quite small, often only a few micrometers or tens
of micrometers, which seriously limits the further application of piezoelectric
actuators. Therefore, many researchers have done a lot of work to overcome this
shortcoming of piezoelectric components, so as to expand the application field of
piezoelectric actuators [3]. The inchworm type piezoelectric actuator is one kind of
the developed new piezoelectric actuators which is able to ensure a large working
stroke and achieve nano-scale accuracy at the same time. It has a wide application
demand in the fields which have strict requirements on output accuracy, space
size and antielectronmagnetic interference. The study on inchworm piezoelectric
actuators has become a hot spot in the application and research field of piezoelectric
actuators in recent years [4, 5].
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2. Motion principle

The inchworm type piezoelectric actuator mimics the motion principle of the real
inchworm in nature, as is illustrated in Figure 1(a) [6]. Sometimes, it is called one
kind of novel bionic actuators. It is found that the natural inchworm moves smoothly
by stepping motion form. With the help of the stepping motion form and the piezo-
electric technology, large working stroke is easy to be achieved by inchworm actua-
tors through the alternating motion of driving units and clamping units. At the same
time, compared with other piezoelectric actuators, the use of clamping unit brings
larger output force. The inchworm type piezoelectric actuator usually consists of one
driving unit and two clamping units. According to the difference of motion modes,
inchworm type piezoelectric actuators could be split into three motion patterns: the
“walker” pattern, the “pusher” pattern and hybrid “walker-pusher” pattern.

Figure 1(b) shows the motion principle of the “walker” pattern piezoelectric
actuator, which is essentially similar to the walking mode of the real inchworm in
nature. The “walker” mechanism obtains a large working stroke by repeating the
following six steps: (1) in the original position, all piezoelectric elements in the
driving unit and clamping units do not work, so there is a gap between the clamping
device and the base guider; (2) the piezoelectric element in clamping unit 1 obtains
the power, and then clamping unit 1 holds the base guide tightly; (3) the driving
unit is extending while the piezoelectric element inside it obtains the power; (4) the
clamping unit 2 obtains the power to tightly fix the base guider and the clamping
unit 1; (5) the clamping unit 1 loses power to release the base guider; (6) the driving
unit returns to its original length. Finally, the clamping unit 2 is de energized to
release the base guider in the same original position as in step (1). By repeating
these six steps, a large working stroke is achieved gradually [7].

The “push” pattern piezoelectric actuator also needs six steps to obtain a step
motion, as shown in Figure 1(c): (1) in the original position, all of the driving
and clamping units have no power to fix the slider; (2) the clamping unit 2 obtains
the power to hold the slider tightly; (3) the driving unit gets power to push the
clamping unit 2, and since the slider is hold by clamping unit 2 tightly, it will move
forward for small moving distance; (4) the clamping unit 1 holds the slider;

(5) the clamping unit 2 is powered off to release the slider; (6) the driving unit
returns to the original length when it loses power. At last, the clamping unit 1
releases the slider to the same condition as in the original position [8].

Hybrid “Walker-pusher” pattern piezoelectric actuator is a hybrid of “Walker”
and “pusher” modes. The difference is that the driving unit is inserted into the slid-
ing block, and the clamping unit is assembled in the base in the “Walker-pusher”

mode [9].
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Figure 1.
Motion principles: (a) real inchworm; (b) “walker” pattern; (c) “pusher” pattern.
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3. Classification and development

Inchworm type piezoelectric actuator has been widely concerned by researchers
because it is able to ensure long working stroke, high precision and large output at
the same time. Many inchworm driving devices have been developed. According to
the different motion forms, they could be divided into the linear actuator, the rotary
actuator and the multi-DOF actuator.

3.1 Linear inchworm actuator

As early as in 1964, Stibitz developed the first “pusher” inchworm actuator with
magnetostrictive elements to generate driving force, so as to solve the positioning
problem of machining tools [10]. Three magnetostrictive elements are utilized
as driving and clamping units to generate large stroke linear stepping motion.
However, limited by the technical conditions, its performance is not very high,
but the driving principle of the inchworm movement provides a new space for the
research of precision positioning technology. After that, Hsu et al. proposed the
inchworm piezoelectric actuator for the first time [11]. As shown in Figure 2(b),
the piezoelectric element is applied to convert the electrical signal into mechanical
motion, and two unidirectional clamps are combined to accumulate the movement
of the electric element. A piezoelectric tube is inserted into the slider so that it is
in the mixed “walker-pusher” mode. In 1968, Brisbane invented the first “walker”
type inchworm piezoelectric actuator [12]. Two piezoelectric disks and one piezo-
electric tube are assembled inside the slider, which makes it possible to realize the
linear motion of the slider by walking which is illustrated in Figure 2(c).

However, due to the immaturity of piezoelectric materials at that time, the
development of inchworm type piezoelectric actuators was hindered. For many
years, even though there were still some researches on inchworm type piezoelec-
tric actuators, most of them only focused on the theoretical research. Until the end
of the 1980s, commercial piezoelectric elements were able to provide an output
force of up to several thousand newtons, and the driving voltage dropped from
1000 V to 200 V. All of these provided great opportunities for the further develop-
ment of piezoelectric actuators. After that many researchers have focused on the
development of inchworm type piezoelectric actuators. By using three packaged
piezoelectric stacks forming a U-shaped structure, Chen et al. proposed a “pusher”
pattern inchworm type piezoelectric actuator [13]. The experimental results show
that the maximum driving force is 13.2 N and the maximum speed is 47.6 pm/s.
With the help of adding an integrated heterodyne interferometer as feedback
device in the servo control system, an inchworm type piezoelectric actuator with
fast response is developed by Moon et al. [14]. Based on the fast response charac-
teristics of the servo control system, it can move to the target position quickly and
reduce the hysteresis of the piezoelectric actuator.

=
N >
X n
Magnetosirictive  Magnetostrictive  Magnerosirictive
element 1 element 2 element 3

(a)
Figure 2.

Inchworm actuators: (a) the first inchworm actuator [10]; (b) the fivst inchworm type piezoelectric actuator
[11]; (c) the first “walker” pattern inchworm piezgoelectric actuator [12].
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Figure 3.
Inchworm actuator developed by Yang et al. [17].

However, an important problem is that the extension length of piezoelectric
elements is very small, which brings trouble to the clamping unit to clamp the slider
tightly. Therefore, many literatures are focusing on different methods to improve
the clamping unit. As a typical compliant mechanism, the flexure hinge mecha-
nism has been widely applied in the design of piezoelectric actuators to expand
the elongation of piezoelectric elements due to its advantages of fast response, no
friction and easy manufacturing. In 1988, Fujimoto firstly proposed an inchworm
type piezoelectric actuator with flexible hinge [15]. This “walker” type piezoelec-
tric actuator adopts C-shaped lever type flexible hinge on both clamping units to
increase the clamping force, and it has great practical value for the real applica-
tion of inchworm piezoelectric actuators. The magnification could be adjusted by
changing the position of the pivot point. Kim constructed an inchworm platform
with an amplification stage, and it utilized the flexure hinge as a lever mechanism to
obtain a magnification of 8.4 at a leverage ratio of 3.6 [16].

The research team of Jilin University and Zhejiang Normal University has carried
out systematic research on the development of inchworm piezoelectric actuators.
After years of experience, it has developed series of Inchworm piezoelectric actua-
tors, and has achieved a series of remarkable research results. For example, Yang
et al. proposed a novel linear piezoelectric actuator [17] (Figure 3). The proposed
actuator adopts the principle of “pusher” motion pattern, and realizes the passive
linear motion of the slider with the help of clamping and driving units. Based on
the analysis of the working principle and the mechanical structure of the actuator,

a linear driving mathematical model with the piezoelectric stack as the driving ele-
ment is established, and its structure is analyzed by finite element method (FEM).
The proposed inchworm piezoelectric actuator adopts the principle of bidirectional
thrust, and realizes the consistency of driving characteristics in the process of
forward and reverse directions. Experimental results show that the novel inchworm
actuator has the characteristics of firm clamping, high frequency (100 Hz), high
step speed (30 mm/min), large stroke (> 10 mm), high resolution (0.05 pm) and
large driving force (100 N), which greatly improves the driving performance of

the inchworm piezoelectric actuator. It has a broad further application in precision
motion, micromanipulation, optical engineering, and precise positioning and so on.

3.2 Rotary inchworm actuator

Besides the inchworm piezoelectric actuators to achieve linear motion, some
inchworm actuators which could obtain rotary motion have been developed by
researchers. Kim et al. developed a new type of inchworm piezoelectric actuator

that uses a combination of flexure hinge and piezoelectric drive technology to
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Figure 4.
Inchworm type piezoelectric actuators with flexible belts by Kim et al. [18].

achieve rotational movement [18] (Figure 4). The device pioneered the use of linear
output piezoelectric stacks to achieve an inchworm-shaped rotary motion, which
has extremely high research significance. The device realizes the movement of the
flexible hinge by controlling the power-on sequence of the four piezoelectric stacks,
thereby driving the belt wound on the rotating shaft to drive the rotating shaft to
rotate. The test results show that the resolution of the rotary drive device can reach
2.36 prad, which is greatly improved compared to the previous rotary drive device.
In view of the shortcomings of the existing inchworm actuators, Li et al. firstly
designed an inchworm type piezoelectric actuator based on multi-layer torsional
flexure hinges, which is able realize the rotary motion with large working stroke
and high precision [4]. The developed actuator utilizes the piezoelectric stack to
push the thin-walled flexure hinge structure to carry out relevant clamping. By
controlling the working sequence of the clamping units in the first and second
layers of the stator, the precise rotary motion around the fixed shaft is realized step
by step. Its structure is divided into two main parts: rotor and stator. According to
the function, it could be divided into the driving unit, the clamping unit and the
preloading unit. The proposed device uses high-precision piezoelectric stack to
push the thin-walled flexure hinge structure for relevant clamping. By controlling
the clamping sequence of the piezoelectric clamping units in the first and second
layers of the stator, the step-by-step ultra-precision rotary motion around the rotat-
ing shaft is realized. The stator is packaged with two layers of the self-centering
piezoelectric clamping unit, rotary driving unit and preloading unit; the rotor
is a variable interface rotating shaft, which can drive different objects by chang-
ing the connection style of the interface. The clamping unit is composed of the
piezoelectric stack encapsulated in the stator and the self-centering flexure hinge.
The preloading unit is utilized to pre tighten the clamping piezoelectric stack, and
the clamping pressure is adjusted by adjusting the screw in length to control the
engaging wedge block. The driving unit is composed of the driving piezoelectric
stack, the driving indenting block and the corresponding parts of stator, which is
used to apply rotating torque to the first layer of stator. The maximum diameter of
stator is 80 mm and the diameter of rotor is 20 mm. This proposed inchworm type
piezoelectric actuator could achieve stable stepping rotation output. The size of the
driving voltage will affect the single-step rotation angle of the rotor: as the driving
voltage increases, the rotation angle of the rotor also increases; when the driving
voltage is less than 20 V, the rotor cannot work stably, so the minimum step angle
of the rotor is 4.95 prad. In the case that the driving voltage is 100 V, the maximum
step angle of the rotor is 216.7 prad. The maximum speed of the rotor is 6508.5
prad/s, and the driving frequency is 30 Hz. The designed inchworm type piezo-
electric actuator has a maximum output torque of 93.1 N-mm. Figure 5 shows that
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the driving voltage and clamping voltage are maintained at 100 V, and when the
driving frequency is 1 Hz, after the rotor rotates 20 steps in the forward and reverse
directions, the forward and backward error of the rotor is 0.76 pm. The total error
of 20 steps is 38 prad, so the step angle error of the inchworm type piezoelectric
rotary actuator designed in this paper is 1.9 prad.

The disadvantage of the inchworm type piezoelectric actuator is that the
structure is relatively complicated. The traditional inchworm type actuator needs
to use at least two clamping units and one drive unit. In this way, multiple timing
controls will cause the program to be complicated, which makes the inchworm
piezoelectric actuator more complicated. The application has brought unfavor-
able effects. Based on the above work, a simplified inchworm type piezoelectric
rotary actuator was designed and manufactured by Li et al., which uses a tri-
angular lever flexure hinge to complete the clamping and driving actions at the
same time [19].

By using the triangular lever flexure hinge, one driving unit and one clamping
unit could be utilized to realize stepping rotation of the rotor. Its stator is simpli-
fied from a two-layer structure to a single-layer structure, which reduces the
overall height; the control adopts two-channel voltage control, which reduces the
output of one clamp voltage. Figure 6 shows the overall structure of the simpli-
fied inchworm piezoelectric actuator, which mainly includes a stator, a rotor, four
drive piezoelectric stacks, two clamp piezoelectric stacks and six pre-tightening
screws. The stator material is 65Mn, and the drive hinge and clamp hinge are
processed by wire cutting. The rotor diameter is 20 mm. The pre-tightening
screws are used to adjust the pre-tightening force of the clamping piezoelectric
stack and the driving piezoelectric stack. It is seen from Figure 6 that there is
a small “jump” in the middle of each step, which is caused by the impact of the
clamping unit on the rotor. When the driving voltage is 100 V and the driving
frequency is 1 Hz, the maximum output torque of the designed simplified inch-
worm piezoelectric actuator is 19.6 N-mm. When the output load is greater than
19.6 N-mm, the rotor cannot run stably. When the driving voltage signal increases
from 20 V to 100 V, the rotor step angle also increases, which coincides with the
approximately proportional relationship between the output displacement of
the piezoelectric stack and the driving voltage. The maximum step angle occurs
when the drive voltage is 100 V and the drive frequency is fixed at 1 Hz, and the
maximum step angle is 1360 prad. When the drive voltage is less than 20 V, the
simplified inchworm piezoelectric actuator cannot operate stably, so its operating
resolution is 25 prad. Contrary to the above, when the drive frequency is increased
from 0 Hz to 200 Hz, the rotor step angle decreases rapidly. After 200 Hz, the
rotor step angle stabilizes near a small value.
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Rotary inchworm type piezoelectric actuators by Li et al. [4].
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Figure 6.
Simplified inchworm piezoelectric actuator by Li et al. [19].

3.3 Multi-DOF inchworm actuator

How to obtain multi-DOF motion within a compact size is always the pursuing
interest for researchers of the actuator field. Generally, same single-DOF actuators are
assembled in series to achieve the so called multi-DOF motion, which brings the large
structure size and assemble problems. With the help of integral flexure structure,

Li etal. firstly proposed the 2-DOF inchworm piezoelectric actuator which could
achieve both rotary and linear motions with a compact size, as is shown in Figure 7
[20]. The structure of the proposed 2-DOF actuator is composed of a stator and a
slider. The stator and slider are subdivided into upper, middle and lower layers. Four
right-angle flexure hinges acting as torsion springs are used to overlap the upper and
middle layers of the stator. The linear displacement of the positioning platform relies
on four flexure hinges to connect the middle and lower layers of the stator. Moreover,
according to the characteristics of PZTs that can be driven by linear motion and rota-
tional motion, four linear driving PZTs and one rotary driving PZT are respectively
arranged on the upper and lower layers of the stator. As for the slider, each layer is
fixed with a single clamping PZT. Using 65Mn as the material of the stator and slider
to obtain higher elasticity, the device needs to be vacuum heat treated.

The positioning platform can realize linear movement and rotational move-
ment according to different numbers of piezoelectric ceramics, placement
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Figure7.
Graphic model of the 2-DOF inchworm piezoelectric actuator [20].
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positions and flexible hinges. For the rotary motion, the proposed actuator
operates stably under a driving voltage of 100 V to 6 V. In the case that the driv-
ing voltage is reduced from 100 V to 6 V, the rotation angle of 10 steps decreases.
This result may be that the degree of PZT expansion is directly proportional to the
input voltage. In addition, with the lowering of the driving voltage, the amplitude
of the first-order oscillation decreases from 28.20prad to 3.75prad. During the
down-regulation process, it is found that the step displacement of the platform
is shortened and the fluctuation amplitude is larger. The platform cannot work
stably when the driving voltage is lower than 6 V. According to the total rotation
angle of 4.52prad, 20 steps, the minimum step angle is 0.23prad. It indicates that
this inchworm positioning platform has good performance under constant driv-
ing frequency and driving voltage. Under the condition of controlling the driving
frequency, the speed increases with the increase of the driving voltage. When
f =21 Hz, the speed reaches the peak value. When f = 20 Hz and U = 100 V, the
maximum speed is 3521.70 prad/s. However, when the frequency is higher than
21 Hz, the mechanical structure of the drive cannot normally respond to the elec-
trical signal. The energy conversion method can be explained as that the structure
cannot convert all the electrical energy into mechanical energy due to the high
frequency, and there will be a certain energy loss.

For the linear motion, the designed inchworm actuator works continuously
under a constant driving voltage of 10 V to 100 V. Under the driving voltage
U =100 V, the total displacement of the actuator in 10 steps is 82.30 pm, and the
available single-step displacement is 8.23 pm. In the case that the input voltage
is lower than 10 V, the actuator cannot work normally. According to the total
rotation angle of 3.05purad, 20 steps, the minimum step angle is 0.15 pm. The
speed characteristics of the linear motion of the actuator under the clamp volt-
age have been mentioned. According to the experimental data, as the frequency
increases, the speed increases. When the frequency is greater than 26 Hz, the
speed gradually decreases. When f = 26 Hz and U = 100 V, the maximum speed
is 105.31 pm/s.

3.4 Comparison

As shown in Table 1, three types of inchworm actuators all obtain large output
force/torque and stroke, high resolution. Previous studies indicate that all types are
able to realize the output force/torque of several to dozen newton/newton metre.
The resolution scales of them all attain micrometer/microradian and based on its
working principle, repeating the displacement output under the periodic signal,
their stroke are all very large. Linear inchworm actuator is able to attain a high
speed of 30 mm/min and rotary inchworm actuator achieves a high speed of 6508.5
prad/s while Multi-DOF inchworm actuator is slower. To achieve the aim of multi-
DOF, the structure of Multi-DOF inchworm actuator is also more complicated with
a slower response.

Type Structure Motion Output Output force/torque Stroke
type speed
Linear Simple Linear Large Large Large
Rotary Medium Rotary Large Large Large
Multi-DOF Complicated Multi-DOF Medium Large Large
Table 1.

Charvacteristics comparison of different inchworm actuators.
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3.5 Applications

Over the past years, the inchworm actuator has been widely applied in some
commercial areas. High resolution is one of the most significant advantages of the
inchworm actuator. Therefore, ultra-precision manufacturing technology, precision
focusing system and micro-robot obtains wide range use of inchworm actuator as
their actuation sources [21-22]. When coupled with large output force/torque, the
inchworm actuator is also widely used in medical engineering areas like drug deliv-
ery, cell manipulation, lab on a chip [23-24]. Compared with other piezoelectric
actuators, the advantage of long stroke also employs inchworm actuator in precision
position platform [25].

4. Future direction
4.1 Simplified structure

One of the significant shortcomings of inchworm type piezoelectric is the
complex structure which brings trouble for the manufacture and control.
Figure 8 shows the structure of the proposed simplified piezoelectric actuator
based on the parasitic movement of the flexure mechanism by Li et al. [26]. With
the help of the parasitic movement of the flexure mechanism, only two piezo-
electric elements are needed. It is mainly composed of the base, the slider, piezo-
stack 1, piezo-stack 2, flexure mechanism 1, flexure mechanism 2, two wedge
blocks, four micrometer knobs and eight screws. Piezo-stack 1 (AE0505D16,
5 x 5 x 20 mm, NEC/TOKIN CORPORATION) is inserted into the flexure mecha-
nism 1 through the wedge block to push the linear slider. The assembly process
of the piezoelectric stack 2 and the flexure mechanism 2 are the same. The high-
precision four-micron knob (M6 from SHSIWI) is utilized to adjust the preload-
ing force between the flexure mechanism and the slider. The slider is a commercial
linear guide with high linearity produced by THK. The flexure mechanism is made
of aluminum alloy AL7075 manufactured by WEDM. Screws are applied to stably
assemble all components on the base. The overall size of the proposed stepping
piezoelectric actuator is 100 mm x 60 mm x 18 mm.
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Figure 8.
Structure of the proposed simplified piezoelectric actuator and motion principle [26].
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Two piezoelectric “legs” are required to alternately drive the slider, and this is
why they are sometimes called “walking” type piezoelectric actuators. In addition,
for traditional “walking” type piezoelectric actuator, in each piezoelectric “leg”, at
least two piezoelectric elements are required (one for flexure movement and one
for longitudinal movement). The movement principle of the stepping piezoelec-
tric actuator is the “circular movement” of the piezoelectric “legs”. In short, each
piezoelectric “leg” should achieve two movements in x and y directions.

In the proposed study by Li et al., the parasitic movement of the flexure mechanism
is applied to simplify the entire system. Generally, the piezo-stack could only achieve
the one motion in its longitudinal direction. Whereas, as shown in Figure 8(b), with
the aid of the asymmetrical flexure mechanism, the piezo-stack will generate an
oblique upward force, which causes the motion displacement in both x and y direc-
tions. The parasitic movement L, in x direction is used to drive the linear movement of
the slider. However, only one flexure mechanism cannot achieve walking motion, and
at least two flexure mechanisms (“legs”) are required. In addition, during the move-
ment, the input square wave voltages U; and U, have the same magnitude but different
phases. The experimental results display that the application of the parasitic motion
of the flexure mechanism is able to simplify the inchworm type piezoelectric actuator.
The stepping motion of the proposed actuator requires only two piezoelectric elements
and two input signals. Additionally, performance of the proposed simplified piezo-
electric actuator (stepping performance, speed performance, and load performance)
has a certain relationship with the input voltage and frequency. Under the conditions
of U =100 V andf = 1 Hz, the maximum step displacement AL = 1.75 pm. Under the
condition of U = 30 V and f = 1 Hz, the minimum step displacement AL = 0.18 pm.
When U =100V, f = 20 Hz, the maximum movement speed V; = 39.78 pm. This study
verifies the feasibility of design and simplification of inchworm type piezoelectric
actuators with parasitic motion of flexure mechanisms, and provides a new idea for the
research of piezoelectric actuators. Potential applications in optical engineering and
cellular operating systems require more work.

4.2 Simplified control

For most of the inchworm type piezoelectric actuators, three input signals
are necessary for one driving unit and two clamping units, which make the con-
trol system also complicated. In order to simplify the control system, Gao et al.
proposed one novel piezoelectric inchworm actuator which uses a DC motor to
drive the permanent magnet for alternate clamping, applies a laser beam sen-
sor to detect the position of the permanent magnet and generates an excitation
signal to drive the piezoelectric stack [27]. The actuator only needs a DC signal
to drive and can adjust the frequency by changing the motor speed. The move-
ment mechanism of the actuator is emphatically discussed, and the influence of
the permanent magnet structure on the clamp is studied. The flexibility matrix
method and COMSOL finite element software are used to simulate and analyze
the flexure hinge. The driving signal for the piezoelectric stack is generated by
self-sensing and automatically adapts to the frequency change, which simplifies
the control signal of the inchworm actuator. The use of the magnetic clamping unit
solves the serious friction and wear problems of the current clamping method of
piezoelectric inchworm actuators. In addition, the driving unit and clamping unit
of the proposed piezoelectric inchworm actuator are tested experimentally. The
experimental results confirm the feasibility of the proposed scheme and obtained
relevant optimized structural parameters.

The overall structure of the proposed actuator, as shown in Figure 9, is
mainly composed of a sensing unit, a driving unit and a clamping unit. As shown
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in Figure 9(a), the clamping unit is mainly composed of a DC motor, a motor
base, a permanent magnet after magnetization (RPM, red), a permanent magnet
before magnetization (NRPM, blue), bearings and a bearing housing. As shown
in Figure 9(b), the sensing unit includes a cam, a laser beam sensor (OLS) and
a bracket. The driving unit includes a flexible hinge mechanism with integrated
piezoelectric stack (AE0505D16, NEC/TOKIN CORPORATION), a wedge-shaped
adjusting mechanism (built-in a pair of wedges and a pre-tightening bolt) and a
slider, as shown in Figure 9(c). The designed slider can slide in the sliding groove
of the flexible hinge mechanism. Two clamping modules and cams are fixed at the
end of the output shaft of the DC motor, and each clamping module is assembled
by a radially polarized permanent magnet RPM and a non-radially polarized per-
manent magnet NRPM. The piezoelectric stack is preloaded by the wedge-shaped
adjusting mechanism and nested in the installation slot of the flexible hinge
mechanism. The laser beam sensor is supported by two brackets and generates
an excitation signal by detecting the position of the cam. In addition, the support
block, the DC motor and the bearing are assembled on the base with eight bolts.
The proposed inchworm actuator by Gao et al. utilizes a DC motor to drive the
permanent magnet for rotating to achieve alternate clamping. The actuator does not
need to input the driving voltage signal of the piezoelectric stack. It only senses the
position of the permanent magnet through the laser beam sensor, and generates an
excitation signal to drive the piezoelectric stack to achieve precise linear displace-
ment output. Its working principle is shown in Figure 10. Work performance of
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Figure 9.
Structure of the actuator by Gao et al.: (a) sensing unit; (b) sensing unit; (c) driving unit [27].
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Figure 10.
Working principle of the inchworm piezoelectric actuator with simplified control system by Gao et al. [27].
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(a) (b)

Figure 11.
Miniaturized inchworm type actuators: (a) by Risaku et al. [28]; (b) by Mehmet et al. [29].

the proposed actuator was studied carefully. For the important component of the
driving unit, the “Z” type flexure hinge, the flexibility matrix method is used to
perform theoretical calculations. The error between the simulation results and the
theoretical calculation results is about 2.13%, indicating the accuracy of the calcula-
tion; for the magnetic clamping unit, when the clamping distance is 1 mm, the mag-
netic clamping unit has better clamping capability. The experimental results show
that the actuator has a good linear displacement. When U, = 150 V and f = 40 Hz, its
maximum movement speed is 481.43 um/s, and the maximum load is m = 950 g.

4.3 Other directions

The inchworm type piezoelectric drive device can not only obtain large output
stroke, but also ensure high output accuracy and load-carrying capacity, which is
favored by many scholars. The research of Inchworm piezoelectric driving device
has its own characteristics at home and abroad, which provides a favorable technical
basis for the development and application of piezoelectric precision drive technol-
ogy. Besides the above future directions, the existing inchworm piezoelectric actua-
tor is still in the stage of empirical design and test, lacking of relevant theoretical
model guidance, and there are problems of empirical design and repeated attempts.
Therefore, it is necessary to establish the dynamic model of the inchworm piezoelectric
actuator to guide the design and research of the inchworm piezoelectric drive device.
In addition, the miniaturization is always the hot point for piezoelectric actuators
which could leads to the real application in many research and industrial fields.

Risaku et al. have developed a large stroke and high precision inchworm actuator
[28] (Figure 11). With the combination of piezoelectric and electrostatic motion
principles, the displacement accuracy of each step reaches tens of nanometers,
which can be called ultra-high precision. The displacement accuracy is 59 nm/cycle,
but the maximum travel distance is only 600 pm, which needs to be improved.

In order to solve the shortcomings that most inchworm type piezoelectric actua-
tors require larger input voltage, Mehmet et al. took the lead in developing a new
type of low voltage, largestroke, and large output inchworm actuator based on the
micro-electromechanical systems (MEMS) [29]. It mainly applies the principle of
electrostatic motion. Through the amplification of the flexible hinge, it achieves a
total displacement of +18 pm and an output force of +30 pN at a low voltage of 7 V;
a displacement of +35 pm can be achieved at a voltage of 16 V, +110 pN output force.

5. Conclusion
The inchworm movement is a high-precision driving method that imitates the

movement form of the inchworm in nature to realize the stepping movement of
itself or the holding object. Inchworm movement is a kind of stepping movement,
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which is different from other continuous movement. Its movement can be regarded
as a combination of movement and stop in time, but it is also a continuous move-
ment from the perspective of the overall effect of the movement. Inchworm motion
can easily achieve large-stroke step-by-step linear motion. Although scholars in
various countries have conducted a number of research work on inchworm-type
piezoelectric driving devices, most of their research content is linear inchworm
driving devices, which involve rotation. There are few reports on the inchworm
actuator, and the existing inchworm-type piezoelectric actuator has complex
structure control, lacks relevant theoretical model guidance, and has problems of
empirical design and repeated attempts. In the future, there is still a lot of work to
be solved for the inchworm piezoelectric actuator to promote the real practical use
of the inchworm piezoelectric actuator.
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Chapter 4

The Asymmetric Flexure

Hinge Structures and the

Hybrid Excitation Methods for
Piezoelectric Stick-Slip Actuators

Tinghai Cheng, Xiaosong Zhang, Xiaohui Lu, Hengyu Li,
Qi Gao and Guangda Qiao

Abstract

Piezoelectric stick—slip actuators have become viable candidates for precise
positioning and precise metering due to simple structure and long stroke. To
improve the performances of the piezoelectric stick-slip actuators, our team deeply
studies the actuators from both structural designs and driving methods. In terms
of structural designs, the trapezoid-type, asymmetrical flexure hinges and mode
conversion piezoelectric stick—slip actuators are proposed to improve the velocity
and load based on the asymmetric structure; besides, a piezoelectric stick—slip
actuator with a coupled asymmetrical flexure hinge mechanism is also developed
to achieve the bidirectional motion. In terms of driving methods, a non-resonant
mode smooth driving method (SDM) based on ultrasonic friction reduction is first
proposed to restrain the backward motion during the rapid contraction stage.
Then, a resonant mode SDM is further developed to improve the output perfor-
mance of the piezoelectric stick-slip actuator. On this basis, the low voltage and
symmetry of the SDM are also discussed. Finally, the direction-guidance hybrid
method (DGHM) excitation method is presented to achieve superior performance,
especially for high speed.

Keywords: piezoelectric stick—slip actuator, structural design, driving method,
flexure hinge mechanism, ultrasonic friction reduction

1. Introduction

Piezoelectric stick-slip actuators have obtained considerable significance and
have become the focus area of research for camera focusing mechanisms, cell
phones, scanning probe micro-scopes, zoom lens systems and blue-ray devices,
because of compact structure, low cost, theoretically unlimited displacement and
convenient control [1-3]. Based on the configuration designs, the piezoelectric
stick—slip actuators are divided into parallel type [4-6] and non-parallel type [7-9],
as illustrated in Figure 1.

The parallel type stick-slip actuator means the motion direction of the stator is
parallel to that of the slider. For example, Lee et al. presented a stick-slip actuator
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Figure 1.
Schematic diagram of parallel and non-pavallel structuves. (a) Pavallel structure. (b) Non-parallel structure
with an angle. (c) Non-parallel structure with asymmetrical flexure hinge.

with the parallel structure using a piezoelectric element and two sliders; and the
friction force could be controlled by the spring and the screw [4]. Hunstig et al.
proposed a stick—slip actuator with parallel structure, and the friction force was
controlled by means of magnets, which could also be predicted by the established
friction model [6]. However, the friction force of the parallel type stick-slip actua-
tors cannot be adjusted during the operation, which results in an obvious backward
motion. In addition, the velocity and load of such actuators are also seriously
restrained.

The piezoelectric stick-slip actuator with non-parallel structure means that
there is a movement angle between the stator and the slider. For instance, Li et al.
proposed a linear stick—slip actuator with a non-parallel structure based on the
lateral motion, which could be generated by a parallelogram-type flexure hinge
mechanism and a piezoelectric element [7]. Wen et al. presented a rotary stick—slip
actuator with non-parallel structure, and the friction force could be regulated by
changing the positive pressure between the slider and stator [9]. Although the
velocity and load of the non-parallel type stick-slip actuators are improved relative
to the parallel type stick-slip actuators, it is still difficult to meet the actual applica-
tion requirements. Meanwhile, the backward motions are also generated during
the operation. Besides, such actuators are generally structurally asymmetric and
perform poor consistency in bidirectional performance.

In this regard, our team focused deeply on the fields of the piezoelectric stick-slip
actuators in both structural designs and driving methods. In terms of structural
designs, the axial stiffness of the stator is unevenly distributed, and the parasitic
motion is generated by introducing the flexure hinge mechanism into the design of
the stator, including trapezoid-type piezoelectric stick-slip actuator [10], piezo-
electric stick-slip actuators with asymmetrical flexure hinges [11, 12] and mode
conversion piezoelectric stick-slip actuator [13]; these structural designs can com-
prehensively adjust the friction force during the movement of the stick-slip actuator,
thereby significantly improving the velocity and load; besides, a coupled asymmetri-
cal flexure hinge mechanism is also developed to achieve the bidirectional motion of
the non-parallel type stick-slip actuators [14]. In terms of driving methods, a non-
resonant mode smooth driving method (SDM) based on ultrasonic friction reduction
is first proposed for the parallel type stick-slip actuator, and the backward motion is
restrained during the rapid contraction stage [15]. According to ultrasonic friction
reduction, the smaller kinetic friction between the frictional part and the slider can
be realized at the resonant frequency. A resonant mode SDM is further developed to
improve the performance of the stick-slip actuator [16]. On this basis, the low voltage
characteristics and symmetry of the SDM are researched [17, 18]. Finally, a direction-
guidance hybrid method (DGHM) is proposed for the non-parallel type stick-slip
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actuator with flexure hinge mechanism [19], and the superior performance of this
excitation method is achieved, especially for high speed.

2. Development of the asymmetric stator with flexure hinge structures
2.1 Trapezoid-type piezoelectric stick-slip actuator

In this work, a trapezoid-type piezoelectric stick—slip actuator adopts a flexure
four-bar mechanism and driving foot with trapezoid beam to obtain the oblique
motion, which can make the slider move by oblique displacement of flexure hinge
mechanism [10], as shown in Figure 2.

The structure diagram of the trapezoid-type piezoelectric stick-slip actuator
is illustrated in Figure 2(a). The ox, 0y, and oz represent the horizontal, axial and
vertical directions, respectively. The actuator is mainly comprised of a flexure hinge
mechanism, a slider, a piezoelectric stack, a shim block, a preload screw, a base
and a preload mechanism. The preload between the flexure hinge mechanism and
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Figure 2.

Research on the trapezoid-type piezoelectric stick—slip actuator. (a) Configuration of the proposed actuator,
and (b) the detailed structure of the flexure hinge mechanism. (c) Operation principle of the actuator. (d) and
(e) simulation vesults of the flexure hinge mechanism. (f)—(h) The test results of the actuator. [10].
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piezoelectric stack in the initial state is adjusted by the preload screw. The flexure
hinge mechanism is preload by the preload mechanism. The needed driving force is
generated by the stack which is mounted in the flexure hinge mechanism.

The flexure hinge mechanism is a key component, and its detailed structure is
shown in Figure 2(b). The material of the flexure hinge mechanism is AL7075. Four
right circular notch joints are employed to the flexure hinge mechanism and thereby
the displacement along the axial direction is generated when the piezoelectric stack
occurs deformation. It is important that the flexure hinge mechanism utilizes the
uneven stiffness distribution of the trapezoid beam to cause needed lateral motion
on the driving foot.

The principle of the trapezoid-type stick-slip actuator is depicted in Figure 2(c).
In the initial state, when time ¢ = £y, the stack and flexure hinge mechanism keep the
original state. The point P is a contact point between the slider and driving foot. The
preload force Fj is equal to F,, generated by the preload mechanism.

1. Slow extension stage (o ~ t1): the stack extends slowly to push the flexure
hinge mechanism to expand. In terms of the slider, due to the static friction
force f; between the slider and driving foot, a distance of positive direction is
produced on the horizontal axis.

2. Quick contraction stage (¢; ~ £,): due to the quick contraction of the stack, the
flexure hinge mechanism restores to its original condition. And the inertial
force makes the condition of the slider remain unchanged.

After the two stages, a small distance of positive direction Ax is generated on the
horizontal axis in terms of the slider. The repetition of the above stages makes the
actuator generate a long-stroke linear motion.

The lateral displacement of the driving foot can be adjusted by adjusting the angle
between the hypotenuse of the trapezoid beam and horizontal axis. To determine
the lateral movement on the driving foot, the finite element method (FEM) is used
to analyze the angle adjustment process, as shown in Figure 2(d) and (e). From the
ratio U,/Uy, a smaller # rad is needed for better actuation. From the equivalent stress,
alarger 6 has smaller equivalent stress. Besides, a smaller 0 is also essential to meet
the requirement of compact size. Finally, 6 = n/6 rad is selected in this work.

To research the characteristics of the trapezoid-type piezoelectric stick—slip
actuator, the prototype and experimental system are established. And a series of
experiments are carried out to research the influence of locking force, driving
frequency and driving voltage on the performance, as shown in Figure 2(f)-(h).

It is worth noting that the locking force between the driving foot and the slider
could change the system stiffness and thereby, the optimal frequency appears the
slight change. When the voltage is 100 V,, ,, and the frequency is inferior to 500 Hz
respectively, the velocity rises with the increase of frequency. When the frequency
exceeds 500 Hz, the velocity decreases, which results from that the time of deforming
to theoretical length is too short for the stack. It can be seen from Figure 2(f) that
the maximum velocity is 596 mm/s under the locking force of 3.5 N. The velocity
increases linearly with an increasing voltage. When the voltage is 100 V,,_;,, and the
locking force is 3.5 N respectively, a maximum velocity of 5.96 mm/s is achieved.
Meanwhile, when the voltage is 45.17 V;,_,, the minimum starting voltage of the actua-
tor, the displacement resolution of 50 nm is achieved under the locking force of 5 N.

In the initial state, the mass of the slider is 35 g. The standard weight is used
to measure the load along the horizontal axis of the actuator. The various loads
along the positive direction on the horizontal axis are applied in the slider through
a pulley and a steel wire. It is conspicuous that the velocity decreases with the
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increase in load. The maximum loads of the actuator that can be sustained are 3 N,
1.6 N and 1.6 N when locking forces are 5N, 3.5 N and 2 N, respectively. The linear
relationship between the load and velocity does not emerged, which results from
the influence of the assembly errors and the preloading gap.

2.2 Piezoelectric stick-slip actuators using asymmetrical flexure hinges

The trapezoid-type stick-slip actuator developed above can make the slider
move by oblique displacement of the flexure hinge mechanism, but it is hard to
realize a larger tangential displacement along the motion direction. Therefore, we
proposed an idea of using a new four-bar mechanism with different thicknesses
of both side flexure hinges, as shown in Figure 3. There are considerable improve-
ments in output performance of the actuator based on this design idea.

A four-bar mechanism using asymmetrical flexure hinges is combined with
a symmetrical indenter to generate controllable tangential displacement [11]. As
shown in Figure 3(a), the stator is mainly comprised of an asymmetrical flexure
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Research on the piezoelectric stick—slip actuators using asymmetrical flexure hinges. (a) the basic structure
of the stator. (b) and (c) simulation results of the asymmetrical flexure hinge mechanism. (d) Prototype
and (e) experimental system of the proposed actuator. (f)—(h) The test results of the actuator [11]. (i) The
basic structuve of the rhombus-type flexure hinge mechanism. (j) and (k) the experimental results of the

actuator [12].
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hinge driving mechanism, a preload screw, a tungsten chrome steel sheet and a
piezoelectric stack. There are right-circle flexure hinges located in both side of the
asymmetrical flexure hinge driving mechanism respectively. The thickness of two
right-circle flexure hinges on the one side is Ty, and the other side is T, (T; # T>).
And the thickness between the stack and the indenter is T3. By changing the thick-
ness Ty, T, and T of the actuators, the oblique movement required by the indenter
can be realized.

Deformation of the actuator caused by the different minimum thicknesses of the
flexure hinges results in a larger tangential displacement. In the simulation analysis
stage, the initial thickness T}, T, and T3 of the asymmetrical flexure hinge driving
mechanism are set as 0.3 mm, 0.3 mm and 4.5 mm, respectively. The simulation
results of the asymmetrical flexure hinge driving mechanism under the different
ratio of T1/T, and the different thickness of T3 is shown in Figure 3(b) and (c).
Based on the results, the mechanism can not only generate the tangential displace-
ment but also change the normal force. Finally, the structure parameters are identi-
fied as ratio Ty/T, = 0.2 and thickness T3 = 1 mm.

The actuator mainly consists of a base, a slider, a stator and an adjusting stage,
as shown in Figure 3(d). The adjusting stage is used to adjust the preload force
between the stator and the slider. The experimental system of the prototype is
shown in Figure 3(e). All the experimental equipment is placed on the vibration
isolation optical platform.

The experimental results are shown in Figure 3(f)—(h). First, when the voltage
is 100 V,,_p, the velocity is parabolic with the increase of frequency. When the fre-
quency is 470 Hz, and the locking force is 2 N respectively, the obtained maximum
velocity of the actuator is 11.75 mm/s. When the locking forces are 3.5 N and 5N,
the obtained maximum velocities of the actuator under the frequency of 490 Hz are
13.72 and 15.04 mm/s, respectively. Besides, the minimum starting voltage is 20.25
V,p at the locking force of 3.5 N, and the displacement resolution is 65 nm. Since
frictional force drives the slider to produce linear motion, the improvement of the
load capacity may be attributed to the increase of frictional forces as the locking
force increased. The maximum loads are 160 g, 300 g and 440 g under locking
forces of 2N, 3.5 N and 5 N, respectively. And the maximum efficiency of the
actuator under the locking force of 2 N is 0.98% at the load of 80 g. The maximum
efficiency of the actuator under the locking force of 3.5 N is 2.43% at the load of
200 g. The maximum efficiency of the actuator under the locking force of 5 N is
3.66% at the load of 280 g.

Furthermore, a rhombus-type flexure hinge mechanism with an asymmetrical
structure is proposed [12], which is easy to produce the parasitic motion of the large
stroke. The proposed rhombus-type flexure hinge mechanism can improve the
velocity of the actuator with a compact stator. The experimental results show that the
prototype achieves a maximum velocity of 13.08 mm/s at a frequency of 570 Hz under
the voltage of 100 V;,_;; and the maximum efficiency is 1.26% with aload of 135 g.

2.3 Mode conversion piezoelectric stick-slip actuator

A novel stick-slip piezoelectric stick-slip actuator based on mode conversion
flexure hinge is proposed which is mainly uses the three chutes of the mode conver-
sion flexure hinge to make the driving foot produce lateral displacement [13], as
illustrated in Figure 4(a) and (b). Under the influence of the symmetrical wave-
form, the mode conversion flexure hinge can obtain a lateral displacement and push
the slider to move a distance.

The mode conversion flexure hinge is comprised of a bracket, a driving
foot, four circular notch joins, a beam and three chutes. The deformation of the
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Research on the mode conversion piezoelectric stick—slip actuator. (a) The detailed structure of the actuator and
(b) the stator. (c) Operation principle of the actuator. (d)—-(f) The experimental vesults of the actuator [13].

mode conversion flexure hinge can be produced easily due to four circular notch
joins. A symmetrical waveform voltage is chosen to excite the stack. As shown
in Figure 4(c), the operation principle of the prototype can be described in the
following three steps:

Step 1: no voltage is applied to the stack, and its original length remains. The
contact point P is between the driving foot and slider where there is an initial
preload force Fj.

Step 2: the point P will generate a displacement of positive directions on both ox
and oy axis with the gradual increase of voltage. The pressure force Fy, between the
mode conversion flexure hinge and slider improves due to the displacement of the
positive direction on the 0y axis. The slider produces a displacement of the positive
direction on the ox axis. Within a certain range, as the pressure force Fy increases,
the output force of the actuator will be improved. Thereby, the static friction force f;
makes the slider generate a displacement d;.

Step 3: the stack restores to its original condition with the decrease of voltage.
At this moment, kinetic friction force f as a resistance force produces between
the mode conversion flexure hinge and the slider. The decrease in pressure force
F, makes the force fy decrease. Then, a slight back displacement 4, of the slider is
produced, which is opposite to the direction of d;.

63



Piezoelectric Actuators - Principles, Design, Experiments and Applications

Finally, a displacement of the slider d (d = dy-d,) is produced. By repeating
these steps, the prototype can achieve a large motion in the positive direction of the
ox axis.

It is an important parameter for the angle 8 of chutes to influent its output per-
formance. Different angles of chutes (30°, 45° and 60°) are applied to the proposed
mode conversion flexure hinge, which is simulated by the finite element method to
obtain an optimal angle parameter. And the displacement Uy, of the point P in the
positive direction of the ox axis and the maximum equivalent stress with different
angles are listed in Table 1. The largest deformation of 2.85 ym is obtained for the
ox axis displacement Uy, of the point P under the angle of 45°, and the maximum
equivalent stress is 105.86 MPa.

With the increase of frequency, the velocity of the prototype first increases and
then decreases, whose peak can be reached at 415 Hz, as illustrated in Figure 4(d).
For the designed actuator, the maximum velocity of 18.84 mm/s, 17.82 mm/s and
14.04 mm/s are obtained respectively under the locking force of 3N, 4 N and 5 N.

Moreover, the vibrations and the fitting results in xo0y plane of the driving foot
are shown in Figure 4(e) and (f). An ellipse motion track obtained by the driving
foot of the actuator is beneficial to the motion of the slider. It can be seen from
experiment results that the maximum velocity and efficiency is 18.84 mm/s and
2.07% when the voltage of the symmetrical waveform and the frequency are 100
V,,.p and of 415 Hz, respectively. Besides, the maximum load and the displacement
resolution can reach 360 g and 50 nm in terms of the actuator.

2.4 Bidirectional piezoelectric stick-slip actuator

The asymmetric flexure hinges are generally structurally asymmetric, making
it difficult to achieve good consistency in bidirectional output performance. In this
work, a coupled asymmetrical flexure hinge mechanism is developed to realize
the bidirectional motion of the piezoelectric stick—slip actuator [14], as shown in
Figure 5.

The bidirectional stick-slip actuator uses coupled asymmetrical flexure hinge
mechanisms and symmetrical indenter to generate the controllable tangential
displacement. As shown in Figure 5(a), the static simulation of the FEM is used
to analyze the deformation of flexure hinges with different sizes. Since a larger
oblique displacement will provide better output performance, A; = 1 mm and
K = A,/A; = 0.2 with the larger oblique displacement are selected for the final
Structure design.

In this section, an MDR-based model is proposed to display the contact and
frictional force between the slider and indenter for stick—slip actuators.

The framework of the MDR consists of two preliminary steps to be per-
formed. As shown in Figure 5(c), a one-dimensional profile g(x) and the elastic
half-space by an elastic foundation which are in possession of normal stiffness
ky and tangential stiffness ky is adopted to replace the three-dimensional profile

y=f(x,2).

Angle of the chutes Deformation (ym) Equivalent stress (MPa)
30° 2.77 106.63
45° 2.85 105.86
60° 242 103.32
Table 1.

The simulation results of the proposed actuator.
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Research on the bidirectional piezoelectric stick—slip actuator. (a) The static simulation deformation of the

flexure hinges. (b) The prototype of the actuator. (c)—(d) MDR model. (e)—(g) The experimental vesults of the
actuator [14].

The stiffness of every individual spring can be expressed as follows:
k, = E"Ax,k, =G"Ax ey

Ax represents the distance between the springs of elastic foundation, and the
effective elastic modulus is defined as:

w17V 2
E E  E .
1 _1-v 1oy 3)
G G G,
E12
G,,=—F12— )
2(1+v,,)

E; Gy and v, represent the Young’s modulus of the indenter, its shear modulus
and the Poisson’s ratio, respectively. E,, G, and v; are the corresponding material
parameters of the half-space.
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Figure 5(d) shows the schematic diagram of the experimental system. Here,
the friction coefficient of the slider in contact with the base is set to ;. The friction
coefficient that cylindrical indenter drives the slider is set as . The indenter is made
of a material with parameters of E;, G; and v, and elastic parameters of the slider
material are E,, G, and v5.

Further modeling is based on experimental data. Newton’s second law then
yields as follows:

MX=F,.-F,,  -mg (5)

base

F, represents the frictional force between the indenter and slider. With the
movement of the slider, a sliding friction force Fy,,s goes up between the slider and
the base. It is calculated as

F,,, =sgn(X)uF, 6)

Since in the numerical calculation, we can only use a discrete model as follows.
In the circumstances, the value of the elongation of spring adds relative displace-
ment AX that can be calculated as follows:

A% =(x(t, + At)—x(t,)] - [ X (1, + At) - X (t,)] 7)

where t; and At are the incrementally increasing time and the step of numerical
time integration of Eq. (5) (time increment value).

The functiong(x) is found for a cylinder of finite length that is indented into a
half-space. The form of this function is defined as follows:

g(x):ﬁ%(%+1jexp(—%j (8)

where L and R are the cylinder length and its radius, respectively. In addition,
the ratio L/R determines the values of the parameters @ and f.

The velocity is measured at a voltage with the saw-tooth wave of 100 V,_,, and
the duty ratio “S” is 90%, as shown in Figure 5(e). As the frequency changes, the
velocity trend shows a parabolic. And the different locking forces have different
optimal driving frequencies. The x direction is taken as the moving direction of the
slider. When the frequency is 850 Hz and locking force is 1 N, the maximum veloci-
ties in the positive direction and negative direction are 10.14 mm/s and 9.99 mm/s.
When the frequency is 750 Hz and locking force is 2 N mm/s, the maximum veloci-
ties of the actuator are 8.56 and 8.72 mm/s in the positive direction and negative
direction. When the frequency is 650 Hz and locking force is 3 N, the maximum
velocities of the actuator are about 4.75 and 4.84 mm/s in the positive direction and
negative direction.

As shown in Figure 5(f), the solid lines and the dotted lines are the displace-
ment curves and the simulation displacement curve of the slider under different
locking forces. When the voltage is in a stage of rapid decrease, the dynamic friction
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will be generated between the indenter and the slider. Meanwhile, the difference

in the direction of the dynamic friction and the slider results in the production

of the backward motion. Therefore, every step can produce a backward motion.
Although it can be seen from the dotted line that the slider moves in forwarding and
backward directions, the average velocity that is larger than zero will result in a net
directional motion.

Experimental results indicate that the maximum loads tested in the experiment
are 0.6 N, 0.9 N and 1.5 N under locking forces of 1N, 2 N and 3 N, respectively.
Furthermore, when the locking force and the minimum starting voltage are 2 N
and 31.9 V,,, respectively, the forward and reversed displacement resolutions of the
actuator are 91.1 nm and 74.4 nm. When the voltage and the frequency are 100 V,_,,
and 850 Hz, the maximum output velocity and the maximum load of the actuator
in the positive x-direction is 10.14 mm/s and 1.5 N. When the load is 90 g, a locking
forceis 5 N, and the velocity is 5.48 mm/s, the actuator can reach the maximum
efficiency of 0.57%.

3. Development of the hybrid excitation methods
3.1 Smooth driving method using ultrasonic friction reduction
3.1.1 Operation principle of smooth driving method

Figure 6(a) shows the working principle of the piezoelectric stick-slip actua-
tor by traditional driving method (TDM), which includes the slow extension and
rapid contraction stages of the traditional saw-tooth driving wave. As illustrated
in Figure 6(b), the smooth driving method (SDM) is realized by a composite
wave, in which the composite wave includes a saw-tooth driving wave (SD-wave)
and a sinusoidal friction regulation wave (SFR-wave), in which the SFR-wave can
adjust the friction force between the frictional part and slider in resonant mode
(RSFR-wave) or non-resonant mode (NSFR-wave) [15]. From the time A to B, the
composite wave is equivalent to one part of the SD-wave. The piezoelectric element
is excited to extend slowly, and the slider will move a distance together with the
frictional part in the axial direction by a static friction force f;. From the time B to C,
the composite wave is composed by an SFR-wave and another part of the SD-wave,
which means that the ultrasonic friction reduction is introduced into the composite
wave to decrease the kinetic friction force f. Thus, the backward motion of the
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Figure 6.
Operation principle. (a) Principle of the traditional driving method. (b) Principle of the smooth driving
method [15].
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stick—slip actuator can be restrained. The continuous output movement is gained by
repeating the above motion process. The reverse motion can be realized by reflect-
ing the symmetry of the SDM.

3.1.2 Research on non-resonant mode smooth driving method

In this work, a non-resonant mode SDM is proposed to restrain the backward
motion [15], which is realized by applying NSFR-wave to rapid deformation stage
of the SD-wave. The specific work is as follows: the prototype includes a piezoelec-
tric element, a frictional part, a slider and a preload mechanism, see Figure 7(a).
Figure 7(b) shows the experimental system of the prototype.

Figure 7(c) shows the amplitudes of the frictional part under the TDM and
SDM. The frequency of the SD-wave is set as 800 Hz, and the voltage and frequency
of the NSFR-wave are set as 4 V,_, and 40 kHz. It can be seen that the amplitude
of the frictional part is not affected obviously under the excitation of the SDM.
Figure 7(d) illustrates the displacement curves of the prototype with a load of
4 g. Compared with the TDM, the better performance is achieved by the SDM. To
quantify the restraint degree of backward motion, the backward rate (denoted by
{) is defined by a ratio of backward distance Dy and driving distance Ds. The results
indicate that the backward rate is decreased markedly by 83%. The relationship
between the velocity and NSFR-wave voltage is plotted in Figure 7(e). The velocity
with the NSFR-wave voltage of 0 V,,_, represents the velocity under the excitation of
the TDM,; it is found that the velocity increases linearly with an increasing NSFR-
wave voltage, and the velocity is obviously improved using the SDM relative to the
TDM. Figure 7(f) shows the relationship between the velocity and voltage. The
results indicate that there is a linear increasing tendency between the velocity and
voltage.

3.1.3 Research on resonant mode smooth driving method
On the basis of our previous work, a resonant mode SDM is further developed to

improve the performances of the actuators [16]. The resonant mode SDM is realized
by applying a RSFR-wave to rapid deformation stage of the SD-wave. The relative
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Figure7.

Non-resonant mode SDM. (a) Prototype of the stick—slip actuator. (b) Experimental system. (c) Amplitude of
the friction part excited. (d) Displacement curves of the prototype. (e) Velocity versus the NSFR-wave voltage.
(f) Velocity versus the voltage [15].
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research is as follows: the modal analysis of the stator is done by the FEM, aiming
at obtaining the 1st longitudinal vibration mode, as illustrated in Figure 8(a); and
the theoretical result indicates that the resonant frequency of 38.55 kHz is obtained,
which is considered the exciting frequency of the RSFR-wave.

Figure 8(b) shows the velocity versus the frequency of the RSFR-wave; the driv-
ing voltage of the SD-wave is set as 30 V},.;, and the RSFR-wave voltage is selected as
6 Vj.p; the velocity of the actuator increases first and then decreases with an increas-
ing frequency, and the maximum velocity is 0.41 mm/s under 39 kHz. Therefore,
the RSFR-wave frequency of 39 kHz is chosen in subsequent experiments; there is
a slight deviation between the test result and simulation result; the reasons may be
caused by material errors between the model and the prototype, the omission of
adhesive layers and the machining errors; besides, the comparative experiments of
the SDM are also developed under the condition of 36 kHz and 42 kHz.

Figure 8(c) shows the relationship between the displacement and time; the
displacement using the TDM shows a fluctuated curve and the backward motion is
seen in every step; conversely, the backward motion is restrained by the SDM; the
displacement increases linearly with an increasing time; the linearity is better when
the frequency of RSFR-wave is 39 kHz, because the smaller kinetic friction is real-
ized relative to the 36 kHz and 42 kHz. Figure 8(d) shows the relationship between
the velocity and voltage; the velocity approximately follows a linear increased
tendency with the voltage; the velocity using the TDM is 0.163 mm/s under 30
V;.p; meanwhile, the velocities through the SDM are 0.332 mm/s, 0.403 mm/s and
0.370 mm/s (i.e. 36 kHz, 39 kHz, and 42 kHz), and the corresponding velocities can
be effectively improved by 103.68%, 147.23% and 126.99% compared with the TDM.

Figure 8(e) expresses the variation of the velocity with an increasing load; the
standard weight is used to investigate the load characteristics, which are added to
the slider. The measure results indicate that the velocity decreases with an increas-
ing load, and the load can reach 125 g utilizing the TDM; meanwhile, the maximum
load excited by the SDM are 290 g, 360 g, and 315 g under 36 kHz, 39 kHz and
42 kHz; besides, under the same load, a higher velocity by the SDM is achieved
at the RSFR-wave frequency of 39 kHz. Figure 8(f) shows that the relation-
ship between the driving capacity and load; the driving capacity of the actuator

increases first and then decreases with an increasing load, and the maximum
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driving capacity using the TDM is 0.62 [ (mm/s)g/mW] at 70 g. In contrast, the
maximum driving capacities using the TDM (i.e. 36 kHz, 39 kHz and 42 kHz) are
2.18 [(mm/s)g/mW], 3.51 [(mm/s)g/mW] and 2.75 [(mm/s)g/mW] under 120 g,
180 g and 150 g; the driving capacities based on the SDM can be increased by
251.61%, 466.13% and 343.55% under the SFR-wave frequencies of 36 kHz, 39 kHz
and 42 kHz.

3.1.4 Research on low voltage characteristics of smooth driving method

In this work, the low voltage characteristics of the SDM is researched [17].
Figure 9(a) and (b) show the relationships between the velocity and voltage in
forward and reverse directions; the experiments are carried out under the same
load of 4 g, and the frequencies of the SD-wave and the SFR-wave are 800 Hz and
40 kHz; the voltages of the SDM and TDM are increased from 2 V,,_, to 10 V,,,; the
forward and reverse motions are changed by modifying the order of slow and rapid
movements as 90% or 10%; the results indicate that the velocity of the actuator
increase obviously as the voltage goes up. It also can be seen that the minimum input
voltage is reduced from 3 V},, to 2 V,,, under the SDM; there are the similar varia-
tion relations in the forward and reverse motions.

Figure 9(c) and (d) show the performances of the prototype with a load of
4 g by the SDM, in which the SDM is excited by the SD-wave voltage of 8 V;,, and
SFR-wave of 1.6 V},;, and the voltage of the TDM is also 8 V,, .. The results indicate
that the prototype can achieve a stable operation at low voltage, and the backward
motion is observed in every step; and the forward average effective displacement D,
is improved by 64%; the reverse average effective displacement D, is improved by
55%; thus, the output displacement characteristics of the prototype is improved at a
lower input voltage.

Figure 9(e) and (f) show the load characteristics of the actuator excited by
the SDM and TDM, respectively; the output velocities of the actuator decrease as
the load go up; compared with the TDM, the velocities can be improved obviously
under the same load condition; the maximum load capacity of the actuator is 24 g
when the voltages are 8 V,,, and 1.6 V},_,, respectively, which is 2.4 times the load
capacity of the actuator under the TDM. Therefore, the designed actuator excited
by the SDM can achieve a larger load capacity.
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3.1.5 Research on symmetry of smooth driving method

In this work, the symmetry of the SDM is also studied in detail [18].

Figure 10(a) and (b) show the relationship between the symmetry and velocity
under the TDM and the SDM with an initial slider mass of 30 g; the voltage and
frequency are 10 V,,, and 800 Hz. In terms of the TDM, the actuator under the
symmetry of 50-80% and 20-50% cannot work properly, because the effective
displacement cannot be generated; the maximum velocities are 0.21 mm/s and
0.20 mm/s under 95% and 5%; the symmetries between 80-95% and 5-20% are
considered as the ideal working ranges. In terms of the SDM, the velocities under
95% and 5% can be improved obviously relative to the TDM, and the velocities
can reach 0.24 mm/s and 0.23 mm/s. The maximum velocities in the forward and
reverse directions can be achieved at 50%, and the corresponding velocities are
0.41 mm/s and 0.39 mm/s. It is found that the effective symmetry of the SDM is
obviously widened relative to the TDM.

Figure 10(c) and (d) show the relationship between the load and veloc-
ity under the different symmetries, such as 90%, 70%, 50%, 30% and 10% in
forward and reverse directions; the velocity of the actuator decreases with the
increase of load; the velocities under 50%, 70% and 90% are almost equal at
110 g; when the load is less than 110 g, the maximum velocity can be achieved
under 50%; when the load is greater than 110 g, the maximum velocity can be
realized under 90%.

It is found that the asymmetrical SDM under 90% achieves the better load
capacity when the SD-wave voltage is 10 V,_, for 800 Hz and the SFR-wave is 2V},
for 39 kHz; the actuator in the reverse direction can also achieve the similar load
characteristics; the larger stiffness is obtained under 90% and 10%.

The relationship between the load and driving capacity is illustrated in
Figure 10(e) and (f); the driving capacities of the actuator can reach 792 [(mm/s)
g/mW] and 6.77 [(mm/s)g/mW] under 70% and 90%; meanwhile, the driving
capacities of the actuator can reach 8.42 [(mm/s)g/mW] and 7.11 [(mm/s)g/mW]
under 30% and 10%. The results indicate that the symmetrical SDM such as 50%
can achieve larger driving capacity relative to the asymmetrical SDM, such as 90%,
70%, 30% and 10%.
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3.2 Direction-guidance hybrid method for high speed
3.2.1 Operation principle of divection-guidance hybrid method

To improve the speed of the stick—slip actuators, a direction-guidance hybrid
method (DGHM) is proposed in this work [19]. The DGHM is a synthetic composite
waveform, as shown in Figure 11(a), which is mainly composed of a direction-
guidance (DG) waveform and a resonance drive (RD) waveform. The stator excited
by the DG waveform to produce a pre-deformation with a lateral motion, which is of
great significance to the output characteristics of the actuator. The direction of the
slider can be guided by the lateral motion of the stator; besides, the locking force can
be adjusted to achieve better output performance. After that, the high speed perfor-
mance of the actuator can be achieved at a resonant frequency of the RD waveform.

The operation principle of the actuator under the DGHM is shown in Figure 11(b).
The specific operations are as follows:

Stage I: at time ¢, the piezoelectric stack without input voltage, the length of
the stack is [y, and the slider and the stator are at the initial position. Due to the
existence of the initial locking force, there is a pair of equal and opposite interaction
forces (Fip and Fgo) between the driving foot and the slider.

Stage II: the length of the stack extends to /; quickly excited by the DG waveform
at time ¢ so that stator is produced an oblique deformation. The position of the
driving foot is moved from position @ to position @, which causes a pre-deforma-
tion of the stator. At the same time, the slider will produce a displacement of Ad,
along the ox axis with the help of the driving foot. In addition, the interaction force
becomes Fy; and Fg, after incrementing AF (|Fy| = |Fri| = |Fio| + |AF|), which can
further increase the load capacity and horizontal thrust of the actuator within a
proper range of regulation.

Stage III: the stack is excited by the DGHM at time ¢,. The excitation voltage of
the DG waveform is kept constant. The RD waveform is composed of high fre-
quency sine waveforms with the period of Tg. The stack undergoes an elongation
and contraction between the lengths of /; and [, in each cycle. Correspondingly, the
driving foot vibrates rapidly between the positions of @ and ®. During the time of
Ty, a displacement Ad, of the slider is produced along the ox axis The velocity of
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Figure 11.
Operation principle of the DGHM. (a) Schematic of the DGHM. (b) Specific operations of the DGHM [19].
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the actuator isv (v = fr x Ad,), where fy is the frequency of the RD waveform. Even
at a low voltage, the actuator can achieve a high speed by the DGHM.

3.2.2 Research on divection-guidance hybrid method

The related work based on the DGHM is as follows [19]. As shown in Figure 12(a),
an actuator is fabricated to verify the feasibility of the DGHM. In the first place,
the influence of the DG waveform with different amplitudes of the driving foot is
analyzed by the FEM. The point P is chosen as the reference point, which represents
the contact point between the slider and the driving foot, as shown in Figure 12(c).
Figure 12(b) simulates the equivalent stress of the stator and deformation of the
point P when the piezoelectric stack inputs different displacements driven by the DG
waveform. The displacement of the point P increases linearly in the ox and oy axes
directions with the increase of the input displacement, which verifies the effective-
ness of the DG waveform. Besides, the equivalent stress of the stator is 202.46 MPa
with the input of 10 ym. Afterwards, the modes of the stator are analyzed to make the
actuator operate at a resonant frequency. As shown in Figure 12(c), when the fre-
quency of RD waveform is at fourth mode (around 30.57 kHz), the proposed actuator
has the potential to achieve higher speed.

The actuator is manufactured and the test system is built, as shown in Figure 12(d).
Firstly, the effect of the voltage of DG waveform on the displacement of the driving foot
is explored. As shown in Figure 12(e), the driving foot can achieve displacement along
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Research on DGHM. (a) Configuration of the proposed design. (b) Simulation of the stator by FEM. (c)
Fourth mode of the stator. (d) The experimental system and the prototype. (e) The relationship between the
displacement of the veflector and the voltage of DG waveform. (f) The relationship between driving frequency
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DG waveform. (i) The horizontal thrust and the velocity versus at the voltages of DG waveform under the
DGHM [19].

73



Piezoelectric Actuators - Principles, Design, Experiments and Applications

the positive direction of the ox and oy axes. With the increase of the voltage of the DG
waveform, the displacements in both directions have a good linear relationship, which
shows that the actuator can produce a pre-deformation by the aid of the proposed
excitation method.

Under the condition of an initial preload force of 0.5 N, a series of experiments
are carried out to explore the output characteristics of the proposed actuator. As
shown in Figure 12(f), the output speed and the frequency of the RD waveform
are studied under different voltage of the DG waveform to determine the optimal
driving frequency of the RD waveform. At different voltages of the DG waveform,
the optimal frequencies of the RD waveform are around 33 kHz, which is close to the
frequency simulated by FEM. When the DG waveform is 20 V and the RD waveform
is 8 Vpp and 33.1 kHz, the actuator reaches the maximum velocity of 70.26 mm/s.

Under different DG waveform voltages, the velocities of the actuator versus voltages
of the RD waveform are measured. It can be seen from Figure 12(g) that the velocity
increases as the RD waveform voltage. The actuator starts to move as the voltage of RD
waveform is about 3 V... At the voltage of 8 V,_,, the velocity reaches the maximum and
it can be further improved by increasing the voltage of the RD waveform. As shown in
Figure 12(h), the displacement curve at different voltages of DG waveform shows that
the DGHM can make the actuator move stably. As shown in Figure 12(i), the horizontal
thrust and velocity at a different voltage of the DG waveform are explored which shows
that the actuator can achieve the large horizontal thrust or the relatively high velocity
under the DGHM. Although the initial locking force is 0.5 N, the actuator can achieve
the maximum horizontal thrust of 1.36 N when the voltage of DG waveform is 60 V.

4, Conclusions

A comprehensive work of piezoelectric stick-slip actuators was presented to
improve their output characteristics. This work divided our team’s stick—slip actua-
tors into two categories based on the research ideas, including structural designs
and driving methods.

In terms of structural designs, the trapezoid-type actuator increased static
friction force in slow extension stage and decreased kinetic friction force in rapid
contraction stage by lateral motion, which improved the forward performance.
The actuators with asymmetrical flexure hinges widened the structure forms of
the actuator and improved the velocity, load and efficiency. The mode conver-
sion actuator could be used in precision positioning platform and ultra-precision
machining due to its nanometer resolution. Besides, an actuator with a coupled
asymmetrical flexure hinge mechanism realized the bidirectional motion.

In terms of driving methods, a non-resonant mode smooth driving method
(SDM) based on ultrasonic friction reduction was proposed, and the backward
motion was restrained during the rapid contraction stage. Compared with non-
resonant mode SDM, the resonant mode SDM achieved a higher velocity, larger
load and smoother displacement. Besides, the proposed SDM achieved better low
voltage characteristics and widened the symmetry relative to the traditional driv-
ing method. Finally, a direction-guidance hybrid method (DGHM) could achieve
superior performance, especially for high speed.
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Chapter 5

Modeling of Piezoceramic
Actuators for Control

Joel Shields and Edward Konefat

Abstract

In this chapter a full electromechanical model of piezoceramic actuators is
presented. This model allows for easy integration of the piezo stack with a structural
finite element model (FEM) and includes the flow of energy into and out of the
piezo element, which is governed by the transducer constant of the piezo element.
Modeling of the piezo stack capacitive hysteresis is achieved using backlash basis
functions. The piezo model can also be used to predict the current usage of the PZT
which depends on the slew rate of the voltage applied to the PZT. Data from
laboratory experiments using a load frame and free response tests is used to esti-
mate the PZT model parameters. In addition, a simplified model of a modulated full
bridge strain gauge is derived based on test data which includes the effect of
intrinsic bridge imbalance. Sensors of this type are often used with feedback control
to linearize the behavior of the device. Taken together, the actuator and sensor
model can be used for the development of piezo actuated control algorithms.

Keywords: PZT, transducer constant, strain gauge, hysteresis, charge feedback

1. Introduction

Lead zirconium titanate (PZT) was first developed around 1952 at the Tokyo
Institute of Technology. Due to its physical strength, chemical inertness,
tailorability and low manufacturing costs, it is one of the most commonly used
piezo ceramics. It is used in various applications as an actuator including microma-
nipulation and ultrasonics. Due to the piezoelectric effect [1], it can also be used as a
sensor of force or displacement or for energy harvesting since current is produced
by the device in response to an applied strain. Three main issues, however, com-
promise the utility of these devices. The first is that the stroke of these devices is
limited to about 40 um, which for some applications, necessitates the use of dual
stage actuation [2, 3] or inchworm actuators [4] which combine brake PZTs with
actuation PZTs to extend the dynamic range of these devices. In addition, PZTs
suffer from significant amounts of hysteresis (15 percent of full stroke) and creep
which causes drift of the device over time. These two issues make open loop
operation of these devices problematic since multiple displacements are possible for
the same input and due to the fact that creep dissipates at very slow rates. To
overcome these problems, it is possible to invert the hysteresis nonlinearity [5] but
this can only improve accuracy by one order of magnitude and leaves the creep
issue unresolved. This has led many to employ servo control with displacement
sensing of the PZT elongation [6-8]. This will linearize the device to the accuracy of
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the sensor, and address creep, but the hysteresis nonlinearity has an impact on the
loop stability which must be analyzed. In a linear sense, the hysteresis has an effect
on the both the loop gain and phase margin. These impacts necessitate high fidelity
modeling of the PZT behavior, which can be quite rich and faceted. The model
described in this chapter is intended to be used as a necessary precursor for control
design and simulation.

Many models for PZT stacks have been developed in the literature, such as those
in [8-10], but few incorporate the transfer of energy into a structure and out of the
structure back into the device. Of those that do describe this important detail,

[1, 11-13], the treatment of piezoelectric hysteresis in the model is often problem-
atic in that either friction elements, such as the Maxwell resistive capacitor (MRC)
are used, which are difficult to simulate, or nonlinear differential equations are used
which have very heuristic fitting functions [1]. The hysteresis model described here
overcomes these difficulties by using backlash basis functions which are relatively
easy to fit to experimental data and are numerically efficient to simulate. The
hysteresis model does not included creep, but it is possible to add springs and
dashpots to the backlash elements which will capture the creep behavior.

The PZT model presented in this chapter can also be used to predict current
usage which is important in terms of amplifier design and slew rate limitations. It
can also be easily integrated into a FEM of the structure that the PZT is embedded
in. The model in this chapter is based on the work in [1, 12]. Unfortunately, these
papers offer little in terms of determining the parameters of the model. In particu-
lar, the internal capacitances and transducer constant vary from one type of PZT to
another. As a result, this chapter describes experimental techniques for determining
these parameters regardless of the particular PZT configuration. We also validate
proper operation of our test equipment and compare the simulated model output to
test data.

For control design purposes it is also important to model the sensor in addition
to the actuator. Various types of sensors have been used for PZT control such as
optical encoders with 1.2 nm resolution, laser metrology gauges, and more com-
monly, strain gauges. Strain gauges offer good performance for the price and can be
directly bonded to the sides of the PZT. A model of a modulated full strain gauge
bridge is given which includes the effect of intrinsic bridge imbalance and bridge
sensitivity. A simplified version of this model, excluding all exogenous signals, is
given to facilitate loop shaping of a control loop.

PZTs are often used in optical instrument such as coronagraphs, interferome-
ters, spectrometers and microscopes where micro-manipulation below the scale of
optical wavelengths is required. Given the small wavelengths of visible and infrared
light (350 nm - 14 ym), subnanometer positioning is required for these applications.
PZTs come in a wide variety of shapes and configurations. Here we focus on piezo
stack actuators which are the most commonly used. In particular, we tested and
modeled the P-888.51 PICMA stack multilayer piezo actuator [14] which is ubiqui-
tous in its use for various missions at JPL. This PZT has dimensions of 10 mm X
10 mm x 18 mm and has a nominal stroke of 15 ym at 100 Volts across its terminals.
It has a blocking force of up to 3600 Newtons and a mechanical stiffness of 200
N /um. Nominal voltage range applied to the PZT is 0-100 Volts, but it is possible to
apply between —20 - 120 Volts for extended stroke. These devices are operated with
large preloads to keep the device in compression during operation. Dynamic loads
that put the ceramic device in tension need to be avoided since they are brittle and
fracture easily in tension. The recommended preload is 15 MPa which for the 10 mm
x 10 mm cross sectional area of the device is 1500 Newtons. The first mode of this
particular PZT is 70 kHz which is far greater than the first mode of any structure it
is generally incorporated into.
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Figure 1.

From left to right, circuit diagram of strain gauge Wheatstone bridge showing vesistive elements labeled by the
color of wires on each side of the resistor, physical layout of vesistive elements and wiring connections, and strain
gauge elements bonded to the PZT.

The PICMA P-888.51 can be ordered with a full bridge strain gauge bonded
directly to the sides of the PZT ceramic. As mentioned above, strain gauges are used
to linearize the hysteretic behavior of PZTs and to mitigate their drift or creep,
which can be substantial. To determine the bridge response, we analyze the modu-
lating electronics used to read the Wheatstone bridge. The modulation is a tech-
nique commonly used for rejection of noise picked up along the cabling between the
PZT and electronics board. The strain gauge bridge we analyze is composed of two
Vishay half bridges (Part number N2A-XX-S053P-350) bonded to opposite sides of
the PZT as shown in Figure 1. Each bridge resistor has a nominal resistance of 350
Ohms.

Three identical PZTs were tested which we refer to by their serial numbers,
SN637, SN629 and SN618.

2. Full electro-mechanical PZT model

The PZT model we analyze is depicted in Figure 2. It is taken from the model
proposed in [1, 12, 13] with a few modifications. We have added a resistor on the
input since this is part of the amplifier used to drive the device. We depict the
resistor in Figure 2 as having a switch since most of our experiments were
conducted without this resistor. This resistor and the equivalent capacitance of the
circuit determines the RC time constant of the actuator model. This time constant
can vary based on the voltage input (V) history due to the nonlinear capacitance,
Cu(-). As current, ¢, flows into the circuit charge develops across the working

Vi - B
+ . q
-
+
Vi —— Cf'(.')
l";prm . .
Q::l . l‘b)
(-20-120V) . . )
CyTmv, Tem E r‘J . [15-"
o |

Figure 2.
Nonlinear electro-mechanical PZT model. Features of this model include the nonlinear capacitance, Cy(-), and
transducer constant, Ty, which governs the flow of energy into and out of the PZT.

83



Piezoelectric Actuators - Principles, Design, Experiments and Applications

capacitor, C,, which due to the inverse piezoelectric effect produces a force, F, in the
piezoelectric stack. Conversely, any environmental force, F,, which causes velocity
of the PZT stack generates a current, g, in the circuit due to the piezoelectric effect.

The unknown model parameters in Figure 2 include the two capacitances, C,
and Cy(-), and the transducer constant, T.,. The resistor value, R, is known by
design (80 Ohms) and can be easily measured. The mechanical stiffness of the PZT,
ky, can be obtained from Physik Instrumente (PI) spec. Sheets [14]. The damping
coefficient, d,, of the PZT ceramic is a structural parameter of the PZT and not part
of this investigation. It is primarily a parameter that effects the high frequency
behavior of the PZT in terms of changing the modal response. Here we are more
concerned with the low frequency, nonlinear behavior of the device.

Writing some simple circuit equations based on Figure 2, we have Kirchhoff’s
Voltage Law (KVL) and Kirchhoff’s Current Law (KCL),

Voea =V, + Vi +V, (KVL) 1)
q=4q.+4, (KCL). @)

We also have the three constitutive relations for each of the components in
this circuit,

q=Cn(Vi) 9. =GCVp (3)
V, =i,R with q(t) = Jt i,(t)d. (4)
0

Using Egs. (1)-(4) we can convert the circuit diagram in Figure 2 to the block
diagram in Figure 3. Figure 3 is easier to simulate since the mixed electrical and
mechanical domains are irrelevant. Few simulation software applications allow for
mixed domain signals. SPICE is a typical example of this. Simscape™ does allow for
mixed domain signals but nonlinear multivalued capacitors are not supported.
Putting the model in block diagram form allows for easy integration in the Matlab®
and Simulink® programming environment which supports simulation of both a
structural model for the mechanical impedance, M(-), and hysteretic capacitance,
Cu(-), using primitive Simulink components. Looking at Figure 3 KVL is
represented with the first two summing nodes. The center summing node is
depicting an integrated version of KCL, Eq. (2). Since the voltage across the resistor,
V., is proportional to the current, ¢, the charge, ¢, needs to be differentiated, thus
we use the Laplace operator, s, in Figure 3 to represent this. The saturation block on

M) |t
Mechanical
Impedance

Vica + W i) q +

Hysteresis

Invarse
Pigzo

It R Effect
= [T,
Current Ip I_I

Figure 3.

Block diagram of PZT model showing the inverse piezo effect and piezo effect with charge feedback. The
nonlinear capacitance function, Cy,(-), is modeled with backlash operators. The mechanical impedance, M(-),
can be as simple as a spring vepresenting the mechanical stiffness of the PZT material or a FEM of the structure
the PZT is embedded into.
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current is included to capture current limits of the PZT amplifier. As an example of
this, the flight amplifier for the Nancy Grace Roman Space Telescope has a limit of
+2 mA for sourcing of current into the PZT and — 14 mA for sinking of current out
of the PZT.

At steady state and with the boundary conditions at both ends of the PZT free
(i.e. no structural stiffness to oppose the PZT produced force, F,.), the mechanical
impedance of the PZT, M(-), reduces to 1/k,. The displacement of the PZT can then
be written as,

1

with F,, = T.,, V). With the terminals of the PZT open circuit V,, = V,,, assum-
ing the device has been shorted and drained of all charge prior to applying an
environmental force. Since V), is a measurable signal this allows us to solve for T,
using Eq. (5),

kypXpsr — F,
T, = pXpzt e
e (6)

p@ﬂ

where both x,.; and F, can also be measured. This equation forms the basis of the
experiments described in Section 3.2.

To determine the nonlinear capacitance, Cj,(-), and working capacitance, C,,
we collect input/output data while applying a voltage, V).,, to the PZT with
the environmental force, F,, set to zero. To determine the hysteresis of this block over
its full range of inputs, we apply a sinusoidal V., voltage that goes from 0-100 Volts.
This voltage is applied slowly so that we can assume that M(-) ~ 1/k,. The output
signal of C,(+), ¢, can be obtained by integrating measurements of the current
flowing into the PZT as a result of the voltage, V), applied to the PZT terminals.
The input signal to Cj,(-), V}, can be solved for using KVL,

V= me -V, = Vp; (7)

where V, = 0 since during this test the resistor R is not used. V,, in Eq. (7) can be
solved for by using Eq. (5) with F, = 0 and F, = T, V. This leads to,

xpztkp

Vp = T—em (8)

Egs. (7) and (8) together with the measured charge, ¢, form the basis of the

experiments described in Section 3.3 for determining the nonlinear capacitance, Cj(-).
From the block diagram in Figure 3 we have,

1

Vy = C_p (q - Temxpzt)' )

Plugging in F, = 0 and F}, = T., V, with V,, given by Eq. (9) into Eq. (5) we have,

Te m

- Tem 10
kyCp + 12,7 (10)
————

Xpat

qux

85



Piezoelectric Actuators - Principles, Design, Experiments and Applications

We can solve for the gain, k., in a least squares sense,

koo = (479) " q Xpue (11)

where q and x,,; are vectors of the sampled signals g and x,,;. The working
capacitance, C,, is then,

Tem — Topkgox
C, = -2 —emT9% 12
» ko (12)

Egs. (10)-(12) form the basis of the experiments described in Section 3.3 for
determining the working capacitance, C,.

The strain gauge voltage change is the difference between the voltage at the start
of the test and at the time that the peak force was applied.

3. Experiments
3.1 Displacement sensing for test campaign

Both experiments described below require sensing of the PZT elongation. To do
this we use the strain gauge bonded to the PZT. For testing purposes we applied a
DC voltage (10 Volts) as the excitation input to the bridge and configured a differ-
ential amp on the output of the bridge. The gain of this amplifier was set to 311.4
which amplified the millivolt signal of the bridge output to the 2-3 Volt range which
was easily measurable by our test equipment. The amplified voltage was calibrated
to the actual displacement of the PZT using a micrometer with 0.5 micron accuracy
(Mitutoyo MDH high accuracy digimatic micrometer, series 293.). A linear fit of the
calibration data, measured displacement vs. measured voltage, revealed a fit error
of 0.71 microns for the worst case PZT with scale factors of 3.077 (um/V), 3.183
(um/V) and 3.246 (um/V') for SN637, SN629 and SN618 respectively. Calibrated
steady state measurements of the strain gauge had an RMS of 22 nm which was
more than sufficient for our testing campaign.

3.2 Experiment 1: instron testing

As discussed above we use the force balance Eq. (6) to determine the transducer
constant, T,,,. The environmental force, F,, in this equation was applied using an
Instron 8801 Servohydraulic load frame which is part of the JPL Materials Testing
and Failure Facility. Refer to Figure 4 for a picture of the PZT test jig. To avoid
potential damage to the load frame the hydraulic press was operated in displace-
ment mode which left force an uncontrolled, but measured parameter (see
Figure 5). To measure the back EMF term, V,, in this equation a voltmeter with
high input impedance is required. Without a high impedance voltmeter the RC
decay time constant would be much faster than the duration of the experiment and
compromise the data. We used a Keithley 617 high resistance meter with 200
TeraOhm input impedance to keep charge from bleeding off the PZT leads. To
measure the PZT displacement an Agilient 34401A DMM was used to monitor the
amplified bridge output voltage. The applied compressive load to the PZT was
measured with the load cell that is incorporated into the load frame.

Each of the three PZTs was tested with and without the load resistor to see how
much resistive force is created by the charge feedback. Tests done with the resistor
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Figure 4.

PZT installed in the Instron jig between two compression platens. The load frame is used to apply a compressive
load of 800 (N) while the PZT displacement, back EMF, and applied load are measured. The PZT is
compressed with and without a 200 Ohm resistor applied across the leads of the PZT. This resistor is shown on
the right terminal block in the open circuit configuration.

S
\
100 \
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Figure 5.

PZT signal set recorded during each free response test. The chavge signal was obtained by integrating the current.
The position signal was obtained by sampling the strain gauge voltage and applying the calibration described in
Section 3.1.

bleeds off any charge that would otherwise develop and leaves only the mechanical
stiffness to oppose the applied compressive force. In addition, to verify repeatability
of the experimental results each tested configuration was repeated three times.
Table 1 summarizes the results of these tests. Note that with the load resistor the
peak displacements are substantially greater than the cases without the load resistor
even though the peak loads applied are similar. This is the result of charge feedback
generating an opposing force beyond that provided by the mechanical stiffness
alone. It may be surprising to find that the electrical force produced is close to or
even greater than the force produced by the mechanical stiffness when the resistor
is not used. Plugging in the peak force, Fe, the peak displacement, x,,;, and peak
back EMF, V,,,, from Table 1 into Eq. (6), and using the spec. Sheet value [14] of
the mechanical stiffness, k, = 200 (N/um), we can solve for the transducer
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RIn SN637 SN637 SN637 SN629 SN629 SN629 SN618  SN618 SN618
(Run1) (Run2) (Run3) (Run1) (Run2) (Run3) (Run1) (Run2) (Run3)

Strain Gauge -0925 -1.040 -0.958 -1.112 -0918 -0.944 -0.885 -0.914 —0.926

Voltage Change

V)

Peak —2.847 -3200 -2949 3538 -2922 -3.006 -2.873 -2.966 —3.005

Displacement

(um)

Peak Force (N) —-7722  -7781 -7743 -799.5 -738.6 7733 —-792.8 —798.8 —809.8

Peak Back EMF 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

V)

R Out SN637 SN637 SN637 SN629 SN629 SN629 SN618 SN618 SN618
(Run1) (Run2) (Run3) (Runl) (Run2) (Run3) (Run1) (Run2) (Run3)

Strain Gauge —0.415 -0.413 -0.426 —-0.382 —-0.381 -0.384 —-0.334 -0.334 -1.078

Voltage Change

V)

Peak -1.277 -1272 -1311 -1.217 -1.213 -1221 -1.084 -1.084 -0.336

Displacement

(um)

Peak Force (N) —-7988 —-797.1 —-8343 8072 7958 —800.0 —808.8 —815.4 —844.0

Peak Back EMF 11.68 12.32 12.55 11.98 12.51 12.63 12.20 12.21 12.15

V)

Table 1.

Instron testing data with and without load resistor. For each PZT, SN637, SN629 and SN618 the load test was
repeated three times.

constant, T,,,. The mean value of T,,, over each PZT and over the three runs for
each PZT was 46.71 (N/V) or (C/m). The variance of this estimate was minimal.

3.3 Experiment 2: free-free test

To perform the free-free test on the PZT, the applied voltage, resulting current
applied to the PZT and PZT displacement all need to be measured synchronously.
To do this we used a Keysight Technologies B2902A precision source to sample the
applied voltage and current. This instrument was designed to measure I/V mea-
surements easily and accurately. To measure the PZT displacement the output of
the bridge differential amp was measured with a Tektronics oscilloscope. To syn-
chronize the two data sets we used the peak value in each data record. These signals
are shown in Figure 5 together with the applied charge which is just the integrated
current. Before each test a relay was used to temporarily short the leads of the PZT
to drain any charge. This put the PZT in its rest state prior to each test.

To validate our instrumentation we compared the current and charge reported
by our test setup using a simple 5.5 uF capacitor against a SPICE simulation with the
same capacitor value. The peak charges agreed to within 2 percent providing confi-
dence to the current measurements.

Using the PZT position and charge measurements shown in Figure 6 along with
the previously estimated value of the transducer constant, T, and stiffness, k,,
taken from the PI spec. Sheet [14], we can use Egs. (10)-(12) to solve for the
working capacitance, C,. This resulted in a value of 5.802 uF for SN637 which is
close to the small signal (1 V,,) effective capacitance value listed in the PI spec.
Sheet of 6.0 uF £ 20%. Note the effective capacitance in our model is the series
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PZT Test Signals (SN637)
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Figure 6.

Force trajectories during operation of the load frame in displacement mode. Each of the three PZTs was tested
three times with the load vesistor, R;, cases, and three times without the load resistor, Ry cases. Since force was
not a controlled variable during the test it had a noticeable but tolerable amount of variation or jitter.

combination of C, with Cj(-) which is C,Cy(-)/(C, + Cy(+)). Thus, whatever the
value of Cj,(+) it can only act to reduce the effective capacitance from the baseline
value of C,.

Before determining the nonlinear function, Cy(-), the input signal, V},, is gener-
ated using Egs. (7) and (8). This revealed that the voltage drop across the hysteretic
capacitance, V},, was approximately one-third of the applied voltage, V,.,. This
leaves two-thirds of the applied voltage across the working capacitor to produce
work. The output of the nonlinear function, C(-), is given by the charge measure-
ments, 4. The input and output data is shown in Figure 6 which demonstrates a
great deal of hysteresis. Note that creep between the two applied sinusoids infects
the data as can be seen in the lower left of Figure 7. This portion of the data was not
fit by the model described below.

3.3.1 Hysteresis model

To fit the capacitive hysteresis data a neural network of backlash basis functions
is employed of the form,

q="> Bi(Vi,xl,w;) ki (13)

N
i=1
where B; (Vh , %9, wi) is a backlash operator with input variable, V},, initial condi-

tion, x7, and deadband width, w;. Each backlash output is weighted with a gain &;

which changes the slope of the backlash operator when the deadband is engaged.

Details of fitting the parameters of this model to experimental data are given in [5, 15]
but, to summarize, the gains k; are used to fit the curvature of the hysteresis data, the
schedule of deadband widths, w;, are used to accurately capture regions of the hyster-
esis that have high curvature and the initial conditions are used to capture the unique-

ness of the initial loading curve. A diagram of the hysteresis model is provided in
Figure 8.
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PZT Hysteretic Capacitance, Ch (SN637)
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Figure 7.
Capacitive hysteresis data and model fit. Linearized approximations ave shown with the large signal
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Figure 8.
Diagram of capacitive hystevesis model used to fit the data in Figure 7. Initial state and deadband width are

indicated for the Nth element of the model. The output arm displacement of each backlash element is multiplied
by gain k; and summed with the other backlash elements to form the output variable q.

4. Complete model

To validate the PZT model described in this chapter we exercise the model in
Figure 3 by applying a full scale (0-100 Volt) sinusoidal input voltage, V,,, and
record the model output, x,.,. This data can then be compared with the same data
acquired during the experiments described in Section 3.3. This comparison is made
in Figure 9 which shows good agreement between the experimental data and model
data. In addition, comparisons of the experimentally measured current and
modeled current signal also demonstrated similar agreement. Note the hysteresis
percentage in Figure 9, as defined by the vertical thickness of the hysteresis loops
relative to the peak displacement, is lessened for the output signal of the model
relative to the percentage of hysteresis demonstrated in Figure 7. This is most likely
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PZT Hysteresis Curves (SN637)
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Figure 9.
Experimental and modeled input/output data for the full PZT model.

due to the voltage feedback terms, V, and V,, in Figure 3 that act to reduce the
uncertainty caused by the capacitive hysteresis, Cj(-).

5. Modulated strain gauge model

We have seen from the test data that the behavior of the PZT is nonlinear due to
its hysteresis. Many applications of PZT actuators require greater positioning accu-
racy than what can be achieved with open loop operation of the PZT. To overcome
this accuracy issue, it is common to use strain gauges bonded directly to the face of
the PZT. These sensors are used with feedback control to greatly improve the
positioning accuracy of the actuator. Typically the accuracy can be improved from
12-15 percent down to 0.1 percent by using strain gauge sensors. Strain gauge
sensors also suffer from hysteresis (This is what limits their accuracy.) but the
amount of hysteresis is much less than the actuator.

Before designing any control loop that uses strain gauge feedback, it is necessary
to understand the output response of the strain gauge voltage versus the input
strain. To do this, we first characterize the resistive changes of the four Wheatstone
bridge resistors as a function of the PZT elongation. The results of this analysis can
then be used to derive the sensitivity of the bridge output. This analysis assumes
that the strain gauge bridge is modulated with a square wave reference at its
excitation terminals. The modulation is done in order to reduce noise pickup in the
cabling between the bridge location and PZT processing electronics board which
can be separated by several meters in typical applications. Any noise with a fre-
quency content well below the modulation frequency of 10 kHz can be eliminated
with this technique. Demodulation can be done in analog electronics but here we
describe a case where the demodulation is done in FPGA firmware.

5.1 Bridge resistance changes
The stain gauge configuration we study is a full Wheatstone bridge, meaning

that all four resistive elements of the bridge see a change in strain due to the
elongation of the PZT. Two of the bridge elements, on opposite diagonals of the
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Wheatstone bridge, are bonded to the PZT along the length of the PZT which is the
direction of intended length change. The remaining two bridge elements are bonded
to the PZT perpendicular to this, along the width of the actuator. These two bridge
elements will also see a resistance change when the PZT elongates due to the fact
that as the PZT lengthens it also gets more narrow. The circuit diagram of the
Wheatstone bridge and layout of the bridge elements when bonded to the PZT is
shown in Figure 1.

To characterize the exact relationship between the PZT elongation and resistive
change of each bridge element we conducted a test where the resistance measure-
ment across each strain gauge resistor was measured for several increments of PZT
displacement from its rest length to its maximum displacement. Each resistance
measurement is the equivalent resistance of the element across the probe terminals
in parallel with the other three elements, i.e.,

Ru1 =Rw v|Ry ¢ +Rc s+ Rw s (14)
Ryu2 = Rw_lIRw-y + Ry_g + Rg_B (15)
Ru3 = Rg BllRw-B+Rw v +Ry ¢ (16)
Ryu4 = Ry_gllRg-B + Rw—-g + Rw_y. (17)

These measurements must be solved for the individual bridge elements by
solving the system of equations in (14)-(17) for each of the four bridge element
resistances. This system of equations is nonlinear but can be solved uniquely using a
nonlinear equation solver. Mathematica was used for this purpose. Solving this
system of equations resulted in three complex solutions and one real solution for
each of the resistances on the right hand side. Since the resistance must be real, the
real solution was taken as the answer.

The results of these measurements are shown in Figure 10 for PZT SN618. The
two strain gauges that are oriented along the length of the PZT increase their
resistance as the PZT elongates since this deformation lengthens the gauge and thins
the wires of the bridge. The two strain gauges oriented along the width of the PZT

PZT Displacement vs. Bridge Resistances (SN618)
351.4 - . : T : T T :

3’12
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G-B Bridge Re:
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- Y-G Bridge Resistance
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T T

Resistance (Ohms)
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Figure 10.

Four bridge resistances as a function of PZT displacement. This data is from 1 of 3 PZTs tested. Note the
difference in slopes of the four vesistors, one negative slope for the two hovizontally placed bridge elements and
one positive slope for the two vertically placed bridge elements. Initial vesistances at zero elongation reveals the
intrinsic bridge imbalance due to manufacturing tolerances.
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decrease in resistance since, in this direction, the PZT narrows. As it narrows the
wires of these bridge resistors become shorter and thicker reducing their resistance.
Interestingly, the ratio of the slopes of the horizontally mounted gauges to the
vertically mounted gauges is equal to the aspect ratio of the PZT, W5 /L;.s, where
West is the rest width of the PZT and L,y is the rest length of the PZT. Also note
that at zero elongation of the PZT, the actual resistance of each bridge element
deviates from the nominal value of 350 Ohms. For all three full bridge strain gauges
tested the variation from the nominal resistance for each bridge element was found
to be 0.224 Ohms, 1-¢ with a maximum error bounded by +0.4 Ohms. This was
consistent with the spec. Sheet tolerance [16].

Taking into account the nominal resistance, variation in nominal resistance and
strain induced resistance change, the resistance of each bridge element can be
written as,

— — 1 WV@S
Rw_y = (Ruom + AR, ) — kgt - (Ruom + AR ) - (L_> . ( f) Sy (18)

rest L rest

_ _ 1 W,
Rg_p = (Rnom + ARfomB) — kgf . (Rnom =+ ARfomB> . (L ) . (L rext) “Spat (19)
rest rest

1
RYfG = (Rnom + ARZU_,,,G) + kgf : (Rnom + ARZO;”G) . (L—) 'szt (20)
rest

1
Rw_5 = (Ruom + ARy P) + ker - (Ruom + AR P) - < > - Spat> (21)

LVL’It

where ky is the gauge factor of the bridge element (ks = 2.05 [11]) which relates
the change in resistance to the strain, (s, /Lyest)- Ruom is the nominal bridge resis-
tance and ARZZ,; Y ARSO;,,B , ARZO;G, AR%;B are the variations from this nominal
value. In the following treatment of bridge sensitivity, these intrinsic imbalance
terms can be ignored since they are a small portion of the total resistance.

5.2 Bridge sensitivity

Referring to Figure 9 we can derive the bridge sensitivity using simple circuit
analysis. Writing out the constitutive relation for each resistor we have,

Vot = Vag =i Ry—c (22)
Vg~ Vig =iz - Rw_y 23)
Vie = Vioa =11 Ro-8 (24)
Vie = Vinoa =i - Ry—c» (25)

where i, and ig are the currents indicated in Figure 1. Solving this system of
equations for i, i, V;g and V;g as functions of the two excitation voltages V;o 4 and

V.0a gives the output voltage, V,,; = V;g — Vs as,
_ Rw_p Ry_y _
V. =V V. =—""72 vyt W=y
out sig € " Rw_p+Rw_v mod T Rw. s+ Rw. vy mod 26)
Rgp n Ry ¢ _

"Res+Rrc ™ Rep+Ry g ™
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Substituting the resistances, Egs. (18)-(21), into Eq. (26) and letting V! , =
Vimoa and 'V, , = —V,,,; we can express the output voltage of the bridge as a
function of the displacement x,.;,

2Vmodkgf (Lre:t + Wmt)xpzt
(ZLZext + kgfLVestxpzt - Wmtkgfxpzt)

Vour :f(spzt) = (27)

Note that the output voltage of the Wheatstone bridge is actually weakly
nonlinear in the PZT displacement, x,,;, which is a bit surprising. Also note that the
signal level of the output is directly proportional to the modulation voltage, V4.
This implies that the resolution of the device can be arbitrarily increased with larger
excitation voltages. The cost of this increased resolution would be an increased
thermal signature. The thermal signature can be an issue in some applications since it
can cause excessive drift of the electronics and warping of any optics near the bridge.

To derive the linearized gain of Eq. (27), we can use the first term of a Taylor
series,

Vout _f (xpztu ) _ q‘ _ (4ng;t Vmodkg"xpzt (Lrest + Wrest ) )

2
Xpat=Xpat, (ZLZest + kgf L restXpzt — kgf WmtxPZt)

X pat — X pat, ox ‘pt _
Xpzt =Xpat,

(28)

Evaluating this derivative at x,., = 7.5(um) gives a gain of 354.18 (V/m)
between the change in PZT elongation from x,.; and the change in differential
bridge output voltage, Vour — f (per, )-

5.3 Simplified model

After the bridge, a differential amplifier is used to boost the voltage to the £2.5
Volt range of the A2D converter (COBHAM RAD1419 with 14 bits). This sampling
is done at high rate, 800 kHz, to capture the high and low modulation levels of the
10 kHz square wave. This gives 40 samples during each portion of the modulation
signal. These samples are averaged and then differenced before being operated on in
firmware. The FPGA firmware applies a linear transformation to this signal in order
to map it to the desired DAC range of 2.6 Volts for the feedback servo. This bias

ARy,

]
Tt —— AR o Analog
kot [Lees .

. . RADIATIA B e sain fen

Digital Vdemod

Jotoson Mot

) T Vstism
Ztl ssa18 —| 00— 74 = 2 [ kwema [—=
Bridge Gain Differential AZD Demodulation
Amp Gain Saturation Gain
Nonlinearity

Figure 11.

Circuit schematic (top subfigure) and simplified block diagram of the strain gauge processing electronics
(bottom subfigure). Modulation of the Wheatstone bridge is done with a 10 kHz square wave with 2 Volts
applied to the vefevence excitation terminal and — 2 Volts applied to the reference ground terminal. These
voltages are swapped every 50 usec. The bridge voltages are sampled at 800 kHz and demodulated in firmware.
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and scale factor trimming can be done in analog electronics but is more accurately
done in firmware. The full signal chain from PZT displacement to demodulated
firmware voltage is shown in the top subfigure of Figure 11. The gain of the
differential amp cannot map its output voltage exactly to the rails of the A2D since
the intrinsic imbalance of the gauge and resulting bias voltage at zero PZT dis-
placement prevents this.

For purposes of control loop design a simplified model of the strain gauge
response is useful. If we ignore exogenous signals, such as the gauge noise and bias
trim, which do not effect the loop gain, a simplified linear model of gauge response
is shown in the bottom subfigure of Figure 11. The bridge gain, the differential amp
gain of 300, demodulation gain of 2 and trim scale factor are all indicated in this
figure. The demodulation gain is 2 since the firmware takes the difference between
the same two voltages with opposite sign. Egs. (27) and (28) give the sensitivity of
each of these voltage levels and not their difference.

6. Conclusions

In this work we have developed a full electro-mechanical model of
piezoelectric actuators and determined the parameters of this model. Unique
experiments were designed to determine the transducer constant and capacitances
of the model. The hysteretic capacitance was fit with backlash basis functions which
was proposed by the first author in [15]. This hysteresis model is numerically
efficient and captures the multivalued behavior of hysteresis as well as the curva-
ture of the hysteresis loops. The output of the PZT model agreed well with the
experimental data and successfully predicts the current draw of the actuator which
is an important feature of the model for comparison against power limits and slew
rate requirements.

For control design actuator models are only half of what is required. Models of
the sensors used is also important. In this work we focused on the use of strain
gauge sensors which are commonly used with PZT actuators. A nonlinear model of
the strain gauge full bridge was developed from which a linearized model was
generated. This linear model included the effects of Wheatstone bridge sensitivity,
differential amplification, demodulation and firmware scaling.

Although not the focus of this work, the PZT model that we have developed and
experimentally identified could easily be included into a FEM of the structure that
the PZT is intended to move. This has been done for the fast steering mirror (FSM)
used by the Nancy Grace Roman Space Telescope. This FSM has three PZT's that are
used to actuate special flexures that amplify the PZT elongation. This amplified
motion is used to move a mirror flat in tip, tilt and piston.

One issue that is often over looked with piezo devices is the creep that is
produced by these devices. This makes open loop operation with these actuators
very challenging. With sensing the creep is usually slow enough to be effectively
cancelled by using feedback. Nonetheless, a full piezo model with creep has not
been successfully developed to the knowledge of the authors. Augmentations to the
backlash elements presented in this work have shown promise in this area but
further investigations are necessary.
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Chapter 6

Energy Harvesting Prediction
from Piezoelectric Materials with a
Dynamic System Model

José Carlos de Carvalho Pereira

Abstract

Piezoelectric vibration energy harvesting has been investigated for different
applications due to the amount of wasted vibration from dynamic systems. In the
case of piezoelectric materials, this energy lost to the environment can be recovered
through the vibration of energy harvesting devices, which convert mechanical
vibration into useful electrical energy. In this context, this chapter aims to present
the mechanical/electrical coupling on a simple dynamic system model in which a
linear piezoelectric material model is incorporated. For this purpose, a mechanical/
electrical element of a piezoelectric disk is developed and integrated into a lumped
mass, viscous damping, and spring assembling, similar to a quarter car suspension
system. Equations of motion for this dynamic system in the time domain can be
solved using the finite element method. The recovered electric power and energy
density for PZT (Lead Zirconate Titanate) from the wasted vibration can be
predicted considering that the road roughness is introduced as an input mode.

Keywords: harvesting energy, wasted vibration, dynamic system,
linear piezoelectric model, PZT

1. Introduction

Energy use is widely discussed nowadays, as energy conversion and manage-
ment. In this way, new sources of energy are required to be investigated. Thus, one
of the energy sources that can be used is from vibration systems, which can be
subject to different excitations. This wasted energy to the environment can be
recovered through vibration energy harvesting devices, which convert mechanical
vibration into useful electrical energy in a way that low power devices may utilize.

Piezoelectric materials are known to have the electro/mechanical coupling effect.
This property has a large range of applications in engineering. Currently, they are
extensively used as sensors and actuators in vibration control systems. As a sensor, it can
monitor the vibrations when bonded to a flexible structure. As an actuator, it can control
the vibration level by introducing a restored force or by adding damping to the system.

In the context of recovered energy from mechanical vibrations based on the
conversion of piezoelectric harvesting devices and its application on powering
electronic devices, this subject has received the attention from various researchers
[1-3]. An example of this type of recovered energy is the suspension system vibra-
tion for use of the vehicle itself, such as an energetic source for an active and semi-
active suspension.
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On a typical road, vehicles suffer accelerations due to its roughness, which excite
undesired vibration. Some recently conducted reviews mentioned the potential of
recovering a few hundred watts for a passenger car driven in experimental tests as
well as some mathematical models [4, 5]. One of the ways to convert the mechanical
energy from the vehicle suspension to electric energy is through piezoelectric
materials [6]. Therefore, the objective of this chapter is to present the coupling
between a piezoelectric element and a dynamic system in the context of predicting
the recovered electric power and energy density for piezoelectric materials, espe-
cially the PZT (Lead Zirconate Titanate).

2. Piezoelectric material modelling

Mathematical models for predicting the harvesting energy in piezoelectric mate-
rials submitted to axial loads consider its geometric properties, diameter D, and
thickness /,, and its mechanical and electrical properties, Young’s modulus is cZ, the
piezoelectric constant is ¢,, and the dielectric constant is €7, as shown in Figure 1.
Points 1 and 2 represent the two faces of the piezoelectric disk, and w and V are the
mechanical displacement and electric potential, respectively, at these two points.

The electromechanical coupling effect of the piezoelectric material can be described

using a set of basic equations as given in the IEEE Standard on Piezoelectricity [7]:

e=E W, Y

2= az = oz (1)
w g oV

Dz:ezz E—f—é‘zz E

Where o, is the normal stress, D, is the electric flux density, both in direction z.
As seen in the above equations, the electro/mechanical coupling occurs due to the
piezoelectric constant .

The mechanical strain energy U, and the electric energy U, of the piezoelectric
material are written as [7]:

1 ow 1(/ g ow oV ow
174 1%
U—ljD anV—lj ow ¢ vV avd 2)
T2 %Y T\ % TS %) ke
174 \%
YARTS
X, u

Figure 1.
The piezoelectric material model.
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The electrical power can be calculated as the partial derivative of the electric
energy, presented by Eq. (2), in respect to time:

U, 1[0 (. oV 1(0( ow goV\ov
Po="0 = |2 (D, 20 av == [ 2 (e 22+ S5 ) Zoav
" ZJdt(Z()z> zjaz<ezzaz+€zaz> = 3
\%4 \%4

3. Dynamic system modelling

This chapter aims to predict the wasted energy from vibration systems that can
be further transformed into electrical energy. A typical vibration system can be
described as mass, spring and damper elements, and that can represent a suspension
system assembly.

The suspension system is an assembly of suspension arms or linkages, springs
and shock absorbers that connect the wheels to the vehicle’s chassis in order to
isolate passengers from vibrations due to bumps and roughness of the road. Fur-
thermore, it must maintain the contact of the wheels with the road to ensure
drivability. Thus, the suspension system is the mechanical system where the stabil-
ity and handling of the vehicle, besides energy harvesting, must be equilibrated.

Mathematical models were initially developed for vertical vehicle performance,
and the one-dimensional quarter car model is the simplest from the frequently used
suspension system [8]. It is composed of the sprung mass #,, which represents % of
the vehicle’s body and the unsprung mass m,, which represents the wheel assem-
bling mass. Both are considered rigid bodies. Its displacements are w; and w,,,
respectively and both are vertically aligned. There are some studies that include a
third degree in the system to describe road roughness excitation w,. In this case,
only the bounce input mode, or the vertical displacement can be implemented.
Other elements of the suspension system are included, such as tire stiffness k;,
suspension stiffness k;, and viscous damping c,. All vertical displacements are a
function of the independent variable ¢ that represents the time. Figure 2 illustrates
this 1D quarter car model, which could represent both the front and rear of the
vehicle.

The expressions of kinetical energy from the masses, strain energy and dissipa-
tion function from the shock absorber, and the virtual work from the road rough-
ness excitation are written as:

) 1 .2
T = -ma; + -m,w,

2 2
U = S~ w,)?
_2 s (Ws Wy (4)
1 . .
R zics(wf — )

SW = F,(t)6w, = kaw,(t)ow,

4. The suspension system and piezoelectric disk coupling

The conversion of the mechanical energy from the vehicle suspension to electric
energy through piezoelectric materials can be predicted by piezoelectric disk cou-
pling illustrated in Figure 1 and the suspension system illustrated in Figure 2. Since
the conversion of mechanical energy to electrical energy in this system is produced
by compressive efforts, the piezoelectric disk is located between the shock absorber
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Figure 2.
1D quarter car model.

[13)] (f), Vi ([)

Z, W

X, u

Figure 3.
The suspension system and piezoelectric coupling model.

system composed by stiffness k; and viscous damping ¢, on the bottom side, along
with the sprung mass 7, on the upper side, as illustrated in Figure 3. As stated
previously, vertical displacements w and now the electric potential V, are all a
function of the independent variable ¢.

5. The vertical displacement and electric potential approach

Understanding physical problems can be accomplished when the numerical
simulation of equations within the variables that describe them are represented. In
the case of the electric energy prediction from the vehicle suspension system, the
variables are vertical displacement w and electric potential V of different points, or
nodes, and the domain within the model is considered valid.

Some numerical methods are often used to understand physical problems, and
among them, the most widely used in engineering is the finite element method.
Within this method, the variables in the equations that describe the physical
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problem must be approximated to the polynomial functions of these variables. For
the application of this method in solving problems, all elements that compose it
must be represented by matrices, called elementary matrices, which are the result of
the adopted polynomial functions. For further details on this method, the following
references [9, 10] are recommended.

If the linear approximation function of vertical displacement w and electric poten-
tial V over thickness %, in direction z of the piezoelectric disk are considered, stiffness
elementary matrices of the piezoelectric finite element can be obtained by applying
the Lagrange equations [11] over the energy expressions presented by Eq. (2).

Eg [1 -1 1 -1
T R
hy | -1 1 -1 1

1 -1 1 -1
[I<m7el} = eZZSp [ ] = _kmel[ ‘| (5)

2, |11 101

s¢ [1 -1 1 -1
[mh%p[ ]zml ]
hy | -1 1 -1 1

Where [K,,], [Kyn o] and [K,;] are mechanical elementary stiffness, electrome-
chanical coupling elementary stiffness and electric elementary stiffness matrices,
respectively, and S, is the cross-sectional area of the piezoelectric disk.

Moreover, if the same linear approximation function of the vertical displace-
ment w over stiffness k, and viscous damping c; of the shock absorber in direction z
are considered, the suspension system’s differential equation of motion, illustrated
in Figure 2, can be obtained by applying the Lagrange equations [11] over the
energy expressions presented by Eq. (4).

[M{i} + [CH{w} + [K[{w} = {F(t)} (6)

Where the elementary matrices and the vectors are:

¢ O
] = ]
0 ¢
{M:{M@} @
wy(t)
(o} = { wx(t)}
wy(t)
0(2)
=}
Dy (t)
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Using the technique of assembling the elementary matrices of the finite element
method, the suspension system’s differential equation of motion and piezoelectric
disk coupled model, as illustrated in Figure 3, is as shown in Eq. (8):

[Mm]{w} + [Cm]{w} + [I<m]{w} + [I(m_elHV} = {F(t)} (8)
[K_a] {w} + [Kal{V} = {0} )

Eq. (9) can be manipulated and substituted for Eq. (8). Thus, the final equation
of motion as a function of only mechanical variables is:

[Mm]{w} + [Cm}{w} + [Km} - [I<m_el] [Kel]_l[Km_el]t} {w} = {F(t)} (10)

Eq. (10) can be solved in the time domain with an integration method, such as
the Newmark Method [12]. The mechanical force is due to road roughness as well as
the tire characteristics of the wheel as shown in Eq. (7). These data are used to apply
the condition in each time step in solving Eq. (10), in which all variables w; = w,,
w1, and w, and their time derivatives are obtained.

The response in the time domain in respect to vertical displacements is obtained
by using Eq. (10) and subsequently, the electric potential is obtained as:

{V()} = ~[Ka] " Kyna] {w(®)} (1)

The electrical energy can be calculated as presented by Eq. (2). The development

of this equation follows:
je w\ Vs (VY
#\og) o2 7 \o&

N

hP
1
U, =>
ZJ
0

Thus, the expression of the electrical energy due to the piezoelectric disk on this
suspension system is as:

ds dz (12)

=

legS S
— 2 4y w) (Va— V) +E

2 h,

S (Vy = Vy)? (13)

Ue
hP

In addition, the electrical power can be calculated as presented by Eq. (3) and its
development is as follows:
hp
P_1“e 9 (w\ oV _aw 0 (aV\\ g 0 (oV)*
‘2 “\ot\oz) o5 oz ot \oz AN
05

i3

das dz  (14)

Thus, the expression of the electrical power due to the piezoelectric disk on this
suspension system is as:

ZZS . . * *
. = %eh P [(wz — wl) (Vz — Vl) + (1/U2 — wl) (Vz — Vl)}
i3
S
+ ejfp (Va=Vy) (Va—Vy) (15)
P

Where w1, ,, V1 and V, are time derivatives of the displacements and electric
potential of nodes 1 and 2 of the piezoelectric disk.
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6. Application example

For a simpler demonstration of the potential for harvesting energy in a suspen-
sion system by means of piezoelectric material, a MATLAB® code to obtain the
results was developed and presented below.

The dimensions of the piezoelectric disk are diameter D, = 0.065 m and thickness
h, = 0.025 m. The vehicle data and the properties of piezoelectric material PZT-5H
are shown in Tables 1 and 2, as indicated in references [13, 14], respectively.

Property description Value
Body and wheel mass

4 Vehicle sprung mass (m,,) 3625 kg
Unsprung mass () 39 kg
Tire stiffness (k;) 200 kN/m

Shock absorber suspension

Suspension stiffness (k) 30 kN/m
Suspension damping (c;) 4 kN s/m
Table 1.

Vehicle data.

PZT-5H
Piezoelectric constant — e, [C/m?] 23.30
Dielectric constant — €5, [F/m] 1.30x 1078
Density - p [kg/m’] 7500
Young’s modulus - c£ [GPa] 23.0

Table 2.
Properties of piezoelectric material.
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Figure 4.
Electric energy density response for PZT-5H.
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Electric power density response for PZT-5H.

The road excitation is as depicted in [6]. The excitation is the bounce input mode
vertical position of the road w,(t) with class D road (poor) and a driving speed for a
vehicle of 20 m/s.

In Figure 4, the instantaneous electric energy density for piezoelectric material
PZT-5H calculated by Eq. (13), with a simulation time of 30 s and a fixed step time
0f 0.00001 s.

Figure 5 exhibits the overall instantaneous electric power density response for
piezoelectric material PZT-5H calculated by Eq. (15).

7. Conclusions

This chapter proposes a coupled suspension system and piezoelectric model to
predict the potential of harvested electric power in vehicle suspension systems. The
performance of piezoelectric material PZT-5H was investigated, in respect to
harvesting energy based on energy density and electric power density.

The approach presented in this chapter is a way to simulate the electric power
generated in vehicle suspension systems established by piezoelectric harvesting.
Nonetheless, these results would need to be compared with experimental results to
demonstrate the validity of the proposed model.
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Design, Characterisation
and Prospect of Piezoelectric
Microfluidic Technology
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Abstract

Fluidic driving device plays an important role in the delivery and distribution
of minute amount of the liquid in the micro-fluidic system. Due to the unique
advantages of simple structure, short response time, and low power consumption,
piezoelectric actuation was employed to implement the microfluidic transportation.
A piezoelectrically driven microfluidic device, piezoelectric pump, was developed
and widely applied in many fields in last three decades. As a kind of displacement
pump, piezoelectric pumps is able to realize accurate transportation of the liquid
because of per stroke of output fluid is equal to the volumetric change of pumping
chamber. And the output flow rate and pressure is easily to be controlled through
adjusting the driving voltage or frequency. In this chapter, the design, structure,
working principle and the characterisation of piezoelectric pumps with single
chamber and multiple chambers are introduced.

Keywords: piezoelectric actuator, microfluidic technology, micropump, single chamber,
multiple chamber, flow rate, pressure

1. Introduction

Microfluidic modules have broad application prospects in chemical analysis, bio-
material analysis, fuel cell, and medical [1, 2]. In the microfluidic system, the fluid
pump is the core to realize small and accurate liquid delivery and distribution [3, 4].
Therefore, a variety kinds of micropumps have been developed [5-8]. Because of its
simple structure, high energy density and simple control, piezoelectric pump has
potential application prospects in drug delivery, chemical analysis, micro refrigera-
tion system and micro spacecraft propulsion [9-11].

According to the driving components, piezoelectric pump can be divided into
piezoelectric stack pump and piezoelectric diaphragm pump. The piezoelectric
diaphragm pump owns superiorities of small volume and low power consumption.
This chapter will take the piezoelectric diaphragm pump as the example to intro-
duce the piezoelectric microfluidic technology.
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2. Piezoelectric pump with single chamber

The piezoelectric pump with single chamber is the basic form of piezoelectric
pump. The one-way fluid drive of piezoelectric pump is realized by matching with
check valves. The common piezoelectric pumps with single chamber are that with
single wafer, bimorph and double actuator.

2.1Piezoelectric pump with single chamber

Figure 1 shows the structure and working principle of the piezoelectric pump
with single chamber and single wafer (PPSCSW). Single wafer piezoelectric vibrator,
pump body and two check valves (inlet and outlet) constitute a closed pump cham-
ber. The volume of the pump chamber changes with the reciprocating motion of
piezoelectric diaphragm driven by AC voltage signal. The inlet valve and outlet valve
are opened and closed periodically to form suction and discharge. At the suction
stage, the volume of the pump chamber increases, the inlet valve opens,
the outlet valve closes, and the fluid enters the pump chamber. When discharging,
the volume of the pump chamber is reduced, the outlet valve is opened, the inlet
valve is closed, and the fluid is discharged from the pump chamber. This circulation
enables one-way flow of fluid.

Figures 2 and 3 show the three-dimensional structure and prototype of
PPSCSW. The shell and pump body are made of the polymethylmethacrylate
(PMMA), which has superiorities of easy processing and transparent material.

The dimension of upper, middle and bottom shells is 40 mm x 40 mm x 5.5 mm.
The diameter of outlet pipe and inlet pipe is ®7 mm. The inlet and outlet check
valves made of rubber umbrella are installed in the same place, with the size of
@10 mm x 0.5 mm. By adjusting the overall size to 40 mm x 40 mm x 16.5 mm,
PPSCSW can precisely control the fluid output flow rate and pressure.

Figure 4 is the relationships between output flowrate of PPSCSW and the
driving voltage and frequency. When the driving voltage is fixed at 150 V,,; and 75
Vpp> the maximum flow rates of 5.42 ml/min and 26.55 ml/min are obtained at 20 Hz
and 30 Hz, respectively. When the driving frequency is fixed at 15 Hz and 30 Hz,
the flow rate increases with the increase of the driving voltage. When the driving
voltage increases to 210 V;,;,, the output flow rate of PPSCSW reaches 26.55 ml/min.

amplitude  piezoelectric diaphragm pump body

e

// Q
pump *
chamber outlet check valves  inlet

Figure 1.
The structure and working principle of PPSCSW [12].
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Figure 2.
The three-dimensional structure of PPSCSW [12].

Figure 3.
The prototype of PPSCSW [12].

2.2 Piezoelectric pump with single chamber and a bimorph actuator

As the name implies, the bimorph actuator is composed of two PZT disks with
mechanical serial and parallel structure. Figure 5 shows the structure of a piezo-
electric pump with single chamber and a bimorph actuator (PPSCBA). The working
principle of PPSCB is similar to that of PPSCSW in Figure 1. However, compared
with single wafer piezoelectric pump, double piezoelectric actuators usually have
symmetrical structures. In theory, PPSCBA can monitor the output performance by
using a PZT disk as a monitor, which will make it more widely application.

In order to study the PPSCBA, the three-dimensional structure and prototype
of PPSCBA have been designed, as shown in Figures 6 and 7. A bimorph is used
as the actuator and sensor. The check valve is an umbrella valve made of rubber.
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The velationship between flowrate and driving frequency and voltage [12].
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Figure 6.
The three-dimensional structure of PPSCBA [13].
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Figure 7.
The prototype of PPSCBA [13].
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The relationship between flowrate and driving frequency and voltage [13].

The material of pump body is PMMA. The overall dimension of PPSCBA is
40 mm x 40 mm x 17 mm. When one PZT disc is used as the driver and the other as
the monitor, the monitor of output flow rate is achieved.

As shown in Figure 8, when one piezoelectric wafer of the bimorph piezoelectric
vibrator is used as the driver and the other as the sensor, the relationship between
the output flow rate and the sensing voltage of PPSCBA and the driving frequency
and voltage is analyzed. When the driving voltage is fixed at 150 V, the peak
values of sensing voltage and output flow, 6.88 V,,; and 3.12 ml/min, are obtained at
21 Hz. Therefore, the optimal frequency of PPSCBA is able to realize self-sensing.
When the driving frequency is fixed at 21 Hz, the flow rate and sensing voltage
increase with the increase of driving voltage, and the increasing trend is similar.
When the driving voltage increases to 300 V,, the output flow rate and sensing
voltage reach the maximum, which are 28.71 ml/min and 28.0 V,,, respectively.
Therefore, PPSCBA can realize the self-sensing of output flow rate.

2.3 Piezoelectric pump with single chamber and double piezoelectric actuator
In order to improve the drive ability of pump chamber, the piezoelectric pump

with single chamber and double piezoelectric actuator (PPSCDPA) is proposed.
Figure 9 shows the structure of PPSCDPA. PPSCDPA consists of an inlet, two
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Figure 9.
The structure of PPSCDPA [14].

Figure 10.

The 3-D structure of PPSCDPA [14].

Figure 11.
The prototype of PPSCDPA [14]
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piezoelectric diaphragm, two check valves, a pump chamber, a pump body and an
outlet. The vibration of the two piezoelectric diaphragms is the same, that is, their
driving voltage signals are the same. In the process of suction, two piezoelectric
diaphragms bend out of the chamber at the same time; while discharging, the two
piezoelectric diaphragms bend to the chamber at the same time. Combined with
the unidirectional characteristic of the check valve, the PPSCDPA can realize the
one-way transportation of fluid from the inlet to the outlet under the AC voltage
signal drive.

The three-dimensional structure and prototype of PPSCDPA with the overall
dimension of 65 mm x 40 mm x 12 mm are shown in Figures 10 and 11, respec-
tively. The check valves are umbrella valve made of rubber. The material of pump
body is PMMA. The performance test platform of PPSCDPA is established, and the
output performance of piezoelectric pump is tested. The experimental results show
that the maximum flow rate of 45.98 ml/min is achieved when the driving param-
eters are 15 Hz and 200 V.

3. Piezoelectric pump with multiple chambers

The output performance of the piezoelectric pump can be improved by increas-
ing the number of chambers. When the pump chambers are connected in series, the
pressure of the piezoelectric pump increases; when the pump chambers are parallel,
the flow rate of the piezoelectric pump increases.

3.1 Piezoelectric pump with single actuator and double chamber

As shown in Figure 12, the piezoelectric pump with single actuator and double
chamber (PPSADC) includes a piezoelectric bimorph vibrator, two chambers
(chamber A and B), four check valves and a pump body. Chamber A has inlet 1 and
outlet 1, and chamber B has inlet 2 and outlet 2. The chamber A and chamber B of
the piezoelectric pump can be connected in series or in parallel, which can improve
the applicable range of the pressure and flow. Figure 12(a) shows the series connec-
tion of chambers A and B. In the process of working, the fluid enters the chamber B
from the inlet 2, and the outlet 2 is connected with the inlet 1, and the liquid enters
the chamber A through the inlet 1, so that chamber B and chamber A are in series,
which can make the piezoelectric pump obtain high pressure. Figure 12(b) shows
the parallel connection of chamber A and B. In the process of working, the fluid
enters the chamber A and B from the inlet 1 and 2, and flows out from the outlet 1
and 2, so that the chamber A and B form a parallel connection, which can obtain a
large flow rate.

Figure 13 is the three-dimensional structure of PPSADC with the overall dimen-
sion of 41 mm x 41 mm x 25 mm. Figure 14 is the prototype of PPSADC. Chamber
A and chamber B are symmetrical. The upper and lower O-rings are used to seal
the chambers, which realizes the flexible support of the piezoelectric vibrator. The
flexible support can amplify the displacement of the piezoelectric vibrator. The
structure of check valve is umbrella valve. The material of pump body is PMMA.
The series and parallel switching of chamber A and chamber B is realized through
the connection transformation of rubber tube.

Figure 15 shows the relationship between the output flow rate and the driving
voltage when the driving frequency is 100 Hz. It can be seen from the Figure 15 that
the output flow increases with the increase of the driving voltage. When the driving
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Figure 12.
The structure and working principle of PPSADC. (a) Serial connection. (b) Parallel connection [15].

voltage is increased to 250 V;, the output flow rate of the two chambers in series
and in parallel is 17 ml/min and 32 ml/min respectively. The PPSADC can achieve
high energy conversion efficiency.

3.2 Piezoelectric pump with five actuators and five chambers

Figure 16 is the structure of piezoelectric pump with five actuators and five
chambers (PPFAFC). Five piezoelectric actuators and five chambers constitute five
pumps in series, which improves the output pressure. A; (i = 1, 2, 3, 4, 5) represents
five piezoelectric actuators; C; (j = 1, 2, 3, 4, 5) represents five chambers; V (k =1,
2,3, 4,5, 6) represents 6 check valves (Figure 16).
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Figure 13.
The 3-D structure of PPSADC [15].

Figure 14.
The prototype of PPSADC [15].

Figure 17 shows the working principle of PPFAFC. PPFAFC is driven by an
AC voltage signal, and the driving voltage of the adjacent piezoelectric vibrator
has a phase angle of 180°. As shown in Figure 14(a), during the suction process,
A1/A3/AS bends outwards of the cavity and A2/A4 bends into the cavity. Then
the volume of the chamber C1/C3/C5 increases, and the volume of the chamber
C2/C4 decrease, valve V1/V3/VS5 opens, valve V2/V4 closes; as shown in
Figure 14(b), during the discharge process, A2/A4 bends outwards of the
chamber and A1/A3/A5 bends towards the chamber, then the volume of the C2/
C4 increases, the volume of C1/C3/C5 decreases, the valve V2/V4 opens, and the
valve V1/V3/VS5 closes. When it is driven by an AC voltage signal, the suction and
discharge processes are alternately performed to achieve continuous fluid output
(Figure 17).
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Figure 16.
The structure of PPFAFC [16].

Figure 15 shows the three-dimensional structure and prototype of PPFAFC.
A prototype of PPFAFC was designed, manufactured and assembled. The per-
formance of PPFAFC is tested. The pump body is made of PMMA and sealed by
O-ring. It was driven by five piezoelectric actuators. PPFAFC can achieve high
output performance at low voltage, where it can meet the needs of different
applications (Figure 18).

As shown in Figure 19, when the driving voltage is 180 V,,,,, the relationship
between the output flow rate and backpressure of PPFAFC and the driving fre-
quency is analyzed. It can be seen from Figure 19 that the output flow rate increases
with the increase of the driving frequency. When the driving frequency increases
to 400 Hz, the flow rate increases to 279.2 ml/min. When the driving frequency is
90 Hz, the maximum output pressure of 10.8 kPa is obtained. PPFAFC owns high
output performance.

3.3 Piezoelectric pump with five actuators and ten chambers
Figures 20 and 21 show the three-dimensional structure and working principle

of piezoelectric pump with five actuators and ten chambers (PPFATC). PPFATC is
composed of five groups of single vibrator double chamber piezoelectric pumps in
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Figure 17.
Working principle of PPFAFC. (a) Suction. (b) Discharge [16].
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Figure 18.
The three-dimensional structure and prototype of PPFAFC [16].

series, forming two group of five-chambers mechanisms. When PPFATC is con-
nected in parallel, two groups of five-chambers mechanisms are formed in parallel,

which can make the outlet obtain continuous fluid output without fluctuation;
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The velationship between flow vate and backpressure and excitation frequency [16].

Flow in Piezoelectric bimorph vibrator Flow out
* Inlet A PZT disc  metal substrate Check valve Pump body f Outlet A
J [ / I i /

v p'_ o 1 Y via——am Vv I %

¥

1 Inlet B Pump chamber Seal rubber "Chamber unit ‘ Outlet B
F?Og‘ill Fl(?\\’abul
Figure 20.

The structure and working principle of PPFATC in parallel connection [17].
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The structure and working principle of PPFATC in serial connection [17].

when PPFATC is connected in series, two groups of five-chambers mechanisms are
formed in series, namely ten chambers in series, which can make the output pres-
sure increase. In the working process, the phase of the driving voltage signal of the
adjacent piezoelectric vibrator is 180 degrees, that is, the vibration direction of the
adjacent piezoelectric vibrator is opposite in the working process. Combined with
the function of check valve, the continuous one-way fluid output of PPFATC is
formed under the driving of AC voltage signal.

Figure 22 is the three-dimensional structure and prototype of the PPFATC.
A prototype of the PPFATC is fabricated, and then carried out its output perfor-
mance test and water cooling test with the PPFATC as the power source, as shown
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Figure 22.
The three-dimensional structure and prototype of PPFATC [17].
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Figure 23.
The experimental platform of PPFATC and chip water-cooling system [17].

in Figure 23. The experiment shows that when the driving voltage is 60 V,, the
maximum flow rate of the PPFATC in parallel is 251.1 ml/min and the maximum

output pressure is 60.2 kPa. In series, the PPFATC can achieve 186.2 ml/min and
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109.9 kPa, respectively. The water cooling system with PPFATC can obtain good
cooling performance under low driving voltage. When the driving voltage is 60 V,,,,
the PPFATC can reduce the chip temperature from 107.8-51°C.

4, Conclusion

Piezoelectric microfluidic technology is currently undergoing a period of
prosperous development, partly motivated by the demands for pumping devices in
the fields of drug delivery, biological fluid handling, micro total analysis systems,
electrophoresis detection, liquid cooling of microelectronics and polymerase chain
reaction (PCR). To meet various application requirements, quite a few novel prin-
ciples and configurations have been presented over the last two decades, including
liquid micropump, air micropump, single-chamber micropump, multi-chamber
micropump, single-actuator micropump, multi-actuator micropump. This work
mainly presented the structure and operating principle of single-chamber and
multi-chamber piezoelectric micropumps and demonstrated an application in the
field of chip water-cooling system. Some influencing factors on the performance
of the piezoelectric micropumps were tested by the experimental frequency and
voltage responses. Experimental results showed that there was an optimal driving
frequency to maximize the flowrate of the piezoelectric micropump. Basically, the
output flowrate was enhanced with the increasing driving voltage. It was helpful
to increase the flowrate and backpressure of micropumps through combining the
pumping chamber in parallel and serial, respectively. In this work, a maximum
flowrate of about 280 ml/min could be achieved by combining five chamber in
serial as well as the maximum output pressure approximately approached 11 kPa.
Therefore, this work can be used as a reference and guideline for the design and
application of piezoelectric microfluidic technology.
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Chapter 8

The Roles of Piezoelectric
Ultrasonic Motors in Industry 4.0
Era: Opportunities & Challenges

Sahil P. Wankhede and Tian-Bing Xu

Abstract

Piezoelectric Ultrasonic motors (USM) are based on the principle of converse
piezoelectric effect i.e., vibrations occur when an electrical field is applied to piezo-
electric materials. USMs have been studied several decades for their advantages over
traditional electromagnetic motors. Despite having many advantages, they have
several challenges too. Recently many researchers have started focusing on Industry
4.0 or Fourth Industrial revolution phase of the industry which mostly emphasis
on digitization & interconnection of the entities throughout the life cycle of the
product in an industrial network to get the best possible output. Industry 4.0 utilizes
various advanced tools for carrying out the nexus between the entities & bringing
up them on digital platform. The studies of the role of USMs in Industry 4.0 scenario
has never been done till now & this article fills that gap by analyzing the piezo-
electric ultrasonic motors in depth & breadth in the background of Industry 4.0.
This article delivers the novel working principle, illustrates examples for effective
utilization of USMs, so that it can buttress the growth of Industry 4.0 Era & on the
other hand it also analyses the key Industry 4.0 enabling technologies to improve the
performance of the USMs.

Keywords: piezoelectric ultrasonic motors, industry 4.0

1. Introduction

Increasing functionalities and weights/sizes reductions are critical issues for
future aircrafts, space exploration vehicles, space instrumentations and indus-
trial application etc. One challenge is the miniaturization of motors, wherein the
efficiency of commonly used electromagnetic coil-based motors is dramatically
reduced when their size less than centimeters scales. On the other hands, the rapid
developments on piezoelectric ultrasonic motors (USMs) may fill the technical gap.
Piezoelectric ultrasonic motors have been used in various technological fields from
past decade in the gadgets, which we are using in our daily life i.e., a mobile phone
to most advanced applications in aerospace. Recent advanced sciences & tech-
nologies developments on complex & tech-savvy products like satellites, mobile
phones, camera lens, spaceships, automotive, robotics, biomedical instruments,
manufacturing, etc., makes our life more convenient. These new products have
raised new demands on modern motors like micro scale, light weight, high torque,
no electromagnetic interference, low noise etc., which cannot be met by traditional
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motors. To make bridge for this gap, many scientists developed specialized motors,
such as electrostatic motors, USMs, bionic motors, photo-thermal motors, shape
memory alloy motors, microwave motors, etc. Among them, USMs have more
advantages [1].

Although the first concept of USMs was invented in 1948, when just after the
World War II, USMs have been used for practical applications in 1980s. It works on
the principle of converse piezo electric effecti.e., vibrations occur when an electri-
cal field is applied to some piezoelectric structures. Similar to traditional electro-
magnetic motors this kind of motors comprises of stator & rotor, however, the
difference is that a USM consists of piezoelectric structure, which is bonded to sta-
tor instead of coil and magnet pairs to make simpler and compact in size. In USMs,
the piezoelectric structure is first vibrated in ultrasonic frequency band (>20 kHz),
which in turn vibrates the stator when a driving voltage is applied in matched
frequency. Thus, the frictional contact force between the stator & rotor or slider
leads to the mechanical movement & torque. USMs can obtain high torque/weight
ratio (torque density) in comparison with traditional electromagnetic motors
because they are compact in structure & flexible in design. They are capable to drive
the payloads directly without connecting to gear or gear train mechanism for some
special applications. Most important that USMs quickly response commends in less
than a few microseconds due to the advantages of piezoelectric materials and small
inertia of rotors. Furthermore, they have capability of self-locking, high holding
torque, precision motion control which can be utilized for application areas requir-
ing high degree of precise motion for, e.g., medical operations & manufacturing or
inspection of intricate products. In addition, USMs have zero electromagnetic inter-
ference which is one of the prominent applications in magnetic resonance imaging
(MRI). USMs can also be operated in extreme temperature conditions which makes
them first choice to use in aerospace application for e.g., space mission. Apart from
above, they are silent during their operating cycle which makes them suitable for
low noise applications [1].

Although USMs has many advantages, there are still several challenges remain-
ing to achieve them in key areas like new design, motion control, piezoelectric
material, friction & wear, thermal performance, modeling & optimization and
advanced manufacturing technologies [2]. These challenges needed to be addressed
in order to make USMs to be broadly utilized with its full potential in modern day
industrial settings & diverse field of applications.

Fourth Industrial revolution or Industry 4.0 is the current phase of the industry
wherein its emphasis on the digitization & interconnection of the products &
services throughout the product life cycle i.e., from the birth of the product to the
end of the life of product/services. Industry 4.0 relies mainly on various technologi-
cal tools, which include but not limited to Big Data & Al analytics, Augmented
reality (AR) Additive Manufacturing, Cyber Security, Industrial Internet of Things
(IloT), Autonomous Robots, Digital Twins, Horizontal & Vertical integrations
& Cloud computing for carrying out the process of digitization & interconnec-
tion. Therefore, in this article, we not only take advantage of Industry 4.0 tools to
improve the performance of the USMs but also promote the applications of USMs
that can make them best fit into Industry 4.0 settings.

This chapter is divided into five sections. In the first section, we will introduce
the history of development of USMs, types of USMs, structure & operating mecha-
nism of USMs, and piezoelectric materials used. In the second section, the reviews
of various articles, especially the publications in the last 5 years on ultrasonic
motors from eclectic sources i.e., conference proceedings, journals, US patents &
doctoral thesis. It analyses them & gives a brief bibliographic summary compris-
ing of publication year, journal of publication, country of origin of research. The
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classification of USM technologies in different categories, which include mainly
new design, motion control, piezoelectric material, friction & wear, thermal
performance, modeling & optimization & provide comprehensive summary of the
articles describing achievements, challenges & opportunities, will be presented in
the third section. The fourth Section of this chapter will briefly introduce industry
4.0 & key enabling technologies, i.e., Big Data & Artificial Intelligence analytics,
Augmented Reality, Additive manufacturing, Industrial internet of things (IloT),
Digital Twins & simulation. In the Fifth section, it will be addressed that the
approaches to improve the overall performance of piezoelectric motors by effec-
tive utilizing key enabling technologies offered in Industry 4.0 settings. It further
elaborates on the various types & applications of piezoelectric motors that can be
utilized effectively to foster Industry 4.0 expectations.

2. Piezoelectric ultrasonic motors

Development of Piezoelectric USMs has been in progress since 1980.
Piezoelectric motors worked on the principle of reverse piezoelectric effect i.e.,
electrical energy applied to piezoelectric substrate is converted into mechanical
actuation or motion in this case it refers to vibration. These motors are known as
“Ultrasonic Motors” since the frequency of vibration of the piezoelectric element
inside the motor is in the range of ultrasonic frequency band i.e., greater than
20 kHz. The chronology of events in the development of ultrasonic motors is
summarized in Table 1 [1].

2.1 Classification

Ultrasonic Motors do not have a uniform methodology for classification because
of the design flexibility & structural diversity [1]. For application point of view,
USMs can be classified as rotary and linear type motors; from vibration shape,
USMs can be classified as rod shape, 7-shape, ring shape, and cylinder shape, from
vibration characteristics, USMs can be classified as standing wave and propagating
wave types; etc. More details of classification are done by viewing angle as illus-
trated in Table 2 [1]. Classification is also done based upon the vibration type i.e.,
Longitudinal Vibration, Longitudinal Bending Vibration, Longitudinal-torsional
vibration, Bending Vibrations & In-Plane vibrations [1].

2.2 Operating mechanism of USM

The most common USMs is the Traveling Wave Ultrasonic Motors (TRUMs)
because of their simple constructions and broad applications. One typical TRUM
is mainly composed with a stator, rotor, shell, bearing, spring, friction linear, PZT,
base, etc. Piezoelectric ceramic is affixed to stator while rotor is affixed by friction
liner [1]. Friction liner is bonded to a rotor, which contacts with stator through axial
pressure. The traveling wave is formed by superposition of two mode responses
with equal amplitude and phase difference n/2 both in time and space. If pre-pres-
sure is applied to the rotor, then the vibration with micro amplitude of points on
stator surface will be transformed to rotary motion of the rotor through frictional
force. A structural diagram of TRUM is shown in Figure 1 and the working prin-
ciple of traveling wave, which is formed inside of the USM leading to the motion
of the rotor, is presented in Figure 2. For successful development of the traveling
wave, it is necessary that the two resonant modes with an identical frequency and
mode shapes (standing waves) in an elastic body have n/2 phase difference both in
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Year Name of Scientist/ Chronology of Events in the development of USM

organization

1948 Williams and Brown First patent of “piezo motor” was applied.

1965 Lavrinenko Patent invention was granted for using piezoelectric plate to drive
rotor.

1973 Barth from IBM Two piezoelectric actuators to produce longitudinal vibration of horns
was used. The rotor is driven by the contact friction between the rotor
surface and end of the horns.

1975 Vishnevsky The edge of a rectangular piezoelectric composite stator was pressed
by the spring, which excited a longitudinal vibration mode to drive
the rotor

1981 Lithuanian Vasiliev An ultrasonic motor with the ability of driving larger loads of
gramophone wheel. It became the first practical application of
piezoelectric actuator.

1982 Sashida A standing wave USM was designed. Piezoelectric ultrasonic motor
met the performance requirements for actual applications for the first
time.

1983 Sashida Traveling wave USM was designed.

1985 Kumada A longitudinal-torsional hybrid ultrasonic motor driven by single
phase signal.

1987 Ishc from Panasonic, A ring type traveling wave ultrasonic motor based on Sashida’s

Inc traveling wave motor.

1987 Canon Co.Ltd The ring-type ultrasonic motor in the zoom lens of EOS camera was
used first time in Engineering application

1995 Zhao, Chunsheng A disk-type traveling wave ultrasonic motor

Table 1.

Summary of the development of ultrasonic motors [1].

Viewing Angle

Type

Wave propagation method

Traveling Wave, Standing Wave

Movement Output way

Rotational, Linear

Contact State between the stator & rotor Contact, Non-contact
Excitation conditions of stator by piezoelectric Resonant, Non-Resonant
components

Number of degrees of freedom of the rotor

Single degree of freedom, multi-degree of
freedom

Displacement of operating mode in direction Out plane, In-plane

Geometric shape of stators

Disks, Ring, Bar & Shell

Rotary directions

Unidirectional, Bidirectional

Table 2.

The classification of UTM methodologies [1].

space and time [1] & quarter wavelength difference i.e., A/4 [2]. Consider a point P
on the stator the traveling process of point P is illustrated in Figure 2a-d. At time

t = 0 point P is at initial position as shown in Figure 2a, at t = T/4, Figure 2b the
wave propagates right the wave peak reaches point P further at t = T/2, Figure 2¢c
wave & Point P moves A/4 forward then att = 3 T/4 Figure 2d wave valley reaches
point P & at t = T point P reaches initial position [1].
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Figure 1.
Structural diagram of TRUM [1].
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Traveling wave mechanism of TRUM [1].

In order to achieve traveling wave, selection of right piezoelectric materials
is required. Most commonly used piezoelectric materials are Barium Titanate
BaTiO3, Lead Zirconate-lead titanate (PZT), relaxor ferroelectrics of
Pb(Mg,Nb;_,0;)-PbTiO5(PMN-PT) and Pb(Zn,Nb;_,) Os-PbTiO;(PZN-PT)
single crystals [1].

3. Review on piezoelectric ultrasonic motors

This section provides a brief summary of the articles published since last 5 years
since 2015 [2-298]. The articles are taken from eclectic resources like conference
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proceedings, high impact journals, patents & masters, Ph.D. thesis from reputed
universities. After reviewing the articles, we found that most of the articles on ultra-
sonic motors found were stressing upon research areas like new design, modeling &
optimization, motion control, friction & wear, piezoelectric materials used in USM,
thermal performance, applications of USM & review papers. [2] We carried out
statistical analysis for the research articles published on USM during this period. We
plotted graph for number of publications with research areas (Figure 3), with year
of publication (Figure 4), by country of research (Figure 5) & journal publication
(Figure 6). From Figure 3 one can see that majority of the articles published on USM
stressed upon new design & modeling & optimization. Figure 4 shows that gradual
increase in the trend of number of publications. Figure 5 indicates that countries

like China & Japan are the leaders in doing research on USM. Figure 6 shows journal
“Ultrasonics” & “Sensors & Actuators A: Physical are the favorite among researchers
& publishers for publishing articles on USM. In the following section, we are going
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Summary of number of publications in each research areas of USM in the years of 2015-2020.
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Summary of USM publication numbers in the top ten journals.

to briefly discuss the achievements, challenges, & opportunities about those publica-
tions made in the areas identified above.

3.1 New design

In this section, we summarize the novel ideas proposed by the researchers for
designing & developing ultrasonic motors as well as optimizing their designs in
order to improve their efficiency & performance. The major objectives are to make
UTMs with small size, high torque, and high-power density. Among them, minia-
turization of the motor is the key challenge to achieve.

3.1.1 New developments for miniaturization
Since 2015 various research articles emphasized upon miniaturization, micro
USM, scaling to sub millimeter range. Tomoaki Mashimo et al., a research group at

Japan, develop serial of micro ultrasonic motor (p-UTMs) with volume scale of a few
cubic millimeters to submillimeter [3-10]. Those u-UTMs include rotary and linear
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types for different applications. Don L. DeVoe et al. developed one of the smallest
bulk PZT TRUM capable of bidirectional motion with PZT stator of diameter 4.12
mmand 323 mN preload force. The motor stator was fabricated using micro powder
blasting of homogeneous PZT sheet. It achieved a maximum speed of 30 rpm & stall
torque of 501 mN-mm [11]. Yingxiang Liu et al. carried out an overall weight of 8.5 g
longitudinal-bending hybrid linear USM, whichis able to achieve 487 mm/s no-load
speed, the maximum output force of 2.3 N, and & weight of the prototype obtained,
and respectively [12]. Qiquan Quan et al. developed U shaped piezoelectric ultra-
sonic motor that mainly focused on miniaturization and high-power density [13].
Fulin Wang et al. developed a miniature spherical ultrasonic motor using wire
stators for directional adjustment of a vascular endoscopic camera [14]. Ho et al.,
proposed a miniaturized simple shear vibration piezoelectric screw-driven structure
USM to drive the high precision linear motor [15]. Zhou et al., developed a novel a
radius of 2 mm three-dimensional contact model of piezoelectric TRUM utilizing
MEMS fabrication technology [16].

3.1.2 New developments for high power densities

In addition to miniaturization some researchers focused on high torque and
power density aspects of piezo motors, Mizuno et al., developed a hybrid torsional/
bending (T/B) modes USM to provide high driving force, large driving distance,
and low weight, resulting into high torque density and high-power density [17]. It
is constructured with rod-shaped transducer operating in torsional/bending (T/B)
modes and excited two elliptical motions on its bilateral ends to drive the rotor
orthogonally pressed onto the transducer. Chang et al., developed a ring-shaped
traveling wave ultrasonic motor with a suspension stator for improving output
power density [17]. The maximum stator vibration amplitude of 4.25 pm, which
is nearly 4.7 times of that without suspension, with speed of 62 rpm and a stall
torque of 49.5 mNm was observed, under a driving signal of 30 V,,, when the mass
block was 0.30 g. Fan et al. developed a miniaturized ultrasonic motor with a high
thrust-weight ratio by using the first order bending vibration mode (B1 mode) and
second order bending vibration mode (B2 mode) to realize bidirectional movement
through a single-phase driving signal [19]. Li et al., constructed screw-type USM
with a three-wavelength exciting mode to achieve a high-output thrust [20].

In order to meet the requirement of large thrust & maximum output few research
articles on the ultrasonic motors were based upon typical shapes, such as U-shape,
V-shape, L-shaped, and II-type. For instance, the structure of the linear ultrasonic
motor with a laminated stator, which was made of two identically single U-shaped
stators, was proposed by Sun et al., [36]. The testing results showed that the maxi-
mum output force of the laminated motors increases by 40% than that of single layer
U-shaped motor, while the maximum velocity increased by 38%. Yao et al. proposed
anovel large thrust-weight ratio V-shaped linear USM with a flexible joint operated
in the coupled longitudinal-bending mode. The motor had a compact size and a
simple structure with a large thrust-weight ratio (0.75 N/g) [37]. Furthermore, they
also proposed a novel large thrust L-shaped linear USM utilizing the antisymmetric
and symmetric modes of the L-shaped stator operating in a single resonance mode
to realize the bidirectional motion of the slider [38]. In order to meet the demand
of alinear ultrasonic motor with large thrust in narrow space, a novel I1-type linear
ultrasonic motor with double driving feet was constructed [39]. The motor had
structural stability and high dynamic performance, such as a no-load speed of
273 mm/s and 238 mm/s in two directions, corresponding to a maximal thrust of
80 N and 110 N. Wang et al., constructed a V-type motor having two driving feet and
a simple structure, which torque applied to the motor was converted into a normal
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preload between the driving feet and the mover to avoid the use of a large preloading
mechanism [40]. The maximum no-load velocities of the motor moving to the right
and left are 85.2 mm/s and 76 mm/s, respectively, and the maximum output force
is1.96 N.

Light weight, high torque & desired output performance are some of the
important features required in USMs. Niu et al., developed a light arch shaped,
four legged linear & hollow USMs, which a light arc-shaped USM with the first-
order longitudinal vibration mode and the second order bending vibration mode
were superimposed in the stator plane, in order to meet the requirements [45].

The output torque of the USM under the single-stator configuration reached up to
2.6 x 107> N-m, and the double-stator which was 1.5 times greater than that under of
single stator configuration.

To realize applications involving low speed and high torque in the high-perfor-
mance actuator industry, especially in the aerospace field, a novel 70H (Hollow)
TRUM with an outer diameter of 70 mm and an aperture ratio of 53% (the ratio
between the aperture and outer diameter) with a mass of 210 g was developed
[46]. The TRUM, The torque density of 11.43 N-m/kg, maximum no-load speed of
50 rpm, and the maximum stall torque 2.4 N-m were achieved.

The influence of the vibration mode of the stator and the structural dimensions of
the metal elastomer and piezoelectric ceramic ring on the effective electromechani-
cal coupling coefficient (EMCC) was analyzed by Niu et al. [47]. The efficiency of
a hollow USM was improved by optimizing the stator’s effective electromechanical
coupling coefficient. In addition, a four-legged linear ultrasonic motor with a new
structure which is the in-plane first-order longitudinal vibration mode and the out-of-
plane anti-symmetric vibration mode superimposed to produce linear motion [48].
The USM consists of a stator and four groups of eight piezoelectric ceramic sheets.
The experimental results for a prototype 600 x 160 mm showed the maximum trans-
lational speed could reach 135 mm/s and the maximum thrust of 3.6 N witha 200 V
driving voltage. The USM had the advantages of simple structure and high output
efficiency, which made it suitable for precision systems and industrial applications.

Izuhara et al. proposed a linear piezoelectric motor using a hollow rectangular
stator that can translate a load placed inside it by a direct drive [49]. This stator
structure enabled a quick response and high resolution by few components for
controlling autofocus and zoom mechanisms in imaging devices.

3.1.3 Multiple degrees of freedom piezoelectric ultrasonic motor
(multi-DOF-USM)

Shi et al., constructed a new type of multiple-degree-of-freedom (Multi-DOF)
compact structure USM to achieve high output torque [33]. It consisted of a ring
type composite stator with four driving feet uniformly arranged in the inner
circumference of the ring stator. The stator employs two orthogonal axial bend-
ing modes and a radial bending mode, by exciting two of them simultaneously, to
generate elliptic trajectories on driving feet tips and to push sphere rotor around
X, y and z axis respectively. Su et al. improved the performance of a non-resonant
piezoelectric motor, which is a symmetric piezoelectric linear motor driven by
three-phase square-triangular waves signal and four-phase sine waves signal of
peak to peak value 100 V at 100 Hz with 50 V offset [34]. The speeds of prototype
reached 733 pm/s and 667 pm/s and the maximum thrust is 8.34 N and 6.31 N
respectively. Similarly, a non-resonant linear ultrasonic motor utilizing longitudinal
traveling waves was proposed by Liang Wang et al. [35]. The stator system was
modeled by utilizing the transfer matrix method (TMM). The motor prototype
achieved a maximum mean velocity of 115 mm/s and a maximum load of 0.25N.
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Li et al. proposed electromagnetic-piezoelectric hybrid driven three-degree-
of-Freedom USM which is hybrid driven electromagnetic filed and electrical field
[41]. In one of their design, a novel ball-type spherical multi-DOF USM, composed
of three built-in stators and a hollow spherical rotor was developed and tested for
the design of a compact multi-degree-of-freedom (multi-DOF) piezoelectric driven
actuator [42]. The rotational speeds of X-axis, Y-axis and Z-axis can reach 29 r/min,
17 r/min and 16 r/min, respectively, when the frequency matches, which verifies
the feasibility and rationality of the multi-DOF movement of the motor. They
also proposed a multi-DOF spherical USM with built-in traveling wave stators,
in which each traveling wave stator could be controlled independently and the
spatial arrangement of the support structures [42]. The maximum speed achieved
45.6 rad/min with output torque of 1.265 Nm when an excitation voltage of 400 V
with the preload of 100 N. The motor had the advantages of large output force and
adjustable preload.

Kazokaitis et al., developed a novel design of a multi-DOF USM, which is
combined the magnetic sphere type rotor and two oppositely placed ring-shaped
piezoelectric actuators into one mechanism [44]. Such a structure increases impact
force and allows rotation of the sphere with higher torque useful for attitude control
systems used in small satellites.

3.1.4 Preload effect study

Contact mechanism between the stator & rotor is one of the important factors
responsible for the efficient performance of the USMs. The studies of contact sur-
face, contact mechanism, preloading method of USMs has been one of the promi-
nent topics in the USM research field. Zhang et al., proposed a solution to reduce
the radial sliding by optimizing the stator comb-teeth of a TRUM [50]. They further
developed a 3D finite element model for longitudinal torsional USM by ADINA in
order to study the mechanical simulation and contact analyses [51]. A novel hollow
type USM, which the preload was applied from the bottom of the stator through a
wave spring, was proposed, [52] It could not only enhance the anti-overload ability
but also extended the working life of the motor.

Wang et al., analyzed the characteristics of a TRUM with considering the
structural stiffness of the preload structure [53]. It demonstrated that the pre-
pressure on the rotor was not a constant value because of the structural stiffness
of the preload structure. In addition, it explained the driving mechanism of the
TRUM under unsteady pre-pressure and deduced a dynamic model considering the
stiffness of the preload structure.

In addition, contact force analysis by Hertz contact theory popped up in few
research articles. Dong et al., carried out design and performance analysis of a
TRUM with double vibrators [54]. The analytical model of double-vibrator motor
was established based on elliptical distribution rule of surface point velocity, linear
superposition of motions and contact force analysis under Hertz contact theory. Pan
etal., focused on the coupling relationship between the flywheel vibration and the
gimbal rotation through the variable stiffness of the bearing [54].

3.1.5 Multivibrators

Some research articles emphasized on novel idea of constructing USMs by using
multivibrators. Yang et al. illustrated that TRUM with double vibrators can improve
the output performance effectively [56]. Inheriting the concept of two traveling
waves propagating in the stator and rotor, a dual traveling wave rotary ultrasonic
motor (DTRUM) energized only in the stator was proposed. The experimental
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results showed that the performance of dual traveling wave TRUM was superior

to the TRUM with single traveling wave. The no load speed was 60 rpm and the
stalling torque was 0.85 Nm. They further presented, an optimal design of a double-
vibrator USM using combination methods of finite element method, sensitivity
analysis and adaptive genetic algorithm [57]. The measured results showed that

this method was effective for the optimal design of ultrasonic motors. Lu et al.
proposed a new idea for constructing the motor with the stator containing several
vibrators fabricated by bonding piezoelectric ceramics (PZTs) to a metal base [58].
The longitudinal and bending modes were excited in the vibrators by two alternat-
ing current (AC) voltages with a 90° phase difference were applied. The bending
vibrations of the vibrators were stacked to form the torsional vibration of the stator,
ultimately generating longitudinal-torsional composite vibration. Mohammed &
Zakariyya proposed an idea on the development of a new type of a linear USM with
double cantilever vibrators [59]. The resonance frequencies of the vibrators were
21.33 kHz, and this was also the frequency in which the two vibrators were driven to
determine the output parameter such as driving force and velocity.

Multi-vibration mode USMs and sandwich type USMs were designed & ana-
lyzed in some of the research articles. Zhou et al., developed a novel multi-mode
differential USM with two sandwich-type transducers, which utilized the diverse
combination of four vibration modes: symmetrical and anti-symmetrical first
longitudinal modes, symmetrical and antisymmetric second bending modes, which
it could realize three-step speed regulation with different speed-thrust force charac-
teristics by switching the operation mode [65]. They also presented a novel 2-DOF
planar linear USM which the stator of the motor was divided as two transducers and
two isosceles triangular beams [66]. The operating principle of the USM and the
formation of the elliptical trajectory of the driving foot were analyzed, and the vari-
able mode excitation method was illustrated. This motor can gain a maximum speed
of 211.3 mm/s with thrust force of 3.15 N under an exciting voltage of 400 Vp _p. A
new sandwich type ultrasonic motor using combination of the first symmetrical
and anti-symmetrical longitudinal modes was presented by them [67]. The working
principle of the motor and the elliptical trajectory formation of the driving foot
were analyzed. A new linear USM using hybrid mode of the first symmetric and
anti-symmetric longitudinal modes was described [68]. The stator was constructed
by two Langevin transducers in combination with two isosceles triangular beams.
Zhou et al., constructed a rotary USM with rotationally symmetrical structure,
which the stator consists of four connected sandwich-type transducers and eight
driving feet [69]. With the driving frequency of 50.93 kHz and voltage 300 Vp_p, the
motor gave a maximal no-load speed of 157.9 r/min and a maximal output torque of
11.76 mNm.

Lu etal., proposed a single-modal linear motor based on multi vibration modes
which contained two kinds of PZT ceramics [70]. The linear motor works by
exciting the transverse vibration mode of the PZT ceramic on the upper surface of
stator elastomer and the shear vibration mode of PZT ceramics at two ends simul-
taneously. The no-load velocity and the maximum output force reach 169.4 mm/s
and 1.1 N, respectively. Mizuno et al., developed a high-torque sandwich-type
MDOF-Spherical USM using a new annular vibrating stator with a strong excitation
structure [70]. The maximum torques of rotation around the X(Y)-axis and Z-axis
were measured as 1.48 N-m and 2.05 N-m respectively. Moreover, the values for
torque per unit weight of the stator were obtained as 0.87 N-m/kg for the X(Y)-axis
and 1.20 N-m/kg for the Z-axis, separately. Ma et al., developed a compact motor in
which the stator composed of two piezoelectric plates attached to a T-shaped steel
body [72]. Two orthogonal bending modes were excited by driving one piezoelec-
tric plate and the reversed motion of the rotor could be obtained by driving the
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piezoelectric plate on the opposite side. Maximum power of 2.3 mW and efficiency
of 9% with a load of 0.8 mN m at a rotation speed of 27 rpm were obtained for a
prototype stator with a size of 15 mm x 2.44 mm x 2 mm, operated at 44.8 kHz.

Ceponis et al., presented a numerical and experimental investigations of a
multimodal TRUM, which is driven by four electric signals with phase difference of
/2., being able to generate up to 115 RPM rotation speed at constant preload force
[81]. They further proposed a new flat cross-shaped USM, which operation prin-
ciple based on the first in-plane bending mode of the cross-shaped stators driven
by four harmonic signals with phase difference of n/2 [82]. The advantages of the
motor were high rotation speed, simple and scalable design, and the small space
required for motor mounting wherein it can be directly mounted on the printed
circuit board. Prototype achieved a maximum rotation speed of 972.62 RPM at
200 Vp-p when the preload force of 22.65 mN was applied.

Tanoue et al., designed a novel ultrasonic linear motor equipped with a quadru-
ped stator that used the first longitudinal mode and the first and second bending
modes [85]. A maximum driving speed of 148 mm/s and a maximum thrust of 294
mN were achieved for a device with a total length of 20 mm and a weight of 5 g.
One more linear USM that drives a slider rod inside the quadruped stator to realize a
compact linear motion system was proposed by them [86]. Maximum no-load speed
of 258 mm s-1 and maximum thrust of 490 mN were obtained with total length
of the stator transducer of 20 mm and its weight of 4.9 g. Cheon et al., proposed a
new type of ultrasonic rotary motor that could replace existing ultrasonic motors
for driving camera zoom lenses and investigated experimentally [87]. Peng et al.,
presented a new kind of the rotary USM with a longitudinal vibration model of the
Langevin transducer acting as the stator, while the rotor consisted of a shaft and
spiral fins, the spiral fins working as an elastic coupling component by which it
cannot change its direction because the spiral fins’ incline direction was fixed [88].
This motor can be used when one directional motion was required. Romlay et al.,
proposed an improved stator design of TWUSM using the comb-teeth structure
which was expected to increase the overall efficiency [89]. Le et al., proposed a
novel design methodology to optimize actuator configuration for linear USMs by
considering the dynamic behavior of the stator in its operating environment, where
it interacts mechanically with the moving stage and other peripheral components
[90]. This helped to evaluate the actuator output performance parameters for
design optimization. Pan et al., developed a novel low-friction type piezoelectric
rotary motor based on centrifugal force with high speed, high power, and high effi-
ciency output, novel low-friction type piezoelectric rotary motor [91]. Yang et al.,
proposed a dual-rotor hybrid USM with four side panels without using the torsional
piezoelectric ceramics, which was indirectly excited by four uniformly distributed
side panels along the circumference of stator cylinder [92]. The stalling torque
of the prototype is 8 mNm and the no-load speed is 140 r/min was obtained at
44.7 kHz for a prototype with the size 27.2 mm x 27.2 mm x 70 mm, while the outer
diameter of the stator cylinder was 20 mm. The experimental results indicate that
the motor could operate in the first longitudinal and the second torsional coupled
vibration modes transformed from the first longitudinal and the first bending
vibration modes of four side panels.

Jiu et al., proposed a modal independent USM with dual stator based on opti-
mizing the location of a rotor and two stators which excited at the same mode [93].
Modal test showed the disparity between the modal frequencies of the stators was
0.78%. The rotary speed of the USM is 75 revolutions per minute (clockwise) and
65.8 revolutions per minute (anti-clockwise) with the maximum torque of 8.4 N.
mm at the voltage of 400 V.. Li et al., proposed a traveling wave ultrasonic motor
with a metal/polymer-matrix material compound stator which the stator was
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composed of a metal ring and polymer-matrix teeth [94]. The main merits of the
proposed ultrasonic motor were low cost, light weight, high processing efficiency
and long life. Sanikhani proposed a new linear ultrasonic motor based on the
orthogonal vibration modes of an elliptical shaped [94]. Based on the experimental
results, the prototype has a no-load speed of 40 mm/s and maximum thrust force of
1.55 N under excitation voltage of 70 Vp and preload of 12 N. Sun et al., developed

a novel cylindrical ultrasonic motor easy to be fixed [96]. Two orthogonal Bys
bending vibration modes of the stator were generated with temporal shift of 90 to
produce elliptical movement on the driving surface. The weight of the proposed sta-
tor and motor was only 2.56 and 4.1 g, respectively & it achieved a maximum speed
of 170 r/min under working frequency of 31.6 kHz [96].

In order to reduce the driving voltage and gain better output characteristics of
piezoelectric actuators, an eight-zonal piezoelectric tube-type threaded ultrasonic
motor based on two second order bending modes was analyzed by Chu et al. [97].
The USM could output a stall force of about 5.0 N and a linear velocity of 4.9 mm/s
with no load at the driving voltage of 40 V. This USM with a compact structure
and screw drive mechanism showed fine velocity controllability and had great appli-
cation in micro-positioning systems. Borodinas et al., described a USM that used
the radial mode of excitation of the double ring’s stator [98]. The main goal of the
proposed design was to increase motor performance using ds; ceramic polarization
working in the radial mode. The motor could be driven by a simple harmonic signal
and used for standard piezoceramic rings [98]. An ultrasonic linear motor with dual
piezoelectric (PZT) actuators which a traveling wave motion was generated on the
stator by a double-sided excitation of the stator of the USM, was developed by Yang
etal. [99]. The simulation results showed the differences to the characteristics that
are achieved by adjusting the critical parameters, such as the PZT boned positions,
the excitation frequency and the preload, in order to derive the best design [99].
Aoyagi et al., analyzed an application of noncontact transportation utilizing the
near-field acoustic levitation phenomenon, which is a rotary-type noncontact-
synchronous ultrasonic motor using acoustic viscous force [100]. Xu et al., proposed
a novel rotary ultrasonic motor with two longitudinal transducers [101]. Only first
order longitudinal vibration mode was used in the ultrasonic motor, which avoided
the frequency degeneration of modal coupling ultrasonic motors. Mechanical
performances showed that the motor can obtain rotary speed of 350 r/min and the
maximum torque is 186 N-mm under the voltage of 300 Vp — p. Wu et al., fabricated
& investigated a ring-shaped alumina/PZT vibrator to form a traveling-wave USM.
The rotation speed of the alumina/PZT motor was larger than that of the stainless-
steel/PZT motor, meanwhile, it exhibited superior maximal-torque-to-voltage and
maximal-output-power-to voltage ratios [102].

Stable operation is one of the most crucial requirements for resonators in vibra-
tory gyroscopes and ultrasonic motors, but eigenvalue splitting can deteriorate
operation stability. Wang et al., proposed the estimation and elimination of eigen-
value splitting and vibration instability of resonators arranged in a fashion of ring-
shaped periodic structures [103]. To simplify the driving power of the inertia drive
USM, a low-frequency USM driven by a 50 Hz sine wave was proposed. Wang et al.,
proposed a standing-wave trapezoidal ultrasonic linear motor, which consisted of a
trapezoidal piezoceramic plate with slanted sidewalls and a clip fastener to achieve
bidirectional linear motion [105]. A trapezoidal piezoceramic plate sized 22 x 8 x
1.5 mm?® and provided a travel distance of 10.10 mm and an output force of 12.151 g
at a driving voltage of 10 V was useful for compact products.

Patents were filed on by various inventors. For instance, 1) YANG et al,,
files a patent which described a multi-spoke-type ultrasonic motor, to increase
output performance of the ultrasonic motor, prolong service life, and reduce
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manufacturing costs; [106] 2) Rosenkranz et al., for U -shaped piezo motors;
[107] 3) YANG et al., for ultrasonic linear actuation device includes a mover and a
plurality of stator sets; [108].

Shi et al., proposed a deep-sea linear ultrasonic motor, which took in-plane
expansion mode as the working mode [109]. The influences of static seal and
the pressures of water on the performance of the ultrasonic motor were studied.
Performance of prototype whose velocity was measured at 214 mm/s while the water
pressure was 8 MPa and the voltage signal with a frequency of 72 kHz and a voltage
magnitude of 200 V. Nakajima et al., proposed a MDOF-USM consisting of a spheri-
cal stator and a rotor of various shapes [110]. Chen et al., presented a hollow, linear,
nut-type USM based on two degenerate, 3rd-order bending modes in the section
plane of cylinders [111]. The motor with four PZT plates reached an upward speed of
0.95 mm/s when the load force was 3 g, and the maximum thrust force was 0.35 N.

3.1.6 Improvements on linear USMs

Linear USMs are one of the most commonly used USMs among all because of
the less complex design & effective driving method. Zheng et al. proposed a novel
single-phase standing wave linear ultrasonic motor, which was made of a single PZT
ceramic square plate with a circular hole in the center [60]. The driving mechanism
of the motor was based on the combining the in plane expanding and bending
modes to generate bidirectional linear motion [60]. They also proposed a miniature,
ring-shaped, linear piezoelectric ultrasonic motor based on multimodal coupling
operating in a single, in-plane mode [61]. This motor can produce a maximum
driving force of 2.7 N, a no-load moving speed of 56 mm/s, and a high positioning
resolution of 0.1 pm in open-loop control. It had advantages of simple structure,
controllable micrometer-scale displacement, and large bidirectional working stroke
indicated that the proposed linear motor had great potential for industrial applica-
tions for precise actuations [61]. Further a novel ring-shaped linear ultrasonic
motor operating in orthogonal mode was proposed by them [62]. The motor was
fabricated using a self-made high-performance PSN-PMS-PZT ceramic with the
optimal composition, which had a high vibration velocity of 0.86 m/s. It exhibited
a faster moving speed of 248 mm/s, a relatively large driving force of 2.6 N, and a
high positioning precision of 0.2 m in open-loop control, indicating that the pro-
posed linear motor based on self-made PSN-PMS-PZT ceramic had a great potential
application for precise actuations [62].

Bai et al., proposed a two-way self-moving linear USM, which composed of a
diamond-shaped metal elastic body, a piezoelectric ceramic piece and a parallel
guide rail [63]. By exciting the piezoelectric ceramic sheets on both sides of the
elastic body, the first order bending vibration mode was excited to realize the
bidirectional movement of the motor. Under the excitation of 200Vpp, the forward
and reverse frequency of the ultrasonic motor is 18.18KHz and 18.07KHz, and the
forward and reverse no-load speed was 43.76 mm/s and 43.14 mm/s, respectfully.
Takemura et al., developed a prototype of linear ultrasonic motor with an embed-
ded preload mechanism [64]. The motor was driven bidirectionally by selective
excitation of the second and third resonant vibration modes of the stator. The maxi-
mum velocity, thrust and power of the motor are 62.5 mm/s, 0.12 N and 1.01 mW
respectively [63].

3.1.7 Energy harvesting type USMs

Wang et al., proposed an energy harvesting type ultrasonic motor in which two
PZT rings were adopted in the new motor, one was bonded on the bottom surface

140



The Roles of Piezoelectric Ultrasonic Motors in Industry 4.0 Era: Opportunities ¢ Challenges
DOI: http://dx.doi.org/10.5772/intechopen.100560

of the stator metal body to generate the traveling wave in the stator, and the other
one was bonded on the outside top surface of the stator metal body to harvest and
convert into the vibration-induced energy of the stator into electric energy [83].
They further developed a novel multifunctional composite device by using one
single PZT ring, in which a piezoelectric actuator, a sensor and an energy harvester
are embedded [84]. The piezoelectric ceramic ring was polarized into three regions
to produce the actuating, sensing and energy harvesting functions.

3.1.8 Comprehensive approaches

Liu’s research group made a remarkable contribution in the development of
novel ultrasonic motors in last 5 years [21-32]. their research manly focused on
bonded type structure, USM with nanometer resolutions, symmetric & asym-
metric structure, multi degree of freedom motors & hybrid excitation. Some of his
work from year 2015 to 2020 are described below: 1) A cylindrical traveling wave
ultrasonic motor using bonded-type composite beam was proposed, a new exciting
mode for L-B (longitudinal-bending) hybrid vibrations using bonded-type was
adopted, which requires only two pieces of PZT ceramic plates and a single metal
beam; [21] 2) A crossbeam ultrasonic motor with miniature size was developed,
which used a bonded PZT ceramics to excite two first bending vibration modes that
are orthogonal in space. The symmetrical crossbeam assured that two vibrations
have the same resonance frequency, which solved the problem of mode frequen-
cies degeneracy; [22] 3) A new-type linear ultrasonic motor which combined two
orthogonal bending vibration modes & eight pieces of PZT ceramic plates and a
metal beam that includes two cone-shaped horns and a cylindrical driving foot was
developed & the maximal velocity of the achieved by this motor was 735 mm/s and
the maximal thrust 1.1 N; [23] 4) A ultrasonic motors having three degree of free-
dom using four piezoelectric ceramic plates in bonded-type structure was proposed.
It took advantage of a longitudinal mode and two bending modes, different hybrids
of which can realize three-DOF actuation [24]. Because of symmetric structure
the resonance frequencies of the two bending modes were identical; 5) A novel
single-mode linear piezoelectric ultrasonic motor based on asymmetric structure
was proposed [25]. The motor adopts the combination of the first longitudinal
vibration and the asymmetric mechanical structure to produce the oblique move-
ment on the driving foot which resulted in linear output motion under the friction
coupling between the driving foot and the runner; 6) A two-degrees-of-freedom
ultrasonic motor, which could generate linear motions with two DOF by using only
one longitudinal-bending hybrid sandwich transducer, was proposed [26]. The
results indicate that the maximum no-load velocities of the motor in horizontal
and vertical directions are 572 and 543 mm/s under the preload of 100 N and the
voltage of 300Vp — p respectively. The maximum output forces in horizontal and
vertical directions are 24 and 22 N when the preload was 200 N; 7) A cantilever
ultrasonic motor with nanometer resolution was designed, fabricated and tested,
& it achieved an output speed of 344.35 mm/s when the frequency and voltage
were 22.7 kHz and 200 V,,_, respectively [27]. The maximum output force was 8 N
under the voltage and preload of 100 V},, and 50 N & high displacement resolu-
tion of 48 nm under the resonant working state was achieved; [8] a novel spherical
stator multi-DOF ultrasonic motor using in-plane non-axisymmetric mode was
proposed [28]. The mechanical output characteristics around X, Y and Z axes were
measured under different excitations, pre-tightening forces and loading condi-
tions. The no-load rotary velocities of the prototype were 200 r/min, 198 r/min
and 250 r/min and the maximum load torques were 10.8 Nm, 11.0 Nm and 12.3 Nm
around X, Y and Z axes, respectively was achieved; [28] 9) a novel rotary stack
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having advantages of high precision, high stiffness, high dynamic range, and simple
structure, which was not only suitable for generating the precise rotary motion, but
also for exciting high-frequency rotary vibration was proposed this was required in
the applications of micro-nano manipulations; [29] 10) A novel bending-bending
piezoelectric actuator driven by a single-phase signal was proposed, in which the
two-dimensional 8-shaped trajectory of the driving tip moved the runner [30].
This prototype could rotate a pulley (22 mm in diameter) at the maximum speed

of 1373 rpm forward and 1350 rpm backward under a preload of 9 N, respectively;
11) A new method to reduce the volume of the traveling wave USM with ring-shape
stator and improve its output speed, torque density, efficiency, and power density
[31]. The USM obtained an output speed of 53.86 rpm under a preload of 0.69 N
when the frequency and voltage were 24.86 kHz and 250 V,, p,, the maximum stall
torque was tested as about 0.11 Nm. under the preload of 3.14 N. 12) A sandwich-
type multi-degree-of-freedom (MDOF) ultrasonic motor with hybrid excitation
was proposed [32]. The prototype achieves no-load speeds of 109.8 r/min, 107.9 r/
min, and 290.8 r/min in the YOZ, XOZ, and XOY driving modes, respectively. The
proposed motor employs only four pieces of lead zirconate titanate ceramics to
achieve the MDOF rotations of a spherical rotor.

USMs are known for their precise motion & position control. Fen, et al., devel-
oped a novel integral terminal sliding-mode-based adaptive integral backstepping
control (ITSMAIBC) to accommodate the impacts of inherent friction, hysteresis
nonlinearity, model uncertainties and retain high tracking precision [73]. Chen
etal., presented a new butterfly-shaped linear piezoelectric motor for linear
motion [74]. In the closed loop condition the positioning accuracy of plus or minus
<0.5 pm was experimentally obtained for the stage propelled by the piezoelectric
motor. Xu et al., presented a novel standing wave ultrasonic stepping motor
operated in radial vibration mode [75]. Metal blades of the stator and grooves of
the rotor were designed for precise positioning. In order to improve the torque, the
rotor was pushed by blades of the stator directly without any friction material.

Sarhan et al., proposed a tubular USM operating in single phase, with rectan-
gular plate having in plane out of plane vibration [79]. The maximum speed and
torque of the tubular USM motor was 59 rpm and 0.28 mNm at 80 V,, of applied
voltage. It can be used where accurate control and high resolution at low speed is
required. [They further proposed a motor working with coupled in-plane and out-
of-plane vibration modes of rectangular plate provided a large contact area between
stator and rotor of motor which can reduce wear and enhance motor lifetime [80].
Overall dimension of prototype was 49x14 x2 mm, working frequency of motor
was 49.6 kHz, no-load speed and stall force of motor are 122 rpm and 0.32 mN m at
50V, respectively.

Mustafa et al., proposed extremum seeking control (ESC) as an adaptive
seeking technique with fast convergence and high robustness to optimize the USM
performance by tracking maximum efficiency states [243]. The application of a
non-sinusoidal periodic excitation voltage to induce a near-square-wave driving
tip trajectory in linear ultrasonic motors (LUSMs) was proposed by Le et al. [244].
This would reduce lost power in the periodic driving tip motion, thereby, increas-
ing the output force and power of the LUSM. A high-efficiency Pseudo-Full-Bridge
inverter with the aid of the soft-switching technology, which was accomplished
by the resonance of the in-series inductance with the snubber capacitance was
presented by shi et al. [245]. The efficiency of the whole drive increases by a factor
of 1.25 after replacing the traditional inverter with the proposed one. A method for
adjusting difference between the longitudinal and bending mode frequencies of the
laminated composite stator was proposed by Li et al. [246]. The frequency adjust-
ment method was realized by changing the applied magnetic field which affected
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the effective elastic modulus of the composite stator. The sensitivities of motor per-
formances on the pre-pressure were analyzed and a targeted optimization method
was discussed by Chen et al. [247]. A simulation model with power dissipation and
an integrated experimental facility with the preload adjustment device was adopted
to analyze the laws from multiple perspectives. Peng et al., presented a new kind

of the rotary ultrasonic motor with a longitudinal vibration model of the Langevin
transducer acting as the stator, while the rotor consisted of a shaft and spiral fins
[248]. A high-efficiency compensation method of the dead zone with the aid of

the adaptive dither for the ultrasonic motor was proposed by Shi et al. [249]. The
method not only could effectively compensate the dead zone and conveniently con-
trol the velocity, but also superior to the existing phase-difference-based method in
terms of improving the efficiency of the ultrasonic motor. Zhu, etal., presented a
novel linear piezoelectric motor suitable for rapid ultra-precision positioning [251].
By changing the input signal, the motor could work in the fast-driving mode as well
as in the precision positioning mode. In the fast-driving mode, the motor achieved
maximum no-load speed of 181.2 mm/s and maximum thrust of 1.7 N at 200 V,,_,..
& in precision positioning mode, the motor acted as a flexible hinge piezoelectric
actuator producing motion in the range of 8 um. Li et al., proposed a novel dual-
frequency asymmetric excitation method for motors which can operate under
traditional single-phase asymmetric or two-phase symmetric excitation modes
[252]. The motor demonstrated acceptable temperature characteristics and operat-
ing stability under the proposed excitation method with calculated optimal fre-
quencies. Zhou et al., presented a novel linear ultrasonic motor with two operation
modes wherein the stator of the motor was divided into two transducers and two
isosceles triangular beams [253]. Dong et al., proposed a new equivalent circuit of a
piezoelectric ring in radial vibration mode considering three types of fundamental
losses, i.e., dielectric, elastic, and piezoelectric. Prototype achieved a maximum
torque of 270 Nm [254].

3.2 Piezoelectric materials in USM

Piezoelectric materials used in USM, plays an important role in determining its
performance. In the following table we tabulated some prominently used material
& their properties (Table 3).

Wu et al. explored how elliptical shapes and force factors of the polymer-
based vibrators vary as several key structural parameters were changed [229].
Subsequently, attempt to improve the maximum torques of the polymer-based
USMs by adjusting several key dimensions, and the reason for their relatively
low output torques and power compared to the metal-based USMs were done.
Further he employed a high-order bending mode in the polymer-based cylindri-
cal ultrasonic motor, because this mode yields a relatively high electromechanical
coupling factor, which may lead to high output power of the motor. Additionally,
in contrast with the low-order modes with only vertical nodal lines, the high-order
mode has both horizontal and vertical nodal lines on the circumferential outer
surface of the polymer-based vibrator [230]. Similarly Wu et al. also researched on,
polyphenylene sulfide (PPS)-based bimodal piezoelectric motor. Considering the
viscoelasticity of PPS, the electromechanical coupling analytical model was estab-
lished to describe the dynamics of the PPS-based motor by using the Kelvin-Voigt
viscoelastic model. Based on the proposed model, the Taguchi method was adopted
to match the resonance frequencies of the longitudinal and bending vibration. The
performance test demonstrates that the PPS-based motor could yield the maximal
torque of 2 mNm with the stator weight of 5.4 g [232]. Wang et al., fabricated
alead zirconate titanate (PZT) thick-film piezoelectric micro stator based on a
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Sr. No. Material Properties Description Ref.

1 Poly(phenylene low density, It was used to fabricate an [229]
sulfide) (PPS) low elastic annular elastomer with teeth

modulus, & low and was glued a piece of

mechanical loss piezoelectric-ceramic annular
disk to the bottom of the
elastomer to form a vibrator.

2 Poly phenylene low density, A thin alumina disk [232]
sulfide/alumina/PZT low elastic sandwiched between the PPS
triple-layered modulus, & low vibrating body and PZT disk

mechanical loss to compensate the stiffness
was constructed. The
maximum output torque and
power of the triple-layered
motors were 5 and 13 times
the values of the double-
layered motors, respectively,
due to the enhanced force
factor and electromechanical
coupling factor.

3 Lead-free CH doped kp:34.1% (+2%); Piezoelectric motors [234]
(K0.5 Na0.5)NbO3 kt:45.3% (+2%); fabricated using these
(KNN) ceramics Qm:3170 (+2%); ceramics achieved a velocity

Rz:8.6 Q (+ 3%); of 4.5 mm/s, vertical

and tand:0.1%. velocity of 3.02 mm/s, and
output power of 2.93 mW
with a negligible increase
in temperature and high
stability while driven.

4 c-axis crystal-oriented mechanical The mechanical nonlinearity [240]
(Sr,Ca)2NaNb5015 coupling behavior was not observed,

(SCNN) plate coefficient of and the temperature
k31=7%,a dependences of the quality
mechanical factor and the equivalent
quality factor of stiffness decreased. Motor
Qm = 3200 shown the revolution speed
100 rpm in torque from
150 pN-m to 900 pN-m,
the output power 7.5 mW,
efficiency 3.5% at 657 uN-m
and 109 rpm.

5 polyimide (PI) high elastic To reduce the weight without [237]
composite (1.41 g/ modulus, wear decreasing the mechanical
cm3) reinforced with resistance, and output performance this
carbon fibers (CF) suitable friction material was used for

coefficient. making Stator. Output
Stall Torque = 0.22 Nm,
Wear Resistance
1.38 x 10> mm/N-m, reduce
the weight over 83.6%

6 Mn doped lower excitation USM using this material in [238]
0.27PIN-0.46PMN- frequency, lower single-mode was made. Motor
0.27PT single crystal driving voltage, speed up to 42.3 cm/s, a

and less power
loss. Mechanical
quality factors
(Qm ~ 600)

driving torque of 0.42 N cm,
and an output power density
of 0.45 W/cm3, under the
driving voltage of 21 V was
obtained. Used for making
miniaturized and high-power
motors.
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Sr. No. Material Properties Description Ref.
7 single crystal lead excellent The criterions of crystal [239]
magnoniobate titanate piezoelectric orientation for ring type USM
(PMNT) properties and proposed. Cutting orientation
temperature for the crystal poled along
stability [001],. direction has better

electromechanical properties
and process compatibility.
This orientation improves
the lateral piezoelectric
coefficient from ~90

pC/N to ~1201 pC/N and
electromechanical coupling
factor to 0.92.

8 Surface textured High friction To enhance conversion [241]
polyimide composites coefficient and efficiency & tribological
high elastic performance. The surface
modulus texture is capable of storing

abrasive debris to protect

the friction interface.
Meanwhile, boundary effect
of texture can increase
friction coefficient. After
the combination of the
advanced PI friction material
and the surface texture, the
conversion efficiency of the
USM increased by 82.8%.

Table 3.
The list of piezoelectric materials for USM.

high-performance PZT thick film by electrohydrodynamic jet (E-jet) printing in
order to simplify the manufacturing process and enhanced the performance of the
piezoelectric stator. The thick-film micro stator produced a traveling wave with

an amplitude of 345 nm, and the mechanical quality factor was found to be 736
[236]. Zhao et al., proposed an oblate-type ultrasonic micro-motor with multilayer
piezoelectric ceramic with chamfered driving tips. The micro-motor works based
on the standing-wave principle and has a higher rotary speed than the traditional
standing-wave. The experimental results showed that the rotary speed was around
2000 r/min at the voltage of 20 V;, _, [242].

3.3 Thermal performance of USM

Performance of Ultrasonic motors in extreme temperature setting is the key
challenge faced by various researchers. Thus, Nishizawa et al. developed spheri-
cal ultrasonic motor for space application & investigated for the durability to the
radiant heat from the sun [256]. Drive performance was conducted for estimated
duration more than 70 mins for higher than +120°C conditions. In order to maintain
its drive performance, selection of piezoelectric elements & adhesive materials
were significantly discussed. [256], further spherical USM was investigated in low
temperature environment of —80°C, & approximately 60 minutes cumulative drive
time was achieved by applying the same piezoelectric element and the adhesive
materials utilized for high temperature conditions [257]. Shi et al., presented a
general optimum frequency tracking scheme for an ultrasonic motor, which no
longer required the amplitudes of the applied voltages to keep identical [258]. The
mechanical quality factor of an ultrasonic motor was initially derived to describe
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Applications

Description

Magnetic Resonance
Imaging

To determine the effects of a USM on MR images in the high field MRI scanner
(3 T) using signal-to-noise ratio (SNR) [268].

Magnetic Resonance
Imaging

To evaluate the temperature increase caused by a 3.0-T magnetic resonance
imaging (MRI) system on an ultrasonic motor (USM) used to actuate surgical
robots in the MRI environment [269].

Magnetic Resonance
Imaging

To quantify and compensate the geometric distortion of MR images as
generated by the presence of USMs [270]

Magnetic Resonance
Imaging

To investigate displacement force and torque applied to an ultrasonic motor at
various bore locations using the designed apparatus presented in the Materials
and Methods [271]

Magnetic Resonance
Imaging

to study the types of image artifacts generated by the USM, provide
comparison between them, introduce their sources, and provide compensation
methods [272].

Magnetic Resonance
Imaging

To demonstrate that image distortion related issues can be partly addressed
by replacing metallic nonactive motor components from a resonant ultrasonic
motor for non-metallic equivalents [273].

Magnetic Resonance
Imaging

A new cable-driven robot for MRI-guided breast biopsy. A compact three
degree-of-freedom (DOF) semi-automated robot driven by ultrasonic motors
was designed with non-magnetic materials [274].

Wearable Walking assist

device

The fundamental study for understanding and quantifying the muscle fatigue
reduction effect of walking assist system which is applicable to individual
characteristic using ultrasonic motors [275].

Wearable Walking assist

device

A hip-joint support ambient walking assistive system consider a timing and
amplitude of assist for effective and individual-oriented assist was investigated
[276].

Medical Endoscope

A spiral motion hollow micromotor operating in E02-mode traveling wave with
outer diameter (3.6 mm) and length (3 mm), applied to an endoscope imaging
system for driving optical lens, and a high quality image has been obtained due
to its autofocus & autozoom function [277].

Low-frequency
Sonophoresis system
of transdermal drug
delivery.

A new sonophoresis system of transdermal drug delivery, which involves
the combination of an ultrasonic transducer and a linear ultrasonic
motor, is designed to control permeability in in vitro LFS (Low frequency
sonophoresis) [278]

Surgical Instrument
with Torque Assist

To an ultrasonic surgical instrument including a torque assist feature to facilitate
connection of the waveguide with an ultrasonic transducer [279].

Humanoid eyeball
orientation system

A compact ring type 3-DOF USM fabricated to meet the specification of
requirements for humanoid eyeball orientation system [280].

Underwater Robots

A dual-rotor ultrasonic motor with double output shafts, compact size, and
no electromagnetic interference, characterized, and applied for actuating
underwater robots [281].

Deep Sea Drones

A prototype of deep-sea drone by use of spherical ultrasonic motors for sensing
marine bottom and make maps of the 4,000 m depth grades [282].

Single-gimbal control

A structure-compacted single-gimbal control moment gyroscope, directly

moment gyroscope driven by an ultrasonic motor obtained wide-range closed-loop speed control
of the gimbal from 0.2 mrad/s to 1.6 rad/s, which is the base of the high stability
and high precision of the control moment gyroscope [283].

Continuously variable An automatic continuously variable beam expander with two hollow ultrasonic

beam expander

motors as its actuators was used to expand a laser beam by between threefold
and fivefold, and nanoscale positioning and high-precision beam shaping was
achieved [284].

Two-axis Nonmagnetic

Turntable

Non-magnetic technology to carry out research on the pointing accuracy and
motion control of the turntable [285].
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Applications

Description

Morphing carbon fiber

composite airfoil

A morphing carbon fiber composite airfoil concept with an active trailing edge
enabled by an innovative structure driven by an electrical actuation system that
uses linear ultrasonic motors (LUSM) with compliant runners, providing full
control of multiple degrees of freedom [286].

Bio-Inspired Flapping
Wing Rotor

To vary the flapping frequency rapidly during a stroke, an ultrasonic motor
(USM) was used to drive the FWR.(Flapping Wing Rotor) [287].

Blade Free Drone

A “Blade-Free drone” is a blimp style drone for safe indoor flying without the
use of propellers or flapping wings. It uses micro blowers which can eject air
through ultrasonic vibrations generated by piezoelectric device as an actuator
[288].

LiDAR Systems

A novel design of a compact standing-wave rotary USM based on a coupled
axial-tangential mode, one power source, and a bulk piezoelectric actuator of a
tube form was developed for autonomous vehicle [289].

An Optical Image
Stabilization of Portable
Digital Camcorders

A sensor-shift optical image stabilization (OIS) using a novel ultrasonic linear
motors (ULMs) and a fuzzy sliding-mode controller (FSMC) was used to
compensates the optical path deviation that was caused by user’s hand-tremor
for avoiding image blurring [290].

Dual piezoelectric beam
robot

To study the effect of the piezoelectric patches’ positions on the performance of
the robot [291]

Haptic grippers

Two piezometers, walking and traveling-Wave Piezoelectric Motors used as
Actuator in haptic grippers were compared. Walking quasi-static motor was
superior at low velocities & traveling wave ultrasonic motors were suitable
when high velocity is required [292].

Microgripper

3-DOF microgripper driven by Linear Ultrasonic Motors (LUMs), with
nanometer positional accuracy and an operational space in the millimeter scale
was presented [293].

Variable Aperture

A new type of piezoelectric actuator with a screw-coupled stator and rotor was
developed to operate an aperture. The actuator and the aperture are integrated
to control the luminous flux. This actuator is having high resolution, high
speed, simple structure and compact size [294].

Coiled stator ultrasound
motor (CS-USM)

The propagation velocity of elastic waves from the simulated the vibration
displacement mode profile along a straight line acoustic waveguide was
analyzed via three-dimensional finite element method [295]

Scanning probe One coordinate piezoelectric stepping motor of the scanning probe microscopy
microscopy (SPM) nanomanipulator, allocated to the positioning was designed [296].
Gravimeter A novel absolute gravimeter based on an ultrasonic motor was proposed in
order to resolve the limitations related to free-fall absolute gravimeter, such as
the complex structure and its large site [297].
photoacoustic A PAM (photoacoustic microscopy) system was designed with a miniature
microscopy ultrasonic actuator to significantly downsize the scanning probe
(61 mm x 50 mm x 47 mm) [298]
Table 4.

Listed of the vesearch articles (2015-2020) on the applications of USM.

the loss, which further was also in proportion to the temperature rise. The opti-
mum frequency from the loss reduction viewpoint was then obtained, at which
frequency the ultrasonic motor maintained the minimum loss and subsequently the
minimum temperature rise. Sunif et al., presented heat energy modeling method
for determining and characterizing of a piezoelectric stator profile that applied in

a piezoceramic ultrasonic motor with the consideration of heat generated [259].

A thermal analysis was conducted in order to analyze the heat distribution on the
stator & results showed different longitudinal deflection with the increment of the
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temperature. Liu et al. studied the temperature variations of different components
under different driving voltages for a high-power longitudinal-longitudinal hybrid
type T shaped ultrasonic motor [260]. Cheng et al. described about hypothesis that
a temperature gradient transverse to the wave propagating direction could signifi-
cantly increase the working velocity of acoustic streaming-driven motors which
was then investigated by numerically solving the hydrodynamic equations & it was
found that the velocity of the rotor only weakly depends on the transverse tempera-
ture gradient, the velocity increased by only ~8.8% for temperature difference of
40°C between the rotor and the stator [261]. Nakazono et al., studied temperature
dependence of USM in cryogenic conditions [262]. Ultrasonic transducer compris-
ing of a body & nut made of SUS304 & bolt made of titanium was fabricated &
evaluated in the temperature range of 45 to 293 K. It was proved that when titanium
was used for clamping bolt of the transducer, the motor can be driven without the
regulation of the preload.] Lv et al., developed a novel theoretical model to investi-
gate the temperature field and output characteristics of a standing wave ultrasonic
motor [263]. The results showed that the developed model can not only predict the
temperature variation of motor in continuous operation but also evaluate the influ-
ence of surface roughness and various input parameters on output characteristics
of motor.

We reviewed some literature review papers published on ultrasonic motors. We
found author Peng et al. reviewed literature & provided summary on precision
piezoelectric motors over long ranges based on the principle of repeating a series
of small periodic step motions, named “frequency leveraged motors” [264]. Work
was classified into three categories by different frequency driving methods, includ-
ing ultrasonic motors, quasi-static motors, and motors combined resonant and
quasistatic operations. A comprehensive summary of piezoelectric motors, with
their classification from initial idea to recent progress, was presented by Spanner
and Koc [265]. This review also includes some of the industrial and commercial
applications of piezoelectric motors that are presently available in the market
as actuators. Peled et al., reviewed & provided summary of the design of high
precision motion solutions based on L1B2 (first longitudinal and second bending
modes) ultrasonic motors—from the basic motor structure to the complete motion
solution architecture, including motor drive and control, material considerations
and performance envelope [266]. Gao et al., presented recent progress in non-
resonance piezoelectric actuators with the working principles and properties of
actuators and the piezoelectric materials and configurations, fabrication, and
applications [267].

3.4 Ultrasonic motors applications

The Table 4 illustrates about various research articles published on the ultra-
sonic motor applications.

4.Industry 4.0

Kagermann in 2011 first published the main ideas of Industry 4.0 [299] and built
the foundation for the Industry 4.0 manifesto published in 2013 by the German
National Academy of Science and Engineering (acatech) [300, 301]. The concept
of Industry 4.0 is based on the integration of information and communication
technologies and industrial technology and is mainly dependent on building a
Cyber-Physical System (CPS) to realize a digital and intelligent factory, in order to
promote manufacturing to become more digital, information-led, customized, and
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green. The purpose of Industry 4.0 is to build a highly flexible production model of
personalized and digital products and services, with real-time interactions between
people, products and devices during the production process [302]. Industry 4.0

is a complex and flexible system involving digital manufacturing technology,
network communication technology, computer technology, automation technol-
ogy and many other areas [302]. There are many technologies used to implement
Industry 4.0 like Internet of things, cybersecurity, augmented reality, big data & Al
Analytics, Autonomous robot, additive manufacturing, Simulation & Digital twin,
System integration & cloud computing [303]. Among all this we will be considering
a few of them for improving the performance of the USM & we will also predict,
how USM can best fit into industry 4.0 scenario.

Digital twin plays a role of a bridge between cyber world & physical world
[304]. A digital twin of USM can be made to monitor its development from design
phase to end user. It can be further extended up to recycling & remanufacturing &
complete cyber physical system can be implemented [305]. Number of components
used, CAD drawing of mechanical & electrical component, materials & their
properties can be embedded in the 3D model, this will be the first step in forma-
tion of the digital twin of USM [305]. Results of simulation of the motor in various
environment to validate its performance & product design can also be embedded in
the digital twin to enhance it further. Additionally, the environmental performance
and impact can be simulated at this phase via life cycle assessment (LCA) module
too, e.g., design for recycling, design for disassembly and design for remanufactur-
ing. The simulation results and disassembly are maintained in the product archive
for future remanufacturing operations [305]. When the USM will be sold to an end
user, he or she can update the product status via various Industry 4.0 enablers, e.g.,
mobile apps, smart tags, QR code, websites, and so forth. At this phase, the changes
of product, e.g., location, ownership, upgrading, repairing and maintenance, can
be updated and maintained inside the mirrored digital twin [305]. When the USM
stops service, the users can update the digital status via mobile app or web service.
He or she can contact a professional collector who has the expertise in this specific
device. Failed USM can be evaluated, and testing can be applied to the individual
component. Based on the examination results, the digital twin can be updated, and
the proper operation can be planned accordingly, e.g., recovery at the component
level, material level [305]. Developing a holistic digital twin of USM which cap-
tures data from the real world will be highly useful for tackling many challenges
encountered during the design, modeling & optimization phase of the motor. Thus,
action can be taken accordingly during the design phase in order to enhance the
performance of the motor. So that, fully developed digital twin model of USM can
be further utilized to simulate it for various types of application i.e., space explora-
tion, medical devices, manufacturing industries etc [1].

Large amount of the data is generated during simulation & validation or
collected from the digital twin of the USM or from the end user. This data can be
used for analyzing & enhancing the performance of the USM. Further this data
can be used to create algorithm which can be used for precise motion & drive
control of the motors thus improving its overall performance. Depending on the
application, a variety of algorithms can be used such as artificial neural networks
(ANN) [306, 307]. ML offers great potential for intelligent data analyses and
is a key technology for autonomous robots, image and signal analysis as well as
complex controls for sensor-actuator systems [306, 308]. ML techniques can e.g.,
contribute to condition monitoring, predictive maintenance, or process control of
the motor [306-308]. Consequently, data generated during operation of USM can
be effectively utilized as important information for various sensors installed in
Industry 4.0 setup [300].
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Additive manufacturing can play a vital role in designing the complex shapes
& size of the USM for different application. In AM components are manufactured
by layer-by-layer deposition of the material [306, 309]. The possibility of mate-
rializing a complex digital model directly into a physical component without the
need for shaping, maintaining and warehousing tools as well as manual interven-
tion ideally reflects the idea of digital production [306]. AM allows the production
of geometrically complex, function-optimized and customer-specific products
at any location equipped with a suitable AM machine and thus contributes to
the flexibilization and globalization of production processes [306]. Further,

AM offers potential business for making spare parts [306, 310]. By using AM,
designer can create physical prototype of the components used in USM using
different combination of materials to analyze its fit, form & function for desired
application.

Using IoT (internet of things) and CPSs (cyber physical system) it is pos-
sible to monitor the motors in real time. Interconnection of motors & the data
obtained while its running during real time makes it possible to react quickly,
effectively to every instance. Sensors embedded in the motors can give real time
feedback of the parameters for instance, temperature rise which can be further
analyzed for improving the design & performance of the motor. These sensors
can also provide data for the whole life cycle of the motor which can be thus
utilized by the researchers & manufacturers to incorporate into the motors which
will ultimately result into overall improvement of the motor thus saving time &
energy [300].

Augmented reality is the key technology of Industry 4.0 [311]. It enables human
to access digital information and overlay that information with the physical world
[312]. Ultrasonic motors are used in various engineering application areas i.e., from
medical field to aerospace. They are manufactured in various size & shapes [1].

Use of augmented reality (AR) will make the USM designer aware of the fit, form
& function of the motor suitable for different types of application w.r.t volume &
space availability in real world environment. Thus, by using AR technology they
can effectively design the USM based upon the requirement.

5. Conclusions

This book chapter gives a brief summarization of the research articles from
eclectic sources like journal, patents and masters-PhD thesis published in last
5 years on piezoelectric ultrasonic motors. This article gives us the statistical analy-
sis of number of publications on ultrasonic motors with respect to year of publica-
tion, country of origin & list of top 10 research journal. It divides all the articles into
different categories and highlights the challenges, opportunities & research carried
out. It broadly classifies the research article in areas like new design, modeling &
simulation, friction & wear, piezoelectric materials, thermal performance & USM
applications. Further it introduces with concept of Industry 4.0 & its key enabling
technologies. It explains how to apply industry 4.0 technologies like digital twins
& simulations, big data & machine learning, Industrial internet of things, additive
manufacturing & augmented reality to improve the design & performance of the
USM and how USM can best fit in Industry 4.0 era. Ultrasonic motors have tremen-
dous potential for the improvement & Industry 4.0 technologies has tremendous
potential to improve its design & performance on the other hand USM has many
advantages & wide application areas which can be best suited for industry 4.0
settings. Thus, both USM & industry 4.0 if amalgamated together can give us a
remarkable output in future.
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